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ARTICLE INFO ABSTRACT
Keywords: This study evaluated the stability of polyacrylonitrile-based carbon fiber cathode for hydrogen peroxide (H,02)
Carbon production and phenol mineralization during multiple cycles of electro-peroxone (E-peroxone) process. Results
Electro-peroxone show that the oxidation of bulk carbon fiber by electro-generated H,O, and bubbled ozone (Os) is negligible

Hydrogen peroxide
Oxygen reduction reaction
Ozone

during the E-peroxone process. Nevertheless, the carbon fiber surface was oxidized to some extent as the cathode
was repeatedly used in the multi-cycle E-peroxone process. Due to the oxidation by H,O, and Og, nitrogen-
containing groups on the carbon fiber surface were converted from pyridinic-N to pyridonic-N during the E-
peroxone process. These changes resulted in an increase in the activity of the cathode for oxygen reduction
reaction (ORR), but a decrease in the selectivity of the cathode for two-electron ORR to H,0,. After the carbon
fiber cathode was used for 30 cycles of the E-peroxone treatment of phenol solutions, the cathodic potentials for
ORR shifted positively by ~450 mV, which is beneficial to reduce the energy consumption of electrochemical
H,0, production. Nevertheless, the apparent current efficiency (ACE) for H,O, production decreased from
~91.5% for the virgin cathode to ~48.2% for the used cathode. Despite the decrease in the ACE for H,O,
production, sufficient amounts of H,O, could still be produced during the E-peroxone process with the used
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cathode. Therefore, complete phenol mineralization was maintained during all 30 cycles of the E-peroxone
treatment of phenol solutions. These results suggest that the polyacrylonitrile-based carbon fiber is a promising
cathode material for long-term E-peroxone operations.

1. Introduction

The electro-peroxone (E-peroxone) process is a novel hybrid ad-
vanced oxidation process (AOP) that is enabled by in situ electro-
chemically generating hydrogen peroxide (H,O,) from two-electron
oxygen reduction reaction (ORR) during ozonation [1,2]. During the E-
peroxone process, H,O, is typically produced directly in the ozone
contactor that is retrofitted with electrodes to produce H,O, from
oxygen (O,) in the bubbled ozone and oxygen (O3/0,) gas mixture (i.e.,
ozone generator effluent) [1,3]. Alternatively, high-concentration H,O,
solution can be produced in electrolytes in a separate electrochemical
reactor, then feed into the ozone contactor that contains the water to be
treated [4]. The former approach has a simpler and more compact
system, and can directly exploit O, in the bubbled O3/0, gas as the
oxygen source for ORR. On the other hand, the latter approach requires
an extra oxygen source (e.g., O, in the off-gas of the ozone contactor)
and a separate electrochemical reactor for H,O, production, but allows
H,0, to be more stably produced with lower energy consumption in
case the water that needs to be treated has low electrical conductivity
or has constituents that may cause electrode fouling [4].

The electrochemical generation of H,O, can have multiple bene-
ficial effects on the water treatment performance during the E-peroxone
process [2,5,6]. Due to the enhanced production of hydroxyl radical (*
OH) from H,0,-induced O3 decomposition, the E-peroxone process can
considerably enhance the degradation and mineralization of pollutants,
especially ozone-refractory pollutants, compared to conventional ozo-
nation [7-10]. In addition, because H,O, can quickly reduce hypo-
bromous acid (a key intermediate for bromate formation in ozone-based
processes) back to bromide [11], the E-peroxone process can effective
reduce bromate formation during the treatment of bromide-containing
water compared to conventional ozonation [12-14]. These results in-
dicate that by exploiting O, that is always available at high con-
centrations in ozonation to electrochemically produce H,O,, the E-
peroxone process can offer a simple and convenient way to improve the
performance of existing ozonation systems for water treatment [2].

Considering the vital role of H,O, in the E-peroxone process, the
electrodes must be able to maintain high stability for H,O, electro-
generation during water treatment [2]. Due to their low cost, excellent
conductivity, high ORR activity, and other favorable characteristics,
carbonaceous materials (e.g., carbon black, carbon fiber, reticulated
vitreous carbon (RVC)) are the most used electrocatalysts for electro-
chemical H,O, production in water treatment [15-20]. A variety of
carbon-based electrodes have been developed and tested in the E-per-
oxone process for water treatment, including carbon black-polytetra-
fluoroethylene gas-diffusion electrode (CB-PTFE GDE), carbon felt,
carbon brush, and RVC [21-27]. They generally showed good catalytic
activity for H,O, production during short-term evaluations. Never-
theless, the stability of the electrodes during long-term E-peroxone
operations, which is critical for practical applications, has not been
evaluated in previous studies [4].

