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ABSTRACT

Hydrogen peroxide (H,0,) in situ electrosynthesis by O, reduction reaction is a promising alternative to
the conventional Fenton treatment of refractory wastewater. However, O, mass transfer limitation,
cathodic catalyst selectivity, and electron transfer in O, reduction remain major engineering obstacles.
Here, we have proposed a systematic solution for efficient H,O, generation and its electro-Fenton (EF)
application for refractory organic degradation based on the fabrication of a novel ZrO,/CMK-3/PTFE cath-
ode, in which polytetrafluoroethylene (PTFE) acted as a hydrophobic modifier to strengthen the O, mass
transfer, ZrO, was adopted as a hydrophilic modifier to enhance the electron transfer of O, reduction, and
mesoporous carbon (CMK-3) was utilized as a catalyst substrate to provide catalytic active sites.
Moreover, feasible mass transfer of O, from the hydrophobic to the hydrophilic layer was designed to
increase the contact between O, and the reaction interface. The H,0, yield of the ZrO,/CMK-3/PTFE cath-
ode was significantly improved by approximately 7.56 times compared to that of the conventional gas
diffusion cathode under the same conditions. The H,0, generation rate and Faraday efficiency reached
125.98 mg-cm~2-h~! (normalized to 5674.04 mmol-g~!-h~! by catalyst loading) and 78.24% at —1.3 V ver-
sus standard hydrogen electrode (current density of —252 mA-cm~2), respectively. The high H,0, yield
ensured that sufficient -OH was produced for excellent EF performance, resulting in a degradation effi-
ciency of over 96% for refractory organics. This study offers a novel engineering solution for the efficient
treatment of refractory wastewater using EF technology based on in situ high-yield H,0, electrosynthesis.
© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

involves large energy consumption and organic waste output [7],
the Fenton process usually suffers from high H,0, costs [8]. Conse-

The widespread application of organic chemicals in various
fields increases the possibility of their release into the aquatic envi-
ronment, which can potentially threaten the natural ecosystem
and result in human exposure [1-3]. To address these issues,
advanced oxidation processes (AOPs) have received extensive
attention in the field of water treatment [4,5]. As typical advanced
oxidation technologies, Fenton or Fenton-like processes are widely
used owing to their convenience and high pollutant treatment effi-
ciency [6]. However, because the industrial production of H,0,
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quently, it is particularly important to seek a low-cost strategy for
efficient on-site H,O, synthesis for advanced oxidation water-
treatment processes [9,10].

The electro-Fenton (EF) reaction, a method with advantage of
in situ H,O, generation, which can accelerate the formation of -OH
to degrade organic pollutants, is considered an advanced technique
for the treatment of refractory organic pollutants [11,12]. For an effi-
cient EF, a high yield of H,0, is a prerequisite. To realize a high H,0,
yield, O, mass transfer, cathodic catalyst selectivity, and electron
transfer of O, reduction need to be enhanced [13-16]. Notably,
because oxygen molecules can also be electrically reduced to H,O
via the direct 4e~ pathway (Eq. (1)) [17,18], a highly selective cathode
catalyst that reduces O, to H,0, via the 2e™ route (Eq. (2)) is required.
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O, + 4H" +4e~ — 2H,01.230 V
versus reversible hydrogen electrode (RHE)

(1)

0, + 2H* + 2~ — H,0, 0.695 V versus RHE (2)

To seek cathodic catalysts with high H,0, selectivity, research-
ers have made considerable efforts in recent years and found that
carbonaceous materials are the best option because of their high
catalytic efficiency and stable electrochemical performance [19-
24]. Moreover, the abundant free-flowing 7 electrons in the sp?
hybrid orbital add to the research interest in carbonaceous materi-
als, particularly for their use in the electrocatalytic oxygen reduc-
tion reaction (ORR), which requires electron participation [25,26].
Among the various carbonaceous materials, mesoporous carbon
exhibits better H,O, production performance owing to the abun-
dant defect active sites, feasible O, mass transfer channel, positive
zeta potential, and large BET surface area [27].

For superior O, mass transfer, the easier the diffusion and
adsorption of O, on the carbon material, the faster the catalytic
reduction reaction rate, and the higher the H,0, generation effi-
ciency. Because oxygen diffusion in the ORR is a hydrophobic pro-
cess, the hydrophobic modification of the carbon material may
improve O, mass transfer and enhance H,O, production. Recent
studies have shown that owing to the excellent hydrophobicity
of polytetrafluoroethylene (PTFE), its addition to the surface of car-
bon materials can significantly enhance diffusion and adsorption
enrichment of O, [28]. Moreover, to tackle the relatively large
thickness of common gas diffusion electrodes (GDEs) and the cor-
responding vulnerability to water flooding [21,29,30], some suc-
cessful PTFE modifications of GDE have been explored [31,32].
Sheng et al. [33] proposed the use of PTFE to modify the cathode
and improve its surface hydrophobicity and found that the modi-
fied cathode exhibited significantly enhanced O, diffusion and
H,0, production. Zhang et al. [28] modified GDE with PTFE to form
a superhydrophobic three-phase interface and comparing that
with traditional GDE, observed significantly improved O, diffusion
and adsorption and a 5.7-fold increase in H,O, production. How-
ever, owing to the non-conductivity of PTFE, excessive hydropho-
bicity of the carbon materials not only hinders the electron
transfer, but also impedes the hydrophilic mass transfer of H*
and H,0, on the surface of the carbon material, which leads to
the inhibition of the catalytic reduction of oxygen. Moreover,
because the O, reduction reaction is hydrophilic, a single
hydrophobic modification of carbon materials is not conducive to
the catalytic reduction of O, [33]. In this case, the synergistic reg-
ulation of the hydrophilicity/hydrophobicity of carbon materials to
simultaneously enhance the diffusion adsorption and catalytic
reduction of O, is highly desired.

