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Abstract

Hierarchically porous carbons (HPC) are promising electrode materials

for heterogeneous electro-Fenton (HEF), where in-situ produced hydrogen

peroxide (H2O2) on the carbon surface reacts with the adjacently-immobilized

catalyst to form unselective radicals. However, the synthesis of HPC usu-

ally comprises several steps, particularly catalyst-containing HPC. Moreover,

with or without catalysts, most of previously reported HPCs were produced

or ultimately used as powders, requiring additional efforts (e.g., adding poly-

meric binders) to make a functional electrode. Besides blocking some catalyt-
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ically active carbon sites and the immobilized catalysts, polymeric binders

pose risks of secondary pollution due to their undesired release since they are

polyfluorinated compounds. This study introduces a one-pot method to syn-

thesize Fe-incorporated self-standing HPCs with potential scalability. HEF

experiments demonstrated the catalysts’ activity for the formation of radi-

cals, negligible catalyst leaching at both pH 3 and 7, and good reusability

of as-synthesized HPC electrodes while elaborating on different diffusion-

controlled degradation mechanisms.
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1. Introduction

Electrochemical advanced oxidation processes (EAOP), where electro-

chemical generation of highly reactive radicals ( OH) occurs, emerge as promis-

ing technologies for removing persistent organic micropollutants (OMPs)

as they have shown the capability of mineralizing various organic compo-

nents [1–3]. Advantages of these processes are versatility, high energy ef-

ficiency, and mild operational conditions [1, 4]. Moreover, the primary

form of energy required for EAOPs is electrical, which can be supplied

by renewable energy sources [2]. Anodic oxidation, electro-Fenton (EF),

photoelectro-Fenton, and sonoelectrolysis are examples of EAOPs [5]. Among

them, EF is an eco-friendly, cost-effective, and powerful treatment tech-

nique [2, 4, 6], where electro-generated H2O2, via two-electron oxygen re-
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duction reaction [7, 8], reacts with ferrous ions (Fe2+) to form OH [1, 7].

Nonetheless, EF only operates at acidic pH (2.8 - 3.5) because of the

insolubility of iron catalysts at higher pH values ( pH > 4), which precludes

its direct implementation for water/wastewater treatment [6]. Operational

acidic pH demands chemicals for acidification and a posterior neutralization

of water streams, which, in turn, produces sludge with no possibility for

catalyst recycling. On the other hand, catalyst immobilization widens EF’s

pH window as there are no dissolved catalysts to be precipitated at circum-

neutral pH values, meaning that no acidification/neutralization is required

for water/wastewater treatment [9]. Besides that, fixed catalysts offer the

advantage of being recyclable and might be reusable for several runs. Thus,

EF with immobilized catalysts, or heterogeneous EF (HEF), can realize EF’s

direct implementation for degradation of persistent OMPs in water. A HEF

process can be performed either with a suspension of solid catalysts, which

are separable and recyclable from bulk solution or with catalyst-containing

electrodes [6]. In the former case, the produced H2O2 on the electrode’s

surface needs to move toward the bulk solution to meet suspended solid cat-

alysts for further reactions. In the latter one, however, the produced H2O2

reacts with adjacently-immobilized catalysts for OH formation [9], offering

less process complexity and minimized mass transport limitations [10, 11].

Hence, developing efficient Fe-containing electrodes for HEF processes has

gained lots of attention over the past few years, especially Fe-containing car-

bons [9, 12–18] given their low production costs and intrinsic features like

high specific surface area, large porosity, chemical stability, and thermal and

electrical conductivity [6].
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Three-dimensional (3D) carbons like activated carbon fiber (ACF) [19],

carbon felt (CF) [20, 21] and graphite felt (GF) [22, 23] have been widely used

as electrodes for HEF given their freestanding geometry and relatively high

surface to volume ratios, which is necessary for module design and process

modification [14]. Nevertheless, pristine CF and GF suffer from relatively

high electrical resistivity [9], lack of desired pore structure [24], and low

specific surface area (< 2m2 g−1) [25], which are crucial factors for efficient

H2O2 production. Thus, they need to be further activated [24, 26, 27], pre-

treated [21], or modified [28].

Recently, hierarchical porous carbons proved themselves as efficient elec-

trode materials in different areas, including HEF [29, 30]. Yet, most syn-

thesized carbons are powdery and need further preparation to represent a

freestanding geometry, which can then be used as an electrode. In this case,

the powdered catalyst-containing carbon must be mixed with a polymeric

binder to make a paste, and then the paste is pressed on a metal basis as

a current collector to function as an electrode. These electrode preparation

steps, besides being time- and energy-consuming, pose two issues. First,

polymeric binders could block catalytic sites of carbon and immobilized cat-

alysts, decreasing the final product’s activity compared to that of the initial

raw materials. Second, pressing carbon on a rigid metal surface may dam-

age the carbon’s inner porosity, impairing the final electrode’s electroactive

surface area because of the collapsed pores. More importantly, for environ-

mental applications like HEF, the addition of polymeric binders, which are

commonly fluorinated compounds like polytetrafluoroethylene (PTFE) and

polyvinylidene fluoride (PVDF), may cause secondary pollution [9, 11] due to
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the release of extremely persistent, highly mobile, and toxic polyfluorinated

compounds [31, 32]. Therefore, developing freestanding Fe-immobilized car-

bons, which can directly serve as an electrode, can address these issues besides

being more environmentally friendly.

Toward developing a binder-free electrode for HEF, we have lately intro-

duced freestanding carbon microtubes (CMT) made of carbon nanotubes

(CNT) in which Fe3O4 nanoparticles are entrapped inside the CNT ma-

trix without any chemical binding through an infiltration step [9]. Fe3O4-

containing CMTs proved to degrade carbamazepine (CBZ) at both pH 3 and

pH 7 with outstanding reusability over consecutive cycles [9]. Additionally,

the role of the 3D CNT network in both CBZ mineralization and decreased Fe

leaching due to increased local pH was demonstrated [9]. Nonetheless, the use

of CNTs as effective carbon materials for environmental applications, espe-

cially water/wastewater treatment, has to be carefully considered because of

potential concerns of CNT’s toxicity in humans, animals, and plants [33–35],

which may happen due to possible undesired releases. Alternatively, Zhao et

al. [18] have reported a planar freestanding Fe/Cu-coated aerogel as an effi-

cient 3D cathode applicable over a wide range of pH 3-9 to remove methylene

blue. The Fe/Cu-coated aerogel was synthesized after several curing steps

of the initial precursor solution using the petrochemical and commonly-used

precursors resorcinol and formaldehyde [18]. The dry gel was then carbonized

under N2 at 950 °C, activated under CO2 at 850 °C, and treated again by re-

ductive carbon through a calcination step under N2 at 950 °C [18]. Hence, the

synthesis method is time- and energy-intensive. Further research to develop

one-pot synthesized metal-containing carbons with renewable precursors and
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energy-efficient routes is required to synthesize binder-free electrodes , par-

ticularly for clean water supply via HEF. Such binder-free and self-standing

carbons can bridge the gap between nano-sized catalysts development and

macro-sized electrode assembly for HEF, facilitating the direct implementa-

tion of newly developed materials into tangible flow-through cells for real-life

applications [9].