During the E-peroxone process, the electrodes are exposed to high
concentrations of electro-generated H,O,. Moreover, when the elec-
trodes are directly installed in the ozone contactor, they can also be
exposed to high-concentration O3 bubbled in the system [23]. It is well-
known that carbonaceous materials can be readily oxidized by Os,
which may lead to significant changes in their catalytic activity for ORR
and other reactions (e.g., catalytic decomposition of O3 to "OH)
[15,28,29]. On the other hand, when the carbon-based electrodes are
used as the cathode in the E-peroxone process, the net electrons accu-
mulated on the cathode upon cathodic polarization may protect the

carbonaceous materials from being oxidized by the oxidants (i.e., the
“cathodic protection” effect) [30-32]. How these counteractive effects
would influence the electrocatalytic activity of the electrodes for H,O,
production, as well as the entailing performance of pollutant degrada-
tion during the E-peroxone process needs to be carefully investigated.

The main objective of this study was to evaluate the stability of
polyacrylonitrile-based carbon fiber electrodes during water treatment
by the E-peroxone process. Polyacrylonitrile-based carbon fiber is a
nitrogen-containing carbon material that can be easily manufactured on
an industrial scale by high-temperature carbonization of organic fiber
precursors (1200-1600 °C). Currently, polyacrylonitrile-based carbon
fibers are the most important commercially available carbon fiber, ac-
counting for about 90% of the carbon fiber market [33,34]. Its low
price, high electrical conductivity, inherent nitrogen-containing struc-
tures and mass production feasibility make it a promising electrode
material for ORR [35]. In this study, carbon brushes made of poly-
acrylonitrile-based carbon fiber were used as the cathode during mul-
tiple cycles of electrochemical generation of H,O, (EGH) and the E-
peroxone treatment of phenol solutions. The evolution of electro-
chemical properties of the electrode for H,O5 production, as well as the
mineralization of phenol during the multiple-cycle tests were followed
to evaluate the stability of the electrode for long-term operations.

2. Materials and methods
2.1. Materials and chemicals

Polyacrylonitrile-based carbon fiber (T700S, 12 K, 7 um in dia-
meter, 0.8 g m~ ! in linear density) was purchased from Toray Co.
Potassium titanium (IV) oxalate (CAS No. 14402-67-6), Na,SO, (CAS
No. 7757-82-6), NaOH (CAS No. 1310-73-2), and H,SO,4 (CAS No.
7664-93-9) were of analytical grade (AR grade) and purchased from
Beijing Chemical Works Co., China. Phenol (CAS No. 108-95-2, AR
grade), potassium indigo trisulfonate (CAS No. 14402-67-7, AR grade),
and H,0, (CAS No. 7722-84-1, AR grade, 30 wt%) were purchased from
Sigma-Aldrich. Standards of hydroquinone (CAS No. 123-31-9, HPLC
grade), catechol (CAS No. 120-80-9, HPLC grade), and maleic acid (CAS
No. 110-16-7, HPLC grade) were shipped from Ehrenstorfer GmbH.
Oxalic acid (CAS No. 144-62-7, HPLC grade) and fumaric acid (CAS No.
110-17-8, HPLC grade) were from Fluka. Formic acid (CAS No. 64-18-6,
HPLC grade) was purchased from Dukan. Methanol (CAS No. 67-56-1,
HPLC grade) was from J. T. Baker. All solutions were prepared using

ultrapure water with resistivity > 18 MQ cm ™.

2.2. Electrolysis experiments

2.2.1. Electrochemical system

All electrolysis experiments were conducted in an open and undivided
three-electrode electrochemical reactor (9 cm X 4.5 cm X 25cm) [23]. A
carbon brush cathode made of polyacrylonitrile-based carbon fiber was
used as the working electrode. The electrode potential was recorded re-
lative to a saturated calomel electrode (SCE, Leici Co., Shanghai, China).
An iridium oxide coated titanium mesh (Ti/IrO5, 6 cm X 4 cm) anode
was used as counter electrode. The carbon brush cathode and Ti/IrO,
anode were prepared according to the procedure described previously
[36,37]. The distance between anode and cathode was 1 cm. Na,SO4
solution (0.1 mol L™, 1 L) was used as electrolytes. All electrolysis ex-
periments were controlled by a CHI 1140B electrochemical workstation
(Shanghai Chenhua Co.). The electrochemical reactor was placed in a
water bath at 20 = 1 °C during all experiments.
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2.2.2. Linear scanning voltammetry (LSV) test

LSV tests were conducted to determine the onset potentials of H,O,
H50,, O,, and O3 reduction at the cathode. The scanning rate was
0.01 Vs~ During cathodic H,0 and H,0, reduction tests, a high pure
nitrogen gas (99.999%) was sparged into the solution at a flow rate of
0.4 L. min~! to remove dissolved oxygen (DO). During O, and O3 re-
duction tests, a pure oxygen gas (99.9%) or O3/0, gas mixture (25, 45
or 90 mg L' O3) was sparged into the solution at a flow rate of
0.4 L min~ %

2.2.3. Electro-generation of H;0,

To evaluate the electrode stability for H,O, production, the ex-
periment of H,0, electro-generation from cathodic O, reduction was
repeated for 30 cycles using the same carbon brush electrode (each
cycle was 2 h). During the experiment, a pure O, gas (99.9%) was
continuously sparged in the three-electrode cell at a constant flow rate
of 0.4 L min~! using a fine aerator (average pore size of 10 pum).
Meanwhile, a constant current (400 mA) was applied to drive ORR to
H,0,. The electrolyte was 0.1 mol L™ * Na,SO, solution, which was
replaced with fresh solutions after each cycle of the experiment. The
cathode that had been reused for varying cycles of electro-generation of
H->0, (EGH) was denoted as EGH-X (X represents the cycle number).