To further enhance electron transfer in O, reduction, hydrophi-
lic modification of the carbon material is indispensable. Some stud-
ies have shown that transition metal oxides, owing to their
hydrophilicity and unique d-band center, can form highly active
catalytic sites on the surface of carbon materials, thereby improv-
ing the synthesis efficiency of H,0, [34-38]. ZrO, has excellent
potential for hydrophilic modification of carbon materials to pro-
duce H,0, because of its Bregnsted surface sites and abundant
hydrophilic oxygenated groups [39,40]. In addition, the modifica-
tion of ZrO, can increase the electrochemically active surface area
of carbon [41,42]. The modification of mesoporous carbon with
Zr0,, thus exhibits great potential for enhancing the hydrophilic
catalytic activity of the cathodes.

Furthermore, since the hydrophobicity of O, leads to its low
solubility in water (~0.5 mmol-L™! at 25 °C and 0.1 MPa atmo-
spheric pressure) and the traditional immersed flat electrode
can only capture dissolved oxygen [43], a delay occurs in the
ORR kinetics, which greatly limits the H,0, yield. Under these
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circumstances, the adoption of cathodic gas-diffusion chamber
is of great significance for enhancing O, mass transfer. Oxygen
is flushed through the hydrophobic layer of the cathode, which
can directly strengthen the diffusion and adsorption of O, in car-
bon pores and effectively improve the oxygen utilization effi-
ciency [44].

Therefore, a systematic solution for the efficient in situ genera-
tion of H,0, and its application to refractory organic degradation
was proposed based on the fabrication of a novel ZrO,/CMK-3/
PTFE cathode, as shown in Fig. 1: (O PTFE, as an excellent
hydrophobic material, was used to modify the macroporous carbon
cathode material (carbon paper, CP) to form a superhydrophobic
layer, aimed at improving the O, mass transfer and enhancing its
adsorption and enrichment in the mesoporous carbon CMK-3;
® Zr0O, modified CMK-3 was coated on the other side of the cath-
ode as a hydrophilic catalytic layer, aiming to strengthen the
hydrophilic catalytic reduction of O, and further enhance the elec-
tron transfer; and @ a cathodic gas-diffusion chamber, with O,
flowing through the hydrophobic layer of the cathode, was adopted
to further improve the O, mass transfer in the mesoporous carbon.
Thus, a mesoporous carbon gas-diffusion cathode (ZrO,/CMK-3/
PTFE) with efficient O, mass transfer and high catalytic reduction
activity was constructed. The influence of the synergy between
Zr0,, CMK-3, and PTFE on H,0, production was explored, and
the relationships between H,0, generation performance and O,
mass transfer, electron transfer, electrolyte pH, and stability were
established. The O, mass transfer limitation of ZrO,/CMK-3/PTFE
was also evaluated and compared with that of a conventional
GDE. The results indicated a high H,0, generation rate, 7.56 times
higher than that of common GDE under the same conditions. High
H,0, yield (125.89 mmol-g "-h~!) and Faraday efficiency (FE)
(78.24%) were realized even at an industrial-relevant current
of —252 mA-cm 2. The EF activity of the ZrO,/CMK-3/PTFE was
explored through the degradation and mineralization of rho-
damine B (RhB), methyl orange (MO), methylene blue (MB), and
phenol in a flow-type cyclic degradation system. This study offers
a novel engineering solution for the efficient treatment of refrac-
tory organic wastewater using EF technology based on the in situ
high-yield H,0, generation.

2. Experimental section
2.1. Chemicals and materials

All chemicals used in this study were of analytical grade and
used without further purification. Mesoporous carbon CMK-3
(XFNANO, China), ZrO, (99.99% metals basis, particle
size < 100 nm; Aladdin, China), PTFE dispersions (Macklin, China),
CP (Shanghai Keqi, China) were used for ZrO,/CMK-3/PTFE prepa-
ration. Nafion 117 membrane and Nafion PFSA-polymer disper-
sions were obtained from DuPont (USA). FeSO47H,O was
purchased from Sinopharm Chemical Reagent Co., Ltd. Sulfuric acid
(H3S04) and sodium hydroxide (NaOH) were used for pH adjust-
ment. RhB was purchased from Macklin Group Co., Ltd. Ultrapure
water (>18.25 MQ-cm) utilized for the preparation/dilution of all
samples was produced by the Milli-Q UP water system (Millipore,
USA).

2.2. Fabrication of ZrO,/CMK-3/PTFE electrode

A schematic of the ZrO,/CMK-3/PTFE electrode fabrication pro-
cess is shown in Fig. 1(a). After ultrasonic cleaning with ultrapure
water, ethanol, and ultrapure water (in sequence) for 30 min, the
cleaned CP was immersed in the PTFE suspension (2%, v/v) for
10 min, taken out and dried in an oven, and calcined at 360 °C
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Fig. 1. (a) The fabrication process of the ZrO,/CMK-3/PTFE cathode. (b) Schematic illustration and (c) photograph of the electrochemical reactor system for wastewater

remediation.

for 30 min to form a superhydrophobic layer [28]. The catalyst sus-
pension was prepared as follows: 40 mg CMK-3 catalyst, 80 mg
Zr0O,, 2 mL ultrapure water, 10 mL ethanol, and 250 pL Nafion solu-
tion (5 wt%) were mixed by sonication. Subsequently, the catalyst
suspension (2 mL) was spray-coated on the other side of the com-
mercial CP (235 pm thick) to obtain a catalytic layer with a CMK-3
catalyst loading of 0.653 mg-cm~2. Finally, the electrode loaded
with the catalytic layer was calcined in a muffle furnace at
360 °C for 0.5 h and allowed to cool down for later use.