This study introduces a one-pot synthesized Fe-incorporated, rod-shaped

carbon as an efficient electrode for HEF. The synthesis method uses bio-

based precursors (sucrose and chitosan), employs ice- and silica-templating

for macro and mesoporosity, respectively, and combines carbonization and

activation steps with no activating agents [36]. Adding catalysts does not

impose additional steps on the synthesis method, showing its versatility. As-

synthesized monolithic carbon serves directly as electrodes without adding

fluorinated polymeric binders to remove sulfamethoxazole (SMX) and carba-

mazepine (CBZ) as two recalcitrant and frequently-detected OMPs. From

a scaling-up perspective, the electrode’s area can versatilely be enlarged by

the numbering-up of monolithic carbons for decentralized clean water sup-

ply using a flow-through module. After illustrating the capability of carbon

electrodes to generate H2O2 and discussing the impact of applied potential

and ice-templated macropore network, the reactivity of Fe catalysts incor-

porated into binder-free electrodes is demonstrated over consecutive runs in

both acidic and neutral mediums. Moreover, the impact of CBZ and SMX

properties, e.g., hydrophobicity and charge, on their transport mechanisms

(pore diffusion and surface diffusion) within the ice-templated pore network

of the synthesized electrodes are discussed at both pH 3 and 7.
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2. Materials and Methods

2.1. Materials

High molecular weight (HMW) chitosan, sucrose (≥99 %), magnetite

(Fe3O4) nanopowder with average particle size of 50-100 nm, acetic acid

(≥99 %), sulfuric acid (99.5-99.7 %), sodium sulfate (≥99 %), and conduc-

tive glue (Leit C) were purchased from Sigma Aldrich. Colloidal dispersion

of silicon dioxide (SiO2) in water (40%) with a particle size of 20 nm, carba-

mazepine (≥98 %), sulfamethoxazole (≥98 %), and titanium wires (≥99.7 %)

were bought from Alfa Aesar. Sodium hydroxide (≥98 %) was supplied by

Carl Roth.

Figure 1: Schematic representation of precursor preparation (A) and all fabrica-

tion steps along with the pore formation in each step during the synthesis (B) for

as-synthesized monolithic carbons.
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2.2. Synthesis and Characterization of Monolithic Carbons

Monolithic carbons without catalyst were prepared through hard- (silica)

and ice-templating combined with one-step carbonization and activation, as

described in detail elsewhere [36]. Briefly, 0.3 g HMW chitosan stock solu-

tion was mixed with 0.3 g sucrose dissolved in 10mL deionized (DI) water

and placed in an autoclave for 45min at 120 °C, including 15min reaction

and 15min for each of the heating-up and cooling-down steps. Then, 0.3 g

colloidal silica was added to the yellowish solution obtained after autoclava-

tion and mixed vigorously before ice-templating or freeze-casting. Unlike our

previous work [36], horizontal freezing of the precursor in Al molds (inner

diameter of 10mm) was considered, as photographed in Fig. S3A, to assess

scaling-up feasibility for longer monolithic carbons. After lyophilization, the

composite was carbonized under an argon atmosphere at 1000 °C for three

hours. The carbonized sample was etched-out overnight at 85 °C in 3M

NaOH solution to remove the silica particles and create mesoporosity. This

sample is named ChiSuc.

For catalyst-incorporated monolithic carbons, a certain amount of Fe3O4

was weighed and added to the precursor solution before freeze-casting and

together with colloidal silica, imposing no additional steps to the synthe-

sis method. All other steps remained similar, and the sample is named

Fe@ChiSuc. Fig. 1 shows precursor preparation and fabrication steps schemat-

ically.

Ice-templated macroporous network, catalyst distribution, and elemental

mapping of as-synthesized monoliths before and after carbonization were ana-

lyzed by scanning electron microscopy (SEM, Hitachi TM3000), Field Emis-
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sion Scanning Electron Microscopy (FESEM, Hitachi S4800), and Energy

Dispersive X-ray (EDX, Hitachi TM3030plus), respectively. N2-physisorption

analysis at 77K (ASAP 2000, Micrometics) evaluated micropore and meso-

pore content of the final carbons. All samples were degassed at 250 °C for

24 h before measurement. The specific surface area and pore size distribution

(PSD) were calculated based on the Brunauer–Emmett–Teller (BET) method

and the density functional theory (DFT), respectively, as recommended for

micro- and mesoporous carbons [37].

2.3. Electrochemical Experiments

Experiments for H2O2 production were performed in an open divided

H-cell separated by a cation exchange membrane to avoid any possible ox-

idation of the produced H2O2 on the anode surface (Fig. S3C). The H-cell

was equipped with a titanium mesh coated with platinum (40 cm2) and a

Hg/HgSO4 (−0.68V vs. SHE) as counter and reference electrodes, respec-

tively. As-synthesized ChiSuc and ChiSucno–silica functioned as working elec-

trodes or cathodes. For serving as an electrode, a titanium wire with an

appropriate length was covered with conductive glue (Leit-C) and inserted

carefully into the final carbon for electrical connection. A shrinking tube was

also used to avoid any contact between the electrolyte and the titanium wire

during the electrochemical experiments, as shown in Fig. S3B. The geomet-

rical surface area of the working electrode (ChiSuc and ChiSucno–silica) varied

between 2.2 and 3.1 cm2. However, the obtained results were normalized

by the surface area of the corresponding electrode for a better comparison.

100mL of 50mM Na2SO4 solution adjusted to pH 7.0± 0.5 and pH 3.0± 0.1

with the help of 0.1mM H2SO4 and 0.1mM NaOH served as the catholyte.
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The anolyte was 100mL of 50mM Na2SO4 solution for experiments at pH

7.0, and it was changed to 100mL DI water set to pH 2.5 with H2SO4 (no salt

added) for experiments at pH 3.0 to keep the catholyte’s pH constant [38].

Pure O2 was supplied with a flow rate of 90mLmin−1 for 10min prior to and

during each experiment.All applied potentials are reported vs. SHE, unless

otherwise mentioned.

HEF treatment of CBZ and SMX was carried out in an open, undivided

cell using Fe@ChiSuc with 25mg added Fe3O4 nanoparticles and a geomet-

rical surface area of 4.4± 0.1 cm2 as the working electrode. The electrolyte

was 100mL of 50mM Na2SO4 solution containing 4.5 ± 0.2 mg L−1 CBZ or

SMX adjusted to pH 7.0± 0.5 and pH 3.0± 0.1. For HEF treatment of SMX

in a divided H-cell, the above-described electrolyte solution was used as the

catholyte, and DI water (no salt added) set to pH 2.5 and pH 3.0 served as the

anolyte for experiments at pH 3 and pH 7, respectively. The contribution of

direct anodic oxidation and (electro-)adsorption of CBZ on Fe@ChiSuc was

assessed by saturating the solution with N2 (90mLmin−1) to avoid any H2O2

production and subsequent radical formation. Additionally, the role of H2O2

on CBZ removal was distinguished using ChiSuc as the working electrode.

For consecutive runs, the used electrode after each run was collected and

thoroughly rinsed with 150mL DI water before the next run, unless otherwise

mentioned. All experiments (except consecutive runs) were performed in

duplicates and reported by the average value with the standard deviation as

error bars.
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2.4. Analytical Methods

H2O2 concentrations at certain time intervals were determined spectropho-

tometrically at 450 nm, using a Genesys 10S UV-Vis, based on the formation

of peroxovanadium cations by the ammonium metavanadate reaction with

H2O2 in an acidic solution [39].

During the HEF, CBZ and SMX concentrations were quantified by a high-

performance liquid chromatography (HPLC) system (Agilent 1100) coupled

with a photodiode array detector (Agilent) at λ = 285 nm and λ = 265 nm,

respectively. A LiChrospher 100 RP-18 column (250mm x 4.0mm, 5µm,

Phenomenex) was thermostated at 35 °C during the analysis while samples

were kept at 15 °C. The pressure of the column and the flow rate of the mobile

phase, being water containing 0.1% formic acid as eluent A and acetonitrile

as eluent B, was set to 100 bar and 600µLmin, respectively. The volumetric

ratio of eluent A/eluent B was held at 90/10 for two minutes, followed by a

change to 35/65 in 9 min and from 35/65 to 5/95 in four minutes. Finally,

the ratio was returned to the initial conditions in four minutes.

At the end of HEF experiments, the amount of leached iron was analyzed

through inductively coupled plasma optical emission spectroscopy (ICP-OES

Varian 720).

3. Results and discussion

3.1. Characterization of Freestanding Carbons

All precursors (ChiSuc, ChiSucno–silica, and Fe@ChiSuc) were frozen in

Al molds while being placed horizontally on the freezing plate as illustrated
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in Fig.1. A horizontally-placed mold offers faster freezing than a vertically-

placed one [36] and addresses the issues concerning the temperature gradient

for longer monoliths fabrication, which is crucial from a scale-up perspective.

However, asymmetric freezing might be induced, which possibly affects the

aimed radial freezing. Infrared (IR) imaging using a thermographic cam-

era (Fig. S1) revealed that symmetrical radial freezing occurred during ice-

templating. Based on Fig. S1A-C, the freezing radially proceeds from the

outer edge toward the center over time. The side view images (Fig. S1D-F)

confirm the symmetrical freezing along the mold’s length and an outside-in

freezing direction. Therefore, longer monolithic carbons can be synthesized

by freezing horizontally with no concerns about the different freezing rates

along the mold’s length. Nonetheless, increasing the geometrical surface area

of monolithic carbons by elongating molds must be thoroughly investigated,

which is out of the scope of this work. Longer composites may encounter un-

desired and drastic shrinkage during lyophilization because of an enhanced

mass transfer resistance for water sublimation. It is worth noting that the

primary scaling-up strategy using as-synthesized monolithic carbon is num-

bering up, making an array of cylindrical carbons for larger surface areas.

Fig. 2A-C displays the SEM images of the ChiSuc 3D macroporous net-

work formed during ice-templating. A radial and symmetrical ice-templating

can be observed all over the cross-section (Fig. 2A), as expected based on IR

imaging analysis (Fig. S1). However, the size of pores differs from the outer

edge toward the center of carbon (Fig. 2B & C). A thin layer of small and

chaotic pores on the peripheral edge of carbon is followed by the bigger pores

with a lamellar structure towards the center. These observations result from
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Figure 2: SEM images of ChiSuc (A-C) and Fe@ChiSuc (D & E) cross-section

and the magnified FESEM image of ChiSuc, showing the ice-templated macropore

network and silica-templated mesopores, respectively.

the difference in freezing rate. Fast freezing is expected on the peripheral

edge as it is in direct contact with the Al mold. The temperature gradient

decreases toward the center of the mold, causing a slowed-down freezing rate.

A fast freezing rate induces ice nucleation rather than ice growth, leading to

small and random ice-templated macropores. In contrast, a slow freezing

rate causes the growth of already formed ice nuclei, resulting in bigger ice-

templated pores with a lamellar structure. The same radial ice-templated

structure can be observed after adding Fe3O4 nanoparticles as catalysts for

Fe@ChiSuc according to Fig. 2D. However, Fe@ChiSuc possesses relatively

bigger pores on the peripheral edge (Fig. 2E) compared to ChiSuc (Fig. 2B).

In Figure 2F, the silica-templated mesopores all over the surface of a macro-
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pore’s wall can be observed.

Catalyst distribution in Fe@ChiSuc was assessed using FESEM analy-

sis, being presented in Fig. 3. As mentioned before, no additional steps

were considered for catalyst incorporation, and the Fe3O4 nanoparticles (50

to 100 nm) were added as catalysts with colloidal silica and well stirred be-

fore ice-templating. Fig. 3A & D display the catalyst distribution in the

Fe@ChiSuc composite before carbonization. Accordingly, Fe3O4 nanoparti-

cles form big agglomerates during the synthesis because of their high surface

energy [17] and magnetic features. Nevertheless, after carbonization, the

agglomerates have been distributed all over the surface, being distinguished

as bright spots in Fig. 3B & C and the corresponding magnified images of

Fig. 3E & F. The average size of bright spots increases from 60 nm (Fig. 3E)

to 200 nm (Fig. 3F) by increasing the Fe3O4 content from 2.8wt% to 5.5wt%,

respectively. Distribution of big Fe3O4 agglomerates (Fig. 3A) all over the

carbon surface during carbonization can be associated with surface diffu-

sion of particles due to their high mobility at 1000 °C. These results point

out the synthesis method’s facileness for producing well-distributed metal-

incorporated carbons without any additional steps imposed to the fabrication

procedure.

Moreover, two other characteristics are noticeable at Fe@ChiSuc after car-

bonization: (i) the altered shape of catalyst particles from cubic/spherical

form (Fig. 3D) to oval (Fig. 3E & F), and (ii) the presence of small pores

in proximity of the bright spots (Fig. 3E & F), which are clearly visible at

the higher Fe3O4 content of 5.5wt% (Fig. 3F). These pores are much bigger

than silica-templated mesopores, which are visualized in Fig. 2F, and can
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Figure 3: FESEM images of Fe@ChiSuc (x % added Fe3O4): A & D) Fe@ChiSuc

(4.2%) before carbonization; B & E) Fe@ChiSuc (2.8%) after carbonization; and

C & F) Fe@ChiSuc (5.5%) after carbonization.

be observed neither at Fe@ChiSuc before carbonization (Fig. 3D) nor at the

ChiSuc surface after carbonization (Fig. 2F). This indicates that these pores

have formed during carbonization in the presence of Fe3O4 nanoparticles,

which can be associated with the oxidation of carbon by the oxygen of Fe3O4

at high temperatures. Zhao and co-workers have reported the conversion

Fe3O4 to Fe0, or zero-valent iron (ZVI), during an activation step under N2

at 950 °C, based on Eq.1 [18]. Thus, the incorporated catalyst differs af-

ter carbonization from the initial Fe3O4, which may explain the change in

the catalyst’s shape before and after carbonization. Energy dispersive X-ray

(EDX) analysis also confirms that the oxygen content qualitatively decreases

after carbonization by comparing Fig. S2C and Fig. S2F. Besides, the oxygen

content in the proximity of Fe-detected spots drastically declined consider-
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ing the oxygen and Fe mapping images before (Fig. S2B & C) and after

(Fig. S2E & F) carbonization. The reduction of Fe3O4 during carbonization

could benefit the reactivity of the catalyst for the Fenton chemistry. Costa

et al. [40] have investigated the impact of Fe0/Fe3O4 ratio by reducing Fe3O4

at high temperature under H2 atmosphere. Accordingly, the highest H2O2

decomposition rate and methylene blue removal efficiency were achieved by

the composite containing 47% Fe0, superior to those achieved by pure Fe0

and pure Fe3O4 catalysts [40]. Additionally, both Fe3O4 and Fe0 are regarded

as the most reactive catalysts for HEF [4], and hence reduction during car-

bonization might not adversely affect the reactivity of catalysts.