2.3. Characterization of electrode

The surface micromorphology and composition of the ZrO,/
CMK-3/PTFE electrode were characterized using field-emission
scanning electron microscopy (FE-SEM; Ultra Plus, Zeiss, Germany)
with an energy dispersive spectrometer (EDS). Contact angle (CA)
measurements were conducted using a drop shape analyzer (DSA
100, KRUSS, Germany). Fourier-transform infrared (FT-IR) spectra
were recorded between 4000 and 400 cm~! using a Thermo Nicolet
6700 spectrometer (Thermo Fisher, USA). The crystal structure was
characterized using X-ray diffraction (XRD; AXS-8 Advance;
Bruker, Germany). The elemental compositions and states were
analyzed using X-ray photoelectron spectroscopy (XPS; AXIS Ultra
DLD; Kratos, Japan) with an Al Ko source (1486.6 eV, 1 eV =
1.602176 x 107'° J). Electron spin resonance (ESR) spectra were
measured using electron paramagnetic resonance spectrometer
(EPR 300E, Bruker).

2.4. Electrochemical measurement and analysis

All electrochemical measurements were performed on a
CHI660D electrochemical workstation (CH Instruments Inc., USA)
using a three-electrode system [45]. Linear sweep voltammetry
(LSV) measurements were performed at a scan rate of 50 mV-s~'.
A ZrO,/CMK-3/PTFE electrode (1 cm x 1 cm) was used as the
working electrode, and a Pt sheet (1.0 cm x 1.5 cm) and Ag/AgCl
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electrode were used as the counter and reference electrodes,
respectively. All electrochemical measurements were performed
in a 0.1 mol-L~! Na,SO, electrolyte solution with pH of 1-7. The
measured potentials versus Ag/AgCl electrode were converted to
the standard hydrogen electrode (SHE) scale according to the
Nernst formula:

— Eng/agc + 0.1976 (3)

where Esye represents the converted potential versus SHE and
Engjagal is the applied potential versus Ag/AgCL.

Electrocatalytic H,O, production on the ZrO,/CMK-3/PTFE elec-
trode was performed in a flow-through cell reactor with three
chambers (cathodic chamber, anodic chamber, and O, diffusion
chamber), as shown in Fig. 1(c) and Fig. S1 in Appendix A. Each
chamber contained a cavity (1 cm x 1 cm x 1 cm) and channels
(0.2 mm diameter) for electrolyte or O, delivery. The cathodic
and anodic chambers were separated using a Nafion 117 mem-
brane (1 cm x 1 cm). The gas diffusion cathode was assembled
tightly between the cathode chamber and O, diffusion chamber
with the catalytic layer facing the electrolyte and the gas diffusion
layer facing O,. A Pt sheet (1.0 cm x 1.5 cm) was placed 2.5 cm
away from the gas diffusion cathode in parallel and used as the
anode in all electrolytic experiments. A Pt wire and Pt sheet were
used to connect the anode and cathode, respectively. Adjacent
chambers were sealed with elastic silicone gaskets. The anodic
and cathodic chambers were filled with the same electrolyte.

For the quantitative analysis of generated H,0,, samples were
collected at certain time intervals, and analyzed using the potas-
sium titanium oxalate method [20], and measured using an ultra-
violet (UV)-visible (Vis) spectrophotometer (752 N, INESA, China)
at a maximum absorption wavelength of 410 nm. The FE (%) of
the H,0, synthesis was calculated using Eq. (4):

ESHE

nCVF

FE =7
[O1de

(4)
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where n is the transferred electron number (for H,O0,, n = 2), Cis
the H,0, concentration (mol-L™'), V is the volume of the electrolyte
solution (L), F is the Faraday constant (C-mol™!), I stands for the
current passing through the cathode (mA), and t is the time (s).
The EF degradation of contaminants was conducted in
0.1 mol-L"! Na,SO,4 containing 1 mmol-L~! Fe?*, and the initial
pH was adjusted to 4 using H,SO4. The initial concentration of
RhB was 100 mg-L~!, whereas the concentration was 20 mg-L™!
for the other contaminants. The reactor and electrodes were the
same as those used for H,O, production unless otherwise men-
tioned. The concentrations of RhB, MO, MB, and phenol were ana-
lyzed by UV-vis spectrophotometry at characteristic wavelengths
of 552, 465, 662, and 270 nm, respectively. Total organic carbon
(TOC) was determined using a TOC/total nitrogen (TN) analyzer
(multi N/C 3100, Analytik Jena, Germany) to investigate the degree
of mineralization. The pollutant degradation efficiency (7) follow-
ing the UV measurements was calculated using Eq. (5):
Co— G
- (5)

where Gy and C; (mg-L™!) are the initial and final pollutant concen-
trations, respectively.
TOC removal efficiency (6) was calculated using Eq. (6):

~ TOC, — TOC,
~ TOC, ()
where TOCo and TOC, (mg-L™') are the initial and final TOC contents

of the pollutants, respectively. To check reproducibility, all runs
were repeated at least three times.

x 100%

x 100%
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3. Results and discussions
3.1. Fabrication and characterization of ZrO,/CMK-3/PTFE

The small thickness and asymmetric hydrophilic/hydrophobic
characteristics of the alveolar membrane in organisms enable oxy-
gen to pass through the alveolar membrane to achieve efficient
mass transfer [31]. Inspired by this, a dual-modified gas-diffusion
cathode with a hydrophilic/hydrophobic interface was designed
in this study and referred to as ZrO,/CMK-3/PTFE. In this, PTFE
was used as a hydrophobic modifier to improve oxygen mass
transfer and ZrO, was used as a hydrophilic modifier to enhance
the production and mass transfer of H,O, because of its abundant
hydrophilic oxygen-containing functional groups. As shown in
Fig. 1, the PTFE-modified CP acted as a matrix and gas diffusion
layer, while the ZrO,-decorated CMK-3 was coated on the other
side to form the ZrO,/CMK-3/PTFE electrode. As shown in the
SEM images, CMK-3 consists of amorphous carbon with ZrO, uni-
formly distributed on it (Fig. 2(a)). The CP consisted of a macrop-
orous backing material (interconnected carbon fiber) and a
microporous carbon-based layer (Figs. 2(b) and (c)). The small
thickness (~235 pm) and porous structure of the CP endow it with
a high gas diffusion performance (Fig. 2(d)), which can greatly
reduce the oxygen diffusion resistance and prevent the occurrence
of water flooding to improve the durability of the electrode. The
surface hydrophobicity of CP was assessed using water CA mea-
surements. As shown in Fig. 2(c), the PTFE-modified CP exhibited
excellent hydrophobicity with a water CA of 144.2°, indicating
superior water resistance to promote the diffusion of molecular

()

(h)

(®

Fig. 2. (a) SEM image and CA (insert) of the CP substrate coated with ZrO,/CMK-3. (b) Cross-sectional SEM image of ZrO,/CMK-3 catalysts on CP. (¢) SEM image and CA
(insert) of PTFE-modified CP. SEM images of (d) the back of CP and (e) conventional GDE (insert is the cross-sectional view). (f) EDS elemental mapping images of ZrO,/CMK-3:

(g) C, (h) Zr, and (i) O.
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oxygen to the catalyst layer. In contrast, the catalytic layer showed
a relatively small CA of 104.2° (Fig. 2(a)), demonstrating that the
catalyst side has more hydrophilic characteristics that promote
the transfer of 2e - ORR products. With a Janus structure and short
gas diffusion length, the prepared gas diffusion cathode can pro-
vide sufficient gas-liquid-solid three-phase contact for the effi-
cient diffusion of O, and rapid transfer of the water-soluble
product H,0,. Comparably, the conventional GDE features a rela-
tively thick and dense pore structure, which is not conducive to
oxygen mass transfer (Fig. 2(e)). Therefore, by producing the same
amount of H,0,, the proposed ZrO,/CMK-3/PTFE cathode has bet-
ter energy efficiency for oxygen diffusion than the traditional
GDE, this is more beneficial for cost-effective applications.

The SEM image (Fig. 2(a)) clearly shows that the catalytic layer
of the ZrO,/CMK-3/PTFE electrode has a loose skeleton and an
interconnected porous structure. In addition, the EDS mappings
shown in Figs. 2(f)-(i) demonstrate the existence and uniform dis-
persion of C, Zr, and O in the selected architecture. X-ray photo-
electron spectroscopy was used to further analyze the surface
elemental compositions and chemical bonding states of the ZrO,/
CMK-3 catalyst. The results are shown in Fig. 3. The survey spec-
trum shows several strong peaks assigned to C 1s, O 1s, and Zr
3d, indicating a catalyst layer composed of C and ZrO, (Fig. 3(a)).
The C 1s spectra displayed a variety of components corresponding
to sp? C-C bonds (~284.5 eV), C-H bonds (~285.0 eV), epoxy C-O
bonds (~286.0 eV), carbonyl C=0 bonds (~288.2 eV), and carboxyl
0-C=0 bonds (~290.0 eV) (Fig. 3(b)) [39,46]. The additional com-
ponent at 291.9 eV may be related to the photoemission-induced
plasmonic T — 7* transitions [47]. The O 1s spectra were deconvo-
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luted into four independent peaks at 530.3, 531.0, 532.0, and
533.1 eV corresponding to O-Zr (derived from nano-ZrO, embed-
ded in the carbon material), carbonyl groups (0=C), alcohols groups
(C-0), and carboxyl groups (O-C=0), respectively (Fig. 3(c)). In the
Zr 3d region (Fig. 3(d)), the spectrum had two independent peaks
at 182.7 and 185.0 eV, and the interval was 2.3 eV, consistent with
the standard ZrO, spectrum [39].

3.2. Electrocatalytic activity of ZrO,/CMK-3/PTFE

To explore the electrosynthesis efficiency of H,0, on the ZrO,/
CMK-3/PTFE cathode, H,0, yield and FE were evaluated. In this
study, the electrodes were immersed in an electrolyte solution,
and oxygen was diffused through the electrolyte to the cathode
surface (normal aeration). For comparison, a series of electrodes
were prepared: pure CP, CMK-3 (CMK-3 supported on pure CP),
CMK-3/PTFE (CMK-3 supported on PTFE-modified CP), and ZrO,/
CMK-3 (ZrO,/CMK-3 supported on pure CP). As shown in Fig. 4
(a), the H,0, production rate and FE at the different cathode inter-
faces displayed significant differences. The yield of H,O, at the
Zr0,/CMK-3/PTFE cathode reached the maximum (1.21 mg-cm2-
-h™"), which was approximately 2.42 times that at the CMK-3 cath-
ode (0.50 mg-cm 2-h ') and 1.92 times that at the ZrO,/CMK-3
cathode (0.63 mg-.cm~2-h~!). Meanwhile, the FE of the ZrO,/CMK-
3/PTFE cathode reached 56.3%, which was 12.3% and 11.3% higher
than those of the CMK-3 (44%) and ZrO,/CMK-3 cathodes (45%),
respectively. The LSV plots of the different cathodes were obtained
to assess the ORR activity of the catalytic layer (Fig. 4(b)). As the
cathode potential shifted negatively, the current response

Zr3d,, Zr3d,
o N
E \ 5
s s
> C1s >
£ £
C C
i} 2
£ £
1 1 Il 1 1 1 1 1 1 1 1 1
1200 1000 800 600 400 200 0 296 294 292 290 288 286 284 282
Binding energy (eV) Binding energy (eV)
(a) (b)
Zr 3d
35 35
s s
2 2
= &
c c
2 X}
£ £
L 1 1 1 1 1 1 1 1 1 1 1
538 536 534 532 530 528 526 192 190 188 186 184 182 180 178 176