Fe3O4(s) + 2C(s) 3Fe(s) + 2CO2(g) (1)

Fig. 4 displays the N2-physisorption analysis data of ChiSuc, ChiSucno–silica,

and Fe@ChiSuc. According to Fig. 4A, both ChiSuc and Fe@ChiSuc con-

tain microporosity and mesoporosity because of the sharp N2 uptake at low

relative pressures and the specific hysteresis at higher relative ones, respec-

tively [37]. In contrast, ChiSucno–silica only contains microporosity as no silica

was used during the synthesis. The corresponding PSD graph (Fig. 4B) re-

veals a distinct peak at 12.6 nm for Fe@ChiSuc, which is slightly right-inclined

for ChiSuc, centered at 17.2 nm, and is absent for ChiSucno–silica. This peak

relates to silica-templated mesopores formed after the etching-out step.

Although the same amount of colloidal silica was added in both ChiSuc

and Fe@ChiSuc recipes, the peak for Fe@ChiSuc compared to ChiSuc is

three times higher, indicating that NaOH could remove more silica particles

during the etching-out step (Fig. 1). This implies that the 3D ice-templated
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(A) (B)

Figure 4: N2-physisorption analysis of ChiSuc, ChiSucno–silica, and Fe@ChiSuc.

A) N2-adsorption/desorption isotherms of final carbons at 77K; B) corresponding

pore size distribution (PSD) based on the DFT model for slit-shaped pores. All

the samples were degassed at 250 °C for 24 h.

network of Fe@ChiSuc represents a more open and interconnected structure

than ChiSuc, which is beneficial for facilitated accessibility of NaOH toward

Table 1: BET specific surface area, pore volume, the percent of shrinkage, and

outer diameter (OD) for ChiSuc, ChiSucno–silica, and Fe@ChiSuc after fabrication

using different amount of nanoparticles.

Added Nanoparticles N2-physisorption

Carbon SiO2 Fe3O4 SBET Vtotal Vmeso Vmicro Shrinkage / OD

[mg] [mg] [m2 g−1] [cm3 g−1] [cm3 g−1] [cm3 g−1] [%] / [mm]

ChiSuc 300 0 553± 46 0.52± 0.02 0.35± 0.01 0.16± 0.01 55± 2 / 4.5± 0.2

ChiSucno–silica 0 0 607± 60 0.22± 0.03 0.01± 0.01 0.21± 0.02 60± 1 / 4.0± 0.1

Fe@ChiSuc 300 25 343± 35 0.67± 0.01 0.58± 0.01 0.06± 0.01 49± 1 / 5.1± 0.1
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the inner parts of the monolithic carbon [36]. The outer diameter (OD) of

ChiSuc and Fe@ChiSuc attests that ChiSuc shrank more drastically (55%)

with an OD of 4.5 ± 0.2 mm than Fe@ChiSuc (49%) with 5.1 ± 0.1 mm

(Table 1). Comparatively, ChiSucno–silica shows the smallest OD of 4.0 ±

0.1 mm (60% shrinkage), being 1mm less than Fe@ChiSuc. Shrinking of the

composites during lyophilization and carbonization indicates the deformity

of the ice-templated pore network, leading to blockage or isolation of interior

pores. Hence, ChiSucno–silica represents a less open and interconnected pore

structure.

Fe@ChiSuc contains the highest amount of added nanoparticles among

the three different carbons, while ChiSucno–silica has no nanoparticles (Ta-

ble 1). Besides acting as hard-template (colloidal silica) and catalysts (Fe3O4),

nanoparticles serve as binding agents during the synthesis, which helps to pre-

serve the ice-templated network from collapse during drying and carboniza-

tion steps [41]. The collapse of the ice-templated network could also explain

the slightly right-inclined peak observed for ChiSuc, since such phenomenon

during lyophilization may cause coalescence of silica particles, resulting in

a bigger pore width (17.2 nm). The average of total pore volume (Vtotal)

increases from 0.22 ± 0.03 cm3 g−1 for ChiSucno–silica to 0.52 ± 0.02 cm3 g−1

and 0.67± 0.01 cm3 g−1 for ChiSuc and Fe@ChiSuc, respectively, due to the

increased mesoporosity (Vmeso).

ChiSucno–silica, despite containing no mesoporosity, shows the highest mi-

cropore volume (Vmicro) with an average of 0.21±0.02 cm3 g−1. Since microp-

ores significantly raise the specific surface area of porous materials, ChiSucno–silica

offers the highest average of BET specific surface area (SBET) of 607 ±
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60 m2 g−1 followed by 553 ± 46 m2 g−1 (Vmicro= 0.16 ± 0.01 cm3 g−1) and

343 ± 35 m2 g−1 (Vmicro= 0.06 ± 0.01 cm3 g−1) for ChiSuc and Fe@ChiSuc,

respectively. Micropores form during carbonization once inherently less sta-

ble functional groups leave the carbon surface at high temperatures [42, 43],

which, in this work, occurs on the wall of ice-templated macropores (Fig. 1)

[36]. Hence, the drastic decline in Vmicro for Fe@ChiSuc compared to ChiSuc

can be associated with the oxidation of the carbon surface, occurring during

carbonization due to the oxidative environment caused by Fe3O4 presence.

This oxidation of the carbon surface leads to the formation of relatively big

pores in the proximity of catalyst particles (Fig. 3E & F), as discussed earlier,

destroying the micropores formed or forming on the ice-templated macrop-

ores. Therefore, ChiSucno–silica, ChiSuc, and Fe@ChiSuc are characterized as

microporous, micro-/mesoporous, and mesoporous monolithic carbons, re-

spectively.

3.2. Electro-generation of H2O2 by ChiSuc (pH 7)

The capability of as-synthesized monolithic carbons for electro-generation

of H2O2 is demonstrated through a set of experiments conducted in a divided

cell at different applied potentials, and the results are presented in Fig. S4

and Fig. 5A. Fig. S5 shows the monitored current density over time at 0.13V,

−0.02V, −0.17V, and −0.47V vs. SHE, showing an average steady current

density (Fig. S5, inset) of 0.44± 0.01 mAcm−2, 1.1 mAcm−2, 1.2 mAcm−2,

and 1.4±0.1 mAcm−2, respectively. It has to be mentioned that the presence

of Fe in Fe@ChiSuc may promote the further reaction of H2O2 to radicals,

leading to a decreased H2O2 concentration during electrolysis. Thus, ChiSuc

was selected as the cathode for these experiments.

19



At a potential of 0.13V, the average of specific production rate is 0.08mg cm−2 h−1

with a current efficiency (CE) of 25± 1% and it reaches 0.21mg cm−2 h−1 at

−0.02V without any significant change of CE (26 ± 2%). Further decrease

of the cathodic potential to −0.17V led to an even higher production rate of

0.3mg cm−2 h−1 with the highest achieved CE of 33± 2%, but it drastically

declined to 0.12mg cm−2 h−1 at −0.47V with a significantly impaired CE of

11±1%. The low specific production rate at 0.13V relates to the insufficient

cathodic potential at the electrode’s surface to reduce available O2 to H2O2

(Eq. 2). However, the declined production rate at the highest cathodic po-

tential of −0.47V comes from the low solubility of oxygen, being a limiting

factor at the electrode’s surface [36], and the presence of parasite reactions,

e.g., Eq. 3, Eq. 4, and Eq. 5.