Binding energy (eV)
(c)

Binding energy (eV)
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Fig. 3. (a) XPS survey spectra, (b) C1s, (c) O 1s, and (d) Zr 3d of the ZrO,/CMK-3/PTFE electrode.
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increased gradually. The current response of the CMK-3 cathode
was significantly improved by the synergistic modification of
ZrO, and PTFE, suggesting that ZrO, and PTFE have a synergistic
effect on improving the H,O, production performance of the
CMK-3 cathode. As discussed in Section 2.2, the PTFE treatment
could form superhydrophobic layer on the electrode surface, which
is conducive to the diffusion of oxygen to the surface of the cat-
alytic layer for the reduction reaction [48]. However, the excessive
hydrophobicity of the electrode surface may inhibit the transfer of
H' from the electrolyte to the electrode surface and the mass trans-
fer of H,0, in the opposite direction [49]. Moreover, the noncon-
ductive properties of PTFE may increase the Ohmic polarization
of the electrode, and the increase in electrode resistance causes dif-
ficulties in electron transport, thereby suppressing the 2e - ORR
performance of the electrode [50]. To maintain the hydrophilic/
hydrophobic balance of the three-phase structure of the electrode,
an appropriate adjustment in the hydrophilicity of the PTFE-
modified electrode appears to be significant. For this purpose, we
employed a Nafion solution as a binder to mix mesoporous carbon
CMK-3 and ZrO, and sprayed it on the other side of the electrode
using a spray method. Owing to the presence of both acidic and
basic sites on its surface [51], ZrO, induced more oxygenated func-
tional groups (such as C-OH, C=0, C-O0H, and C-0-C) on the sur-
face of CMK-3, resulting in high surface hydrophilicity and the
accelerated formation of a gas-liquid-solid three-phase interface
on the electrode surface, as confirmed by XPS and FT-IR (Fig. 3
and Fig. S2 in Appendix A). Moreover, the existence of oxygenated
functional groups can greatly promote the 2e™ oxygen reduction
activity of the electrode, and the C=0 species, in particular, con-
tribute most to the electrocatalytic activity and are the most active
sites [52]. Combining the above analysis and XPS results, it can be
demonstrated that the excellent HO, production ability of the
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Zr0,/CMK-3/PTFE electrode should be ascribed to the existence
of considerable oxygenated functional groups (particularly C=0)
on the electrode catalytic layer. In addition, as a mesoporous car-
bon material, CMK-3 has excellent electrical conductivity, and its
combination with ZrO, can strengthen the electron conduction
rate and enhance the oxygen reduction performance of the elec-
trode. Nafion is a hydrophilic resin that can act as a binder to
enhance the wettability of the electrode surface. Nafion is also an
excellent proton conductor that can improve the proton transport
in the catalyst and promote the reaction of protons and oxygen on
the electrode surface [50].

Because the increased CMK-3:ZrO, mass ratio led to an increase
in the ZrO, mass and thus provided additional oxygenated func-
tional group active sites per unit mass of carbon, a higher H,0,
yield on the ZrO,/CMK-3/PTFE electrode could be achieved.
Accordingly, the influence of different CMK-3:ZrO, mass ratios on
the H,0, yield and FE of the ZrO,/CMK-3/PTFE electrode needs to
be investigated. The CMK-3:ZrO, mass ratio was studied in the
range 1.0:0.5-1.0:4.0. The results are displayed in Figs. 4(c) and
(d), which show that when the mass ratio of CMK-3:ZrO, was
1.0:0.5, the H,0, production rate reached 0.88 mg-cm 2-h ! in
60 min. As the proportion of ZrO, increased, the H,O, production
rate increased significantly. When the ratio was increased to
1.0:2.0, the production of H,0, reached its highest value
(1.21 mg-cm~2-h~!). However, as the mass ratio of CMK-3:ZrO,
was further increased to 1.0:4.0, the H,O, production decreased
(0.76 mg-cm 2-h~!).The electrode with a CMK-3:ZrO, mass ratio
of 1.0:2.0 reached the highest FE (56.3%), and this trend was con-
sistent with that for H,0, yield. Compared to the CP and CMK-3/
PTFE electrodes, the XRD pattern of the ZrO,/CMK-3/PTFE elec-
trode showed apparent characteristic peaks of ZrO, (Fig. 4(e)). In
addition, as expected, the XRD patterns of the ZrO,/CMK-3/PTFE
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Fig. 4. (a) H,0, yield and FE, (b) LSV curves of different carbon electrodes. (c) H,O, generation, (d) FE of ZrO,/CMK-3/PTFE with different CMK-3:ZrO, mass ratios. XRD
patterns of (e) different carbon electrodes and (f) ZrO,/CMK-3/PTFE with different CMK-3:ZrO, mass ratios. Conditions: pH = 4, —0.5 V vs SHE, and normal aeration.
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electrode with different CMK-3:ZrO, mass ratios showed that the
mass of ZrO, and its characteristic peak intensity also changed
(Fig. 4(f)). The cathode with increased ZrO, content also displayed
a more hydrophilic CA, as shown in Appendix A Fig. S3. When the
mass ratios of CMK-3:ZrO, were 1.0:0, 1.0:0.5, 1.0:1.0, and 1.0:4.0,
the CAs were 131.3°, 127.6°, 116.5°, and 96.5°, respectively.
Because the increased ZrO, mass increased the number of oxy-
genated functional group active sites, the production of H,0,
increased. The increase in ZrO, mass also increases the
hydrophilicity of the electrode surface, which can easily cause
the electrolyte to penetrate the electrode and cause water flooding
[44]. In addition, excessive nano-ZrO, content is prone to agglom-
eration, which causes a sharp decrease in the micropores and
specific surface area, narrowing the oxygen transport channel
and does not promote the progress of the ORR.