O2(g) + 2H+ + 2 e– H2O2 (2)

H2O2 + 2H+ + 2 e– 2H2O (3)

O2(g) + 4H+ + 4 e– 2H2O (4)

2H+ + 2 e– H2(g) (5)

These results demonstrate the capability of monolithic ChiSuc for serving

directly as a binder-free electrode to produce H2O2 on-site. It has to be

noted that the specific production rate achieved in this study cannot be

directly compared with the literature [17, 44–47], where the final synthesized
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carbon was used as powders, mixed with polymeric binders, and fixed as

a thin layer (several µm) on a current collector to serve as an electrode.

Table S1 represents the H2O2 production rate and CE (if data was available)

of different commercial and in-house synthesized freestanding carbons with

no added polymeric binder.

commercial carbons such as graphite [48], graphite felt [49, 50], carbon

felt [51], carbon sponge [51], and reticulated vitreous carbon (RVC) foam

[52] have been widely used as cathodes for H2O2 production and pollutants

degradation via electro-Fenton. For these cathodes, the H2O2 production

rate varies from 0.03mg cm−2 h−1 for graphite to 1.84mg cm−2 h−1 for carbon

sponge, depending upon the properties of carbonaceous cathodes themselves

and operational conditions. Comparatively, ChiSuc yielded to a H2O2 pro-

duction rate of 0.3mg cm−2 h−1, which lies in the range of commercial carbon

electrodes. It has to be noted that the H2O2 rate for ChiSuc was calculated

based on its peripheral surface; whereas, the values reported in the literature

are based on one side of the electrode’s surface, which increases the produc-

tion rate. Considering half of the geometrical surface area of ChiSuc, the

specific production rate for cylindrical ChiSuc at a constant cathodic poten-

tial of −0.17V (current density of 1.2 mAcm−2, Fig. S5 ) is 0.6mg cm−2 h−1,

being around one-third of the maximum value (1.84mg cm−2 h−1) achieved

by a carbon sponge at a remarkably higher current density of 16.1 mAcm−2

[51].

One credible explanation for the relatively low specific production rate

achieved by ChiSuc, despite having a hierarchical porosity and heteroatoms

content, can be attributed to the 3D porous network of the electrode. The
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ChiSuc monolith with an OD of 4.5±0.2 mm serves as the electrode, meaning

that the H2O2 produced on the inner carbon surface inside the 3D macrop-

orous network must move outside of the carbon matrix to be measured during

experiments. The openness of the 3D porous network significantly matters

for two aspects: first, the transport of dissolved O2 from the bulk electrolyte

toward the reaction sites at the electrode’s surface, and second, the transport

of the formed H2O2 back toward the bulk electrolyte, where it can be mea-

sured. If the transport path for H2O2 is narrow with high tortuousness, it

cannot be influenced by the convective flow induced by mixing, and hence, it

occurs via diffusion. Such diffusion happens along the carbonaceous channels

of the electrode that may promote further electro-reduction of H2O2 to water

(Eq. 3) before reaching out to the bulk electrolyte [5].

The electro-reduction of H2O2 is closely related to the cathode’s structure.

If the cathode’s structure is non-porous, there is no H2O2 entrapment inside a

3D pore network to be further electrochemically reduced to water. Zhou and

co-workers [52] have systematically assessed the effect of a porous network

on the extent of H2O2 electro-reduction using a non-porous graphite plate

and a porous RVC foam, illustrating a much faster H2O2 electro-reduction

on the RVC foam surface than on non-porous graphite [52].

In comparison to in-house synthesized freestanding carbons (Table S1),

ChiSuc resulted to a higher CE (33%) and H2O2 production rate (0.3mg cm−2 h−1)

than a carbon aerogel (18%) [53] and N-enriched graphitic carbon (0.07mg cm−2 h−1)

[54], respectively. Wang et al. [53] has reported a H2O2 production rate

of 0.23mg cm−2 h−1 for the inactivated carbon aerogel (SBET = 744m2 g−1),

while it increased to 0.82mg cm−2 h−1 for the activated one (SBET = 2417m2 g−1),

22



(A) (B)

Figure 5: Electro-generation of H2O2 in an open divided H-cell: 50mM Na2SO4

(100mL) as catholyte, pH0 7.0 ± 0.5. A) Effect of the applied cathodic potential

on the specific H2O2 production rate and current efficiencies using ChiSuc as the

cathode; B) Normalized (per geometrical surface area of the electrode) H2O2 pro-

duction at −0.02V over one-hour electrolysis for ChiSuc and ChiSucno–silica with

their associated current efficiency (CE).

despite having higher specific surface areas than monolithic ChiSuc, espe-

cially after activation.

.

To further illustrate the crucial role of the 3D ice-templated network on

H2O2 concentrations in the bulk solution, a set of experiments at −0.02V

was conducted with ChiSucno–silica as the cathode. As discussed earlier,

ChiSucno–silica has the smallest OD of 4.0± 0.1 mm, showing the most dras-

tic shrinkage because of no nanoparticles added. According to Fig. 5B, the

specific production rate for ChiSucno–silica is 0.11mg cm−2 h−1 after one hour,
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being half of the value achieved for ChiSuc (0.21mg cm−2 h−1), despite show-

ing a comparable specific surface area (Table. 1) and a slightly higher amount

of transferred charge (13± 1 C compared to 11± 1 C for the ChiSuc) during

the experiment. This lower specific production rate declined the CE to 11%

for ChiSucno–silica even though the only difference in ChiSuc and ChiSucno–silica

recipes is the presence of colloidal silica as hard-templates. Hence, it can be

deduced that the more shrunk and collapsed structure of ChiSucno–silica has

caused a hampered mass transfer of the produced H2O2 toward the bulk

solution.

To minimize the influence of the ice-templated pore network on H2O2

mass transfer, the monolithic ChiSucno–silica was ground. The powdered

ChiSucno–silica was coated on a rotating ring disk electrode (RRDE) setup

(experimental details in supporting information). Fig. S6 shows the corre-

sponding results for H2O2 selectivity, or CE, over a wide potential range. In

this case, the CE varies between 51 ± 14 % to 23 ± 8 % by decreasing the

cathodic potential from 0.6V vs. RHE to 0.05V vs. RHE. In H-cell experi-

ments at pH 7.0± 0.5, the pH of catholyte increased to 11.2± 0.3, meaning

that the applied cathodic potential (−0.02V vs. SHE) was initially 0.39V

vs. RHE and increased to 0.64V vs. RHE due to the pH shift after one-hour

electrolysis, with an average value of 0.52V vs. RHE.

The RRDE experiments show a H2O2 selectivity, or CE, of 37± 11 % for

powdered ChiSucno–silica at a potential of 0.52V vs. RHE, which is more than

three times higher than that achieved by monolithic ChiSucno–silica (Fig. S6).

Hence, the ice-templated pore network deteriorates the H2O2 mass trans-

fer toward the bulk solution, being beneficial for a HEF process, where the
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electro-generated H2O2 must react with adjacent catalysts to produce radi-

cals. Additionally, a 3D ice-templated network could be beneficial for the

mineralization of organic pollutants as it provides temporary confinement of

oxidation by-products close to the catalytic sites [9].

3.3. Carbamazepine Removal by Fe@ChiSuc (pH 7)

A set of experiments was conducted to remove carbamazepine (CBZ), a

frequently detected micropollutant in water bodies [9], in order to prove the

catalytic activity of as-synthesized Fe@ChiSuc. CBZ is an anticonvulsant

and cannot be degraded by H2O2 solely, given its chemically persistent na-

ture [9, 17]. It represents a suitable model compound to prove the activity

of Fe@ChiSuc as a potential electrode for HEF to produce radicals. Fig. 6A

displays the results of CBZ removal at pH 7 under different experimental

conditions in an undivided cell.