3.3. Performance comparison with other cathodes

Because GDE has been extensively studied to improve oxygen
mass transfer to obtain better H,0, production [21,53], the H,0,
production of the ZrO,/CMK-3/PTFE cathode and the traditional
GDE fabricated by the rolling method was compared. The elec-
trodes were immersed in the electrolyte solution and oxygen dif-
fused through the electrolyte to the cathode surface. As
presented in Fig. 5(a), H,0, yield on ZrO,/CMK-3/PTFE cathode at
potential of —0.5 V versus SHE was 1.21 mg-cm~2-h~!, which was
7.56 times that of the traditional GDE (0.16 mg-cm 2-h™!). The tra-
ditional GDE had a FE of 30.3%, while that of the ZrO,/CMK-3/PTFE
cathode was 56.3% (Fig. 5(b)). The performance of the traditional
GDE was consistent with previous reports [49]. The relatively large
thickness and dense pore structure of the conventional GDE (Fig.
2(e)) impeded oxygen mass transfer, which resulted in a decrease
in H,0, production efficiency. The H,0, production performances
of the Pt electrode and ZrO, and PTFE-modified acetylene black
(AB) electrodes (ZrO,/AB/PTFE) were also compared. The Pt elec-
trode (0.011 mgcm 2h"!) and ZrO,/AB/PTFE cathode
(0.45 mg-cm 2-h~!) exhibited relatively low H,0, yields, which
were 1/110.00 and 1/2.69 of the ZrO,/CMK-3/PTFE cathode, respec-
tively. Moreover, the ZrO,/CMK-3/PTFE cathode maintained stable
H,0, production efficiency and FE even after using it 10 times
(10 h, as displayed in Appendix A Fig. S4); this is exceptional
H,0, production performance. Owing to its ordered mesoporous
structure, CMK-3 exhibited reasonable selectivity and potential
scalability for H,O, generation [54]. Consequently, the excellent
performance of the prepared cathode can be ascribed not only to
the hydrophilic/hydrophobic Janus structure, which ensured rapid
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mass transfer of O, and H,0,, but also to the sufficient number of
active sites, which ensured excellent 2e - ORR selectivity.

3.4. Effect of hydrophobic diffusion of O, on H,0, production

After demonstrating the extraordinary H,O, production perfor-
mance of the ZrO,/CMK-3/PTFE electrode, it is highly desirable to
investigate the effect of the hydrophobic diffusion modes of O,
on H,0, production. We compared H,0, production and FE of
the proposed cathode using different aeration modes. In gas diffu-
sion aeration, the hydrophobic layer of the ZrO,/CMK-3/PTFE cath-
ode faced continuous O, flow, and the 2e - ORR proceeded in the
electrolyte solution on the other side of the cathode. Under normal
aeration, the cathode is immersed in the electrolyte solution and
can only trap dissolved oxygen from the solution. As shown in
Fig. 6(a), the production of H,0, through gas diffusion aeration
increased significantly, reaching 4.47 mg-cm 2h™!, which is 3.7
times that of normal aeration (1.21 mg-cm~2-h~"). The FE of H,0,
generated by gas diffusion aeration was 91.84%, which was
35.57% higher than that under normal aeration (56.27%). Moreover,
as shown by the LSV (Fig. 6(b)) and current density-time (J-t)
curves (Fig. 6(c)), the current density of the ZrO,/CMK-3/PTFE cath-
ode system in gas diffusion aeration was significantly higher than
that in normal aeration mode. This is mainly because the normal
aeration mode is limited by the oxygen mass transfer, leading to
less ORR activity. The gas diffusion aeration mode creates a
triple-phase interface for the catalytic reaction and reduces the
mass transport limitation caused by the poor solubility of O, in
water [55]. Thus, the gas diffusion design enables the electrochem-
ical reaction cell to operate at high current densities and realizes
efficient H,0, production.

The excellent H,O, production performance of the ZrO,/CMK-3/
PTFE electrode was verified by testing the actual amount of H,0,
generated under varying potential and solution pH values. As shown
in Fig. 7(a), when O, was electrochemically reduced on ZrO,/CMK-3/
PTFE electrode at pH 1, the production rate of H,O, was 30.32-125.
98 mg-cm 2-h~! at the potential of —0.3 to —1.3 V versus SHE (cur-
rent density of —52 to —252 mA-cm~2). Meanwhile, ZrO,/CMK-3/
PTFE gave a high mass yield for H,O, production, and the corre-
sponding H,0, generation rate normalized by the catalyst loading
was 1365.78-5674.04 mmol-g~"-h~! on ZrO,/CMK-3/PTFE at a
potential between —0.3 and —1.3 V versus SHE. Notably, the H,0,
yield increased as the potential shifted negatively within the inves-
tigated potential range. The varying H,0, yield followed the
same trend at pH 4 and 7. The H,0, production rate increased
from 3.03 mgcm 2h!' (=03 V) to 11.74 mgcm 2h!
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Fig. 5. Comparison of (a) H,0, yield and (b) FE for the ZrO,/CMK-3/PTFE with other cathodes. Conditions: pH = 4, —0.5 V vs SHE, and normal aeration.
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(-1.3V,528.68 mmol-g "-h ') at pH 4, and from 2.49 mg-cm 2-h!
(-0.3V)t08.58 mg-cm 2-h~'(-1.3V,392.37mmol-g "-h~1)atpH 7.
At the same potential, a lower pH favored the production of H,0,
(consistent with previous studies [25,56]), which can be attributed
to the participation of H" in the synthesis of H,0,. Nevertheless,
Zr0,/CMK-3/PTFE exhibited high activity, even with a neutral solu-
tion. Compared with the cathodes in other studies, the ZrO,/CMK-3/
PTFE cathode proposed in this study exhibited significant superior-
ity in H,0, yield and FE; the H,0, yield increased by at least three
times, and the H,0, yield normalized to catalyst loading was
improved by at least three orders of magnitude, as shown in Appen-
dix ATable S1. These results indicate that ZrO,/CMK-3/PTFE cathode
exhibits exceptional activity for H,O, electrosynthesis over a wide
range of potentials and pH values.