Accordingly, a negligible amount of CBZ was removed under N2 bubbling

at −0.17V as cathodic potential. Under such oxygen free conditions, the

HEF oxidation mechanism is suppressed , while two other possible removal

mechanisms remain: (i) (electro)adsorption on porous Fe@ChiSuc, and (ii)

direct oxidation on the anode surface. Based on the results, the role of

(electro)adsorption and anodic oxidation at the applied cathodic potential

of −0.17V is insignificant. Additionally, the experiments with ChiSuc as a

cathode resulted in slightly better CBZ removal of 11±2 % after 60min, being

most likely attributable to adsorption of CBZ on the much larger BET surface

area of ChiSuc (553±46 m2 g−1) compared to Fe@ChiSuc (343±35 m2 g−1).

In contrast, when O2 was bubbled during the experiment with Fe@ChiSuc,

the CBZ concentration was significantly depleted after a one-hour experi-
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ment, i.e., with Fe@ChiSuc up to 67± 4 % removal of CBZ was noticed with

a pseudo-first-order rate constant (k) of 0.023±0.002 min−1 (Table S2). The

CBZ removal indicates the formation of radicals [9, 17], resulting from the

(A) (B)

Figure 6: CBZ decay at pH0 7.0 ± 0.5 and −0.17V in 50mM Na2SO4 (100mL,

[CBZ]0 = 4.5 ± 0.2 mgL−1) using an open undivided cell. A) Different degrada-

tion mechanisms involved in which each experimental data represents an average

of two experiments with the standard deviation as error bars, being fitted (dashed

lines) to the pseudo-first-order kinetic model (Table S2): electro-sorption + anodic

oxidation (Fe@ChiSuc under N2 bubbling), H2O2 + anodic oxidation (ChiSuc un-

der O2 bubbling), HEF + anodic oxidation (Fe@ChiSuc under O2 bubbling); B)

Reusability of Fe@ChiSuc over four consecutive runs with one monolithic carbon

under similar experimental conditions, being fitted to the pseudo-first-order kinetic

model (dashed lines): after the first run with a fresh Fe@ChiSuc, the electrode was

rinsed and used immediately for the second and third runs, while being rinsed and

dried for the fourth run (Fig. 7A).

26



Figure 7: Schematic representation of an ice-templated pore with a hierarchical

structure from the center of the monolithic carbon in radial direction during HEF

experiments. A) Pore representation in consecutive runs with fresh, rinsed & wet,

and rinsed & dry Fe@ChiSuc before and during each run; B) Sulfamethoxazole and

carbamazepine properties at pH 3 and pH 7 during the HEF process.

catalytic reactions between electrogenerated H2O2 (Fig. 5A) and embedded

catalyst particles on the Fe@ChiSuc surface. Therefore, the results demon-

strate the activity of Fe@ChiSuc as a binder-free monolithic electrode for

HEF processes at neutral pH.

Apart from the activity of catalysts, the reusability of Fe-containing car-

bons is a challenging issue for the implementation of HEF processes at larger

scales [6]. Hence, the reusability of Fe@ChiSuc over four consecutive runs
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was also investigated at pH 7, and the results are presented in Fig. 6B. Af-

ter the first run with a fresh Fe@ChiSuc carbon, the monolith was carefully

rinsed with 150mL deionized (DI) water before the second and third runs,

while it was rinsed and dried at room temperature before the fourth run, as

depicted in Fig. 7A.

During the first run at pH 7, 68 % of CBZ is removed after one-hour

electrolysis, followed by a sudden drop to 39 % and 32 % for the second

and third run, respectively. Accordingly, the rate constant (k) declined

from 0.027 ± 0.005 min−1 for the first run to 0.010 ± 0.001 min−1 and

0.008 ± 0.001 min−1 for the second and third run, respectively, showing a

much slower (≤ 2.7 times) removal rate for the successive runs. Neverthe-

less, Fe@ChiSuc could remove 80 % of CBZ at the fourth run with a rate

constant of 0.045± 0.007 min−1, showing even better performance than the

first run. According to Table S3, the amount of leached Fe after one-hour

electrolysis at the first and fourth runs is 0.02mg L−1 and 0.03mg L−1, re-

spectively, while being lower than the detection limit for the second and third

run. These results suggest that neither the iron loss nor deactivation could

explain the significant drop in CBZ removal after the second and third runs.

Another perspective can be the treatment way of the used Fe@ChiSuc

after each run, which was different for the fourth run compared to the sec-

ond and third runs ( Fig. 7A). Before the second and third runs, the used

Fe@ChiSuc was rinsed with DI water and reused immediately. The rinsed

carbon with an OD of 5.0± 0.1 mm is wet and filled with solution, occupy-

ing the porous interior network of the electrode and hindering the solution

ingress by capillary forces during the next run. This implies that the CBZ
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containing solution, during the second and third run, had to diffuse into the

rinsing solution (Fig. 7A) to reach the catalytic sites located in the interior

parts of Fe@ChiSuc, causing a dramatic decline in the CBZ removal rate.

The diffusion of organic micropollutants (OMPs) into the porous network

of Fe@ChiSuc may happen through surface diffusion, pore diffusion, or a

combination thereof [55]. Surface diffusion is defined as the transport of

adsorbed OMPs along the internal carbon surface, whereas the transport of

OMPs in the liquid phase inside a pore refers to pore diffusion [55]. Hence, a

higher diffusion coefficient can be expected for the pore diffusion compared

to the surface diffusion as the transport of a molecule in a liquid phase is

facilitated [56]. Additionally, it could be assumed that the surface diffusion is

more relevant for hydrophobic compounds like CBZ (with an octanol-water

partition coefficient (LogKow) of 2.45 [57]) than for hydrophilic ones like SMX

(LogKow =0.89 [57])) due to their higher adsorption affinity[58]. Therefore,

the lower CBZ removal rate achieved during the second and third runs is

associated with the slow transport mechanism of CBZ by surface diffusion

(Fig. 7A).

On the other hand, the carbon was dried before the first and fourth runs.

Thus, the CBZ containing solution could fill the whole carbon depth through

capillary forces, which led to extended reaction sites for CBZ removal, as

depicted in Fig. 7A. It is worth mentioning that the slightly better CBZ

removal achieved at the fourth run compared to the first one can be associated

with a better wetting behavior of the used Fe@ChiSuc compared to the fresh

Fe@ChiSuc due to some salt deposition after three consecutive runs in 50mM

Na2SO4 solution [59]. The presence of salts on the carbon surface impairs the
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hydrophobic characteristics of carbon, resulting in a faster contact between

the electrolyte and electrode, and thus, a faster CBZ removal.

These results indicate the importance of types of carbon treatment in con-

secutive runs, especially when the carbon has a thickness in the mm range.

For instance, Zhao and co-workers [18] presented a carbon aerogel coated

with copper and iron as freestanding electrodes for HEF, demonstrating a

consistent methylene blue removal efficiency for six consecutive runs. How-

ever, for reusability tests, the carbon was collected after each run, washed

with DI water, and dried in a vacuum oven before the next run [18]. Nev-

ertheless, it has to be noted that the big OD of Fe@ChiSuc is not an issue

in a flow-through module, where a flow of solution would cross the mono-

lithic Fe@ChiSuc in the direction of ice-templated macropores, providing a

dynamic change of solution all over the Fe@ChiSuc depth for an efficient

pollutants removal.