Because FE is an important indicator of electrocatalysis (EC)
[57], the FE for H,0, generation was also investigated to further
evaluate the performance of ZrO,/CMK-3/PTFE. As shown in
Fig. 7(b), the FE at pH 1 was 78.24%-91.27% under a potential
of —0.3 to —1.3 V versus SHE. Because the side reactions of H, evo-
lution and H,0, disproportionation could simultaneously occur on
Zr0,/CMK-3/PTFE, the yield and FE of H,0, may decrease at high
negative potentials and highly acidic pH [49]. As expected, ZrO,/
CMK-3/PTFE retained a high FE (90.29%-91.84%) at pH 4. Interest-
ingly, the FE in neutral solution also remained high (89.25%-
89.95%). Although the FE decreased as the potential became
increasingly negative, the performance was still satisfactory, which
is essential and favorable for scaling up electrochemical devices
from the laboratory scale to the industrial scale. Consequently,
the above analysis indicated that ZrO,/CMK-3/PTFE exhibited
remarkable H,O, production performance, making it a promising
cathode for wastewater treatment in H,0,-based electrochemical
AOPs.

Considering that the flow rate of the electrolyte and O, may also
influence H,0, production, a series of experiments were conducted
to investigate this. The results are depicted in Fig. 7(c): as elec-
trolyte flow rate increased from 2.7 to 10.0 mL-min~', H,0, gener-
ation rate and FE also increased from 2.27 to 4.47 mg-cm 2-h7},
and 70.85% to 91.84%, respectively. Because a higher flow rate
can replenish H* and transfer the product H,0, faster, resulting
in the reaction proceeding towards H,0, production, a higher elec-
trolyte flow rate exhibited higher H,0, production and FE. Further-
more, even when the O, flow rate was decreased from 100 to
20 mL-min~', the variations in the H,0, generation rate (4.43-4.
48 mg-cm>h~') and FE (91.53%-92.37%) were negligible, and
the ORR was not limited by oxygen mass transfer (Fig. 7(d)),
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demonstrating that high H,0, yield and FE can be achieved even
with low oxygen supply in the proposed ZrO,/CMK-3/PTFE system.

Because the stability of the cathode is essential for practical
applications [58], a stability test for ZrO,/CMK-3/PTFE cathode
was conducted. As shown in Figs. 7(e) and (f), ZrO,/CMK-3/PTFE
cathode exhibited excellent stability for H,O, yield and FE during
10 consecutive H,0, electrosyntheses (10 h). Additionally, com-
pared to the cathode before an operation, the SEM image of the
cathode after operation showed no significant change, and the
hydrophobic interface of ZrO,/CMK-3/PTFE could still be main-
tained even after the EC for 10 h at the potential of —0.5 V versus
SHE, (as presented in Appendix A Fig. S5). These results demon-
strate the possibility of applying ZrO,/CMK-3/PTFE cathode for
extended periods.

The outstanding electrocatalytic performance of the ZrO,/
CMK-3/PTFE cathode can be attributed to the following factors:
(D the PTFE-modified superhydrophobic substrate ensures the effi-
cient and rapid mass transfer of molecular oxygen; @ the ordered
mesoporous structure of CMK-3 endows it with abundant active
sites and exhibits reasonable selectivity and potential scalability
toward H,0, generation; and @ ZrO, adds a number of oxygenated
functional groups on the CMK-3 surface, which strengthen the sur-
face hydrophilicity and the conjunction of H,O at the interface of
the carbon cathode, thereby ensuring the efficient mass transfer
of H" from the electrolyte to the catalytic layer and H,0, from
the catalytic layer to the electrolyte.

3.5. EF application for refractory organics degradation

Having demonstrated an extraordinary H,0, production perfor-
mance, the ZrO,/CMK-3/PTFE cathode’s performance for successive
EF degradation of organic pollutants deemed an evaluation.
Accordingly, a flow-type cyclic degradation system was con-
structed, which was consistent with the one used for H,0, produc-
tion (as described in the Section 2.1), except for the absence of
Nafion membrane separation (Fig. 1(c)). With efficient generation
of H,0, at the cathode and the circulating flow of wastewater, con-
tinuous and rapid EF degradation of organic pollutants could be
realized (Fig. 1(b)). The results showed that at pH 4, 1.0 mmol-L™!
Fe?*, and an applied potential of —0.3 V versus SHE, the degrada-
tion efficiency of the ZrO,/CMK-3/PTFE cathode system for 50 mL
of 100 mg-L~! RhB reached 82.9% at 30 min (Fig. 8(a)). The removal
efficiencies of CP, CMK-3, CMK-3/PTFE, and ZrO,/CMK-3 cathode
systems for RhB were 7.1%, 51.2%, 57.1%, and 68.1%, respectively,
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Fig. 8. (a) EF degradation efficiency of RhB on different cathodes. (b) Effect of different O, aeration styles on the degradation efficiency of RhB. Conditions: 100 mg-L~! RhB,

pH = 4, 1.0 mmol-L~! Fe?*, and —0.3 V vs SHE.
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which were significantly lower than that of the ZrO,/CMK-3/PTFE
cathode system. Moreover, compared with normal aeration
(63.3%), the gas diffusion aeration in the ZrO,/CMK-3/PTFE cathode
system exhibited a significantly superior RhB degradation rate
(Fig. 8(b)). Remarkably, the degradation trends were consistent
with those of H,0, generation. Benefiting from the efficient
in situ generation and activation of H,0,, the ZrO,/CMK-3/PTFE
cathode system displayed a robust ability to eliminate RhB in the
flow-type cyclic degradation system. It is worth noting that by
adjusting the pH, the produced iron sludge can be dissolved in
the acidic electrolyte and then returned to the recycling system,
which greatly enhances the operating stability of the system. This
will increasingly inspire efforts toward the practical application
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and scale-up of flow-type cyclic degradation systems for the engi-
neering treatment of refractory wastewater.

In addition, the influence of the applied potential and solution
pH on ZrO,/CMK-3/PTFE EF degradation of organic pollutants
was explored in a flow-type cyclic degradation system. The results
show that as the applied potential negatively shifted from —0.3
to —0.8 V versus SHE, the RhB degradation rate increased from
82.9% to 96.2% (Fig. 9(a)), and the kinetic constant (k) of RhB degra-
dation increased from —0.0577 to —0.1048 min " (Fig. 9(b)). Addi-
tionally, in the pH range studied, the RhB removal efficiency
increased from 67.3% to 92.2%, and the k values varied
from —0.0391 to —0.0833 min ' (Figs. 9(c) and (d)). The improve-
ment in the degradation efficiency might be attributed to the
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Fig. 9. (a) Effect of potential (pH = 4 and 1.0 mmol.L~! Fe?*) on the degradation efficiency of RhB and (b) corresponding plots of In(C;/Co) vs time. Effect of (c) pH values
(1.0 mmol-L~! Fe?* and —0.3 V vs SHE) on the degradation efficiency of RhB and (d) corresponding plots of In(C;/Co) vs time. (e) The degradation efficiency and TOC removal
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increased H,0, generation with the potential negative shift and the
increased H* concentration, which could generate more -OH to
eliminate RhB. The degradation performance was further explored
by degrading RhB, MO, MB, and phenol on the ZrO,/CMK-3/PTFE EF
system (pH 3 and —0.8 V versus SHE). As Fig. 9(e) illustrates, the
removal efficiencies of RhB, MO, MB, and phenol were 99.8%,
99.6%, 98.5%, and 96.4% and TOC removal was 53.4%, 49.6%,
67.7%, and 62.4% within 120 min, respectively. A comparison with
the literature on the degradation efficiency and TOC removal of
pollutants is presented in Appendix A Table S2; the ZrO,/CMK-3/
PTFE EF system exhibited an efficient removal rate for the degrada-
tion and mineralization of refractory organic pollutants. Moreover,
to further validate the performance of the system for pollutant
degradation, RhB removal efficiencies by absorption, EC (under
Ar or O, purge without Fe?* added), and EF was compared
at —0.3 V versus SHE and pH 4. As shown in Fig. 9(f), the RhB
removal rates by absorption, EC (Ar), and EC (O,) were all low, indi-
cating that absorption and EC had little effect on RhB degradation.
When the contaminant concentration was as low as 50 mg-L~!, the
Zr0,/CMK-3/PTFE EF system achieved remarkable degradation effi-
ciencies (Fig. S6 in Appendix A).

The reactive radicals generated in the EF reaction were identi-
fied by spin-trapping ESR spectroscopy using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as the trapping agent. As depicted in
Fig. 10(a), the EF system displayed a 4-fold characteristic peak with
arelative intensity of 1:2:2:1, which could be ascribed to the inter-
action between DMPO and -OH [59]. After running for 5 min, the
signal intensity of -OH generated by the ZrO,/CMK-3/PTFE EF
system was significantly higher than those of the CMK-3 and
CMK-3/PTFE systems. As the reaction progressed, the intensity of
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the -OH peak did not decrease significantly (Fig. 10(b)). These
results are consistent with those for H,O, production and pollutant
degradation. No noticeable signal was observed in the absence of
Fe?* (Fig. 10(c)), demonstrating that -OH was generated in the
Zr0O,/CMK-3/PTFE EF system. Notably, quenching experiments of
other possible reactive radicals (benzoquinone for -O,, L-
histidine for '0,) showed that the degradation efficiency of RhB
was not significantly inhibited by the quenchers (as displayed in
Appendix A Fig. S7), which suggests that -O,~ and '0, were not
determining factors in the target contaminant degradation. The
-OH radical accounted for RhB degradation in the ZrO,/CMK-3/
PTFE EF system. To further verify the influence of -OH on the EF
degradation of RhB, tert-butyl alcohol (TBA) in a series of concen-
trations was applied to quench the -OH produced during the degra-
dation process. The results show that the RhB degradation
efficiency decreased gradually with increasing TBA concentration
(Fig. 10(d)), further indicating that -OH was the principal active
radical in the degradation of pollutants by EF. Consequently, all
results illustrate that ZrO,/CMK-3/PTFE has exceptional selectivity
for both the production and activation of H,0,, thereby generating
considerable -OH for pollutant elimination, which is consistent
with a previous study by Cao et al. [60].

4. Conclusions

Based on the fabrication of the novel ZrO,/CMK-3/PTFE cathode,
a systematic solution for efficient H,O, generation and its EF appli-
cation for refractory organic degradation was proposed. The hydro-
philic/hydrophobic interface design of the ZrO,/CMK-3/PTFE
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Fig. 10. DMPO spin-trapping ESR spectra during EF process: (a) different cathode systems run for 5 min. (b) ZrO,/CMK-3/PTFE cathode system run for 0, 5, and 10 min,
respectively. (c) ZrO,/CMK-3/PTFE cathode system run for 5 min with or without Fe?* addition. (d) Effect of TBA concentration on EF degradation of RhB. Conditions: pH = 4,

1.0 mmol-L~! Fe?*, and —0.3 V versus SHE.
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cathode solved the issues of O, mass transfer, cathodic catalyst
selectivity, and electron transfer during O, reduction. The results
showed exceptional EF performance for the degradation and min-
eralization of refractory organics. Our work is a step forward in
enriching cathodes for efficient H,0, production and will increas-
ingly inspire efforts toward efficient cathode designs used for the
engineering treatment of refractory wastewater.
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