3.4. Carbamazepine Removal by Fe@ChiSuc (pH 3)

Fig. 8A represents the average of CBZ removal at pH 3 with fresh Fe@ChiSuc

electrodes, while Fig. 8B shows the performance of one Fe@ChiSuc in an

acidic medium over four consecutive runs for CBZ removal. For a better

comparison, the results of CBZ removal at pH 7 were also added to Fig. 8A.

For consecutive runs at pH 3, a fresh Fe@ChiSuc was used for the first run,

and the electrode was thoroughly rinsed with 150mL DI water and used

for the subsequent runs without any drying. Change of pH from 7.0 ± 0.5

to 3.0 ± 0.1 alters the applied cathodic potential (−0.17V vs. SHE) from

0.24V vs. RHE to 0.01V vs. RHE, and consequently decreases the anodic

potential from 1.9V vs. RHE to 1.8V vs. RHE (average cell potential is
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(A) (B)

Figure 8: CBZ decay at pH0 3.0 ± 0.1 and −0.17V in 50mM Na2SO4 (100mL,

[CBZ]0 = 4.5 ± 0.2 mgL−1) using Fe@ChiSuc in an open undivided cell. A) The

average of two different experiments with standard deviation as error bars, be-

ing fitted (dashed lines) to the pseudo-first-order kinetic model (Table S2). For

comparison reasons, the values obtained at pH0 7.0 ± 0.5 are also depicted; B)

Reusability of Fe@ChiSuc over four consecutive runs with one monolithic carbon

under similar experimental conditions, which are not fitted to an exponential decay

model for visual reasons: after the first run with a fresh Fe@ChiSuc, the electrode

was rinsed and used immediately for the other runs.

−1.7V and −1.8V, respectively). Hence, it can be presumed that impact

of anodic oxidation on CBZ removal remains negligible at pH 3.0 ± 0.1, as

observed for pH 7.0± 0.5.

Based on Fig. 8A, Fe@ChiSuc can remove 46± 1 % CBZ at pH 3, which

is lower than that 67 ± 4 % at pH 7, resulting to a pseudo-first-order re-

moval rate constant of 0.013 ± 0.001 min−1. Based on RRDE experiments
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for powdered ChiSuc (Fig. S7), H2O2 selectivity stays almost constant at a

wide potential range (from 0.58V vs. RHE to 0.05V vs. RHE). Thus, the

lower CBZ removal efficiency at pH 3.0± 0.1 cannot be primarily attributed

to a decreased electro-generation of H2O2.

Unlike the consecutive runs at pH 7 (Fig. 6B), those at pH 3 (Fig. 8B)

are more consistent and show no significant drop in efficiency despite having

a similar rinsing method between runs. In this case, the CBZ removal effi-

ciency is 47 % after the first run and slightly declines to 42 %, 44 %, and

44 % after the second, third, and fourth run, respectively. The consistency of

CBZ removal rates over the consecutive runs indicates that the presence of

the rinsing solution in the interior pore structure of the Fe@ChiSuc electrode

influences the CBZ removal at pH 3 to a much less degree. Additionally, this

implies that the capillary forces, which were dominant at neutral pH for CBZ

solution ingress into the interior pores of the dry electrode, are dominated by

another mechanism at pH 3. This could also explain the lower CBZ removal

efficiency at pH 3 than at pH 7 (Fig. 8A). The extent of CBZ removal depends

upon the catalytic sites of Fe@ChiSuc being in contact with CBZ dissolved in

the electrolyte, which in turn could be contingent upon the properties of CBZ

at different pH values. CBZ solubility increases from acidic solutions (pH 2)

to circumneutral pH values (pH > 5) [60], being supported by its decreased

octanol-water partition coefficient at pH 7.4 (LogD value) [61]. Besides that,

CBZ is partially protonated at pH 3 [62]. Both factors promote CBZ adsorp-

tion on the outer carbon surface of the hydrophobic and negatively charged

electrode, as depicted in Fig. 7B. Subsequently, the further transport of the

adsorbed CBZ happens through surface diffusion instead of capillary forces,
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as discussed earlier, which impairs the removal rate of CBZ. In contrast, the

CBZ is 100% neutral at pH 7 and has no electrostatic attraction toward the

carbon surface, besides being more soluble and mobile.

Furthermore, at acidic environment, the concentration of leached Fe from

Fe@ChiSuc after one-hour electrolysis is 0.06mg L−1, 0.04mg L−1, 0.04mg L−1,

and 0.1mg L−1 for the first, second, third, and forth run, respectively. The

extent of leached Fe distinguishes the contribution of homogeneous and het-

erogeneous catalysis, suggesting an absolutely heterogeneous reaction [18, 63]

at both pH 3 and pH 7. It is worth noting that, at pH 3, the concentration

of leached Fe is slightly lower from Fe@ChiSuc (working area of 4.4 cm2),

with one step carbonization and activation, than the value (≈0.09mg L−1)

leached from FeCuC aerogel (working area of 2 cm2) activated in two sepa-

rate and energy-intensive steps after one-hour electrolysis [18]. The negligible

concentration of leached Fe from Fe@ChiSuc can be associated with the 3D

ice-templated carbon network that could provide an increased local pH [64]

due to proton consumption via oxygen reduction reactions (Eq. 2 and Eq. 4)

and mitigate Fe leaching during electrolysis [9].
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(A) (B)

Figure 9: Degradation experiments over one-hour runs at a cathodic potential of

−0.17V using Fe@ChiSuc. A) SMX and CBZ (for comparison reasons) decay in

an open undivided cell at pH0 3.0± 0.1 using 50mM Na2SO4 electrolyte (100mL,

[SMX]0 = 4.5± 0.2 mgL−1) and fresh Fe@ChiSuc monoliths, being fitted (dashed

lines) to the pseudo-first-order kinetic model (Table S2) B) SMX decay in an open

divided H-cell over four successive runs at pH0 3.0 ± 0.1 and pH0 7.0 ± 0.5 using

50mM Na2SO4 (100mL, [SMX]0 = 4.5±0.2 mgL−1) as the catholyte, being fitted

(dashed lines) to the pseudo-first-order kinetic model (Table S2). DI water set

to pH 2.5 and pH 3.0 served as the anolyte for pH0 3.0 ± 0.1 and pH0 7.0 ± 0.5

experiments, respectively. A fresh Fe@ChiSuc was used for the first run, followed

by the second run with the rinsed (150mL DI water) and wet electrode. After the

second run, the electrode was rinsed and dried overnight for the third run, followed

by the fourth run with the rinsed and wet electrode.

3.5. Sulfamethoxazole Removal by Fe@ChiSuc (pH 3 and pH 7)

Fig. 9 represents the performance of Fe@ChiSuc in removing sulfamethox-

azole (SMX) as another example of persistent and commonly-detected OMPs
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in water bodies. SMX is an ionizable antibiotic, which has two pKa values

(1.6 and 5.7) [56], being neutral and negatively charged at pH 3 and pH 7,

respectively. Moreover, SMX is relatively hydrophilic (LogKow and LogD of

0.89 [57, 61] and -0.56 [61], respectively) and shows less adsorption affinity

on carbon materials compared to CBZ [65, 66], especially at such low initial

concentration ([SMX]0 = 4.5±0.2 mg L−1) and on the surface of mesoporous

Fe@ChiSuc, which lacks micropores [67].

According to Fig. 9A, SMX is completely depleted after 40min at pH

3 with a rate constant of 0.076 ± 0.004 min−1, which is around six times

higher than the one for CBZ removal (0.013 ± 0.002 min−1) at pH 3. One

reason could be the contribution of direct anodic oxidation in an undivided

cell because SMX is less recalcitrant than CBZ to oxidize. Garica and co-

workers [68] have reported a 30% higher pseudo-first-order rate constant

for SMX removal (0.013 min−1) than CBZ (0.011 min−1) one under similar

experimental conditions on the surface of a boron-doped diamond (BDD)

electrode. However, this does not explain such difference obtained here. The

primary difference between CBZ and SMX properties is their affinity for ad-

sorption considering their LogKow values (2.45 and 0.89 for CBZ and SMX,

respectively)[58]. This influences the transport mechanism of the target pol-

lutants inside the internal porosity of Fe@ChiSuc. Unlike CBZ, the more

hydrophilic SMX transports via pore diffusion in the liquid phase rather than

through surface diffusion on the solid surface (Fig. 7B). As a result, the rate

constant for SMX removal is higher since more catalytic sites of Fe@ChiSuc

can be reached in the oxidation of SMX during one-hour electrolysis.

In Fig. 9B, SMX removal in a divided H-cell over four successive runs (two
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at pH 3 and two at pH 7) is illustrated to evaluate the effect of capillary forces.

A fresh Fe@ChiSuc electrode was used for the first run at pH 7, followed by

the second run under similar conditions with the rinsed and wet Fe@ChiSuc.

Subsequently, the used electrode was rinsed and dried overnight and reused

for the third run at pH 3, followed by the fourth run with the rinsed and

wet Fe@ChiSuc under similar experimental conditions. Unlike CBZ removal

experiments, SMX degradation tests were performed in a divided H-cell to

omit the effect of anodic oxidation, especially at pH 7 with the promoted

electrostatic forces between the negatively charged SMX and the positively

charged anode’s surface.

At pH 7, the constant rate for SMX removal is 0.017 ± 0.002 min−1 for

the first run, which significantly drops to 0.003 min−1 for the second run

with the wet electrode. The same trend can be observed at pH 3, where a

higher rate constant of 0.073 ± 0.005 min−1 was achieved for the third run

(dry Fe@ChiSuc) than that for the fourth run (0.022±0.001 min−1) with the

wet electrode. As discussed earlier, the runs with the wet Fe@ChiSuc show

a declined removal efficiency due to the lack of capillary forces and the dom-

inance of diffusion mechanisms (Fig.7A). Although the dominant transport

mechanism at both the second and fourth runs (with wet Fe@ChiSuc) is pore

diffusion, the decline at the rate constant is more drastic at pH 7 (6.3 times

slower than the first run) compared to pH 3 (3.3 times slower than the third

run). Additionally, SMX removal rates at pH 7 are extremely lower than

those at pH 3 with both dry and wet Fe@ChiSuc. Moreover, at pH 7, the

removal rates for SMX, which is less recalcitrant than CBZ to oxidize [68],

are lower than those for CBZ under similar conditions (Table S2).
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The credible explanation for these observations is the negative charge of

SMX at pH 7, being repelled from the negatively charged Fe@ChiSuc during

the HEF process (Fig. 7B). During the first run, the capillary forces coun-

teract the charge repulsion to some extent, resulting in 70% SMX removal

after one hour. However, during the second run and in the absence of cap-

illary forces (Fig. 7A), the repulsion overcame the pore diffusion mechanism

and led to an extremely impaired removal efficiency of 15%. Therefore, it

can be deduced that the molecule’s charge tremendously affects the removal

efficiency and rate constant in a surface-catalyzed HEF process, especially

in this work with the negligible amount of leached Fe (see Table S3). Yet,

it can be counteracted by stronger forces, e.g., capillary or convective forces,

in a flow-through module.

Furthermore, transport mechanisms for SMX and CBZ and their impact

on the corresponding removal rates can be supported by comparing the CBZ

and SMX removal efficiencies using a wet Fe@ChiSuc (the diffusion predom-

inates the capillary forces) when they are both neutral. That is, SMX at pH

3 (Fig.9B, the fourth run) and CBZ at pH 7 (Fig.6B, the second run). Based

on Table S2, the constant rate for SMX and CBZ is 0.022± 0.003 min−1 and

0.010± 0.001 min−1, respectively, being two times higher for the hydrophilic

SMX. Such a difference cannot be solely explained by the recalcitrant nature

of the molecules [68]. Hence, in the absence of electrostatic interactions, it

could be associated with the diffusion rate of these two OMPs inside the

porous ice-templated network of Fe@ChiSuc.
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4. Conclusions

This study reports a novel Fe-containing freestanding carbon made of

chitosan and sucrose as precursors as an effective electrode for heterogeneous

electro-Fenton (HEF) processes at a wide pH range. Monolithic carbons

(ChiSuc, ChiSucno–silica, and Fe@ChiSuc) have cylindrical geometry with a

mm-ranged diameter, offering a 3D ice-templated radial pore network on

which silica-templated mesopores and micropores are formed. Adding Fe3O4

nanoparticles as catalysts poses no additional steps during the fabrication

procedure, and the catalyst particles are well-distributed over the final

Fe@ChiSuc carbon due to surface diffusion of particles during carboniza-

tion at 1000 °C. Textural analysis based on N2-physisorption revealed that

ChiSucno–silica, ChiSuc, and Fe@ChiSuc are microporous, micro-/mesoporous,

and mesoporous carbons with 612 ± 40 m2 g−1, 553 ± 46 m2 g−1, and 343 ±

35 m2 g−1 BET specific surface area, respectively. Additionally, the capability

of ChiSuc for electro-generation of H2O2 was demonstrated, and the impact

of open ice-templated pore network on the measured H2O2 concentrations

and achieved current efficiency (CE) was discussed. Accordingly, the CE for

H2O2 production by ChiSucno–silica was half of that by ChiSuc (26 ± 2 %),

being attributed to the collapsed structure of ChiSucno–silica given its highest

shrinkage due to the lack of binding agents (colloidal silica).

The catalytic activity of Fe@ChiSuc at neutral pH was illustrated using

CBZ as a persistent model pollutant, revealing the negligible contribution of

anodic oxidation, H2O2 oxidation, and (electro-)adsorption at a cathodic po-

tential of −0.17V. Moreover, Fe@ChiSuc removed CBZ and SMX at both pH

3 and pH 7 with negligible Fe leaching, showing the dominant HEF reaction.
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Successive runs illustrated the crucial role of (i) the transport mechanisms,

e.g., surface diffusion and pore diffusion, inside the ice-templated pore net-

work of the carbon; (ii) the pollutant’s charge and its repulsive or attractive

interaction with the electrodes’ surface; and (iii) the capillary forces caused

by ice-templated pores for an effective HEF process. Furthermore, reusabil-

ity of the electrode over consecutive runs was demonstrated, pointing out

the importance of the post-treatment type after each run on the recorded

efficiency. These results unveil the tremendous potential of the proposed

synthesis method for fabricating binder-free freestanding catalyst-containing

carbons with hierarchical porosity for different applications, particularly as

a potentially scalable and efficient electrode for water and wastewater treat-

ment via HEF processes.
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