The evolution of H,O, concentrations during the experiment was
followed and used to calculate the apparent current efficiency (ACE) for
H-0, generation (Eq. (1)).

nFC 1%
02T w100

ACE(%) =
MH202 It (€9)

where n is the electron transfer number for one O, molecule reduction
to HyO, (n = 2), F is the Faraday constant (96,485 C mol™1), Chyo, is
the measured H,0, concentration (mg L™, V is the solution volume
(L), My,0,is molar mass of H,O, (34.01 g mol 1), I is the applied cur-
rent (A), and t is electrolysis time (s).

2.2.4. E-peroxone treatment of phenol solutions

The E-peroxone treatment of 1 L phenol solution (initial con-
centration of 200 mg L™Y) was performed in 0.1 mol L~! Na,SO,
electrolyte in the three-electrode reactor. Based on the results of pre-
vious study [23], a constant current of 400 mA was applied during the
E-peroxone process. Meanwhile, an ozone-containing oxygen gas pro-
duced by passing a pure oxygen (99.9%) feed gas through an ozone
generator (Tonglin Technology Co., China), then sparged in the reactor
at a flow rate of 0.4 L min ~'. During the treatment, total organic carbon
(TOC) of the solution was measured to evaluate the efficiency of phenol
mineralization.

To evaluate how the extended exposure to strong oxidants (e.g., O3
and "OH) would influence the cathode performance for pollutant re-
moval during the E-peroxone process, the carbon brush cathode was
used for 30 cycles of the E-peroxone treatment of phenol solutions (each
cycle was 2 h). The cathode that had been reused for varying cycles of
E-peroxone treatment was denoted as EP-X (X represents the cycle
number).

2.3. Analytical methods

During the E-peroxone process, gas phase O3 concentrations at the
inlet of the reactor were monitored using an ozone detector (UV-300,
Sumsun EP Hi-Tech Co., Beijing). H,O5 concentration was determined
by a spectrophotometer at 400 nm (Dr 5000, Hitachi) using the po-
tassium titanium (IV) oxalate method [38]. Dissolved ozone was mea-
sured using indigo method [39]. TOC was measured using TOC-VCPH
analyzer (Shimadzu Co., Japan). Phenol and its transformation pro-
ducts (e.g., hydroquinone, catechol, oxalic acid, and formic acid) were
measured using a high-performance liquid chromatograph equipped
with an SPD-20A UV/Vis detector, Prominence LC-20AT pump
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(Shimadzu, Japan) following the protocol described previously [23].

The bulk elemental composition of carbon fibers on the carbon
brush cathode was analyzed with an elemental analyzer (CE-440,
Exeter Analytical, Inc., North Chelmsford, MA). The surface elemental
composition and valence state of the carbon fibers were measured by X-
ray photoelectron spectroscopy (XPS) analysis using an ESCALAB250Xi
system equipped with Al Ka X-ray source (Thermo Fisher Scientific Inc,
USA). High resolution spectra were acquired at 30 eV pass energy. XPS
spectra were fitted by a nonlinear least-square curve-fitting program
with the Gaussian/Lorentzian product function. The surface mor-
phology of carbon fibers was evaluated using a field emission scanning
electron microscopy (SEM) (Merlin Compact, Zeiss). X-ray diffraction
(XRD) measurements were performed on an X-ray diffractometer
(SmartLab system, Rigaku) with Cu Ka radiation (A = 0.15418 nm)
operating at 40 kV and 40 mA. The crystallite size of carbon fibers was
calculated based on the XRD pattern and Scherrer's formula [26].
Raman spectra were taken by a spectrometer (LabRAM HR Evolution,
Horiba) using a He-Ne laser at 633 nm. Fourier transform infrared
spectroscopy (FT-IR) spectra was obtained using a FT-IR spectrometer
(Nicolet iS10, Thermo Fisher). Brunauer-Emmett-Teller (BET) surface
area was determined by N, adsorption method using a gas adsorption
system (ASAP 2460, Micromeritics).

To estimate the electrochemically active surface area of the so-
lid-liquid interface, the electrochemical double-layer capacitance
(EDLS, Cq)) of the electrodes were measured using cyclic voltammetry
in the potential range of 0.15-0.3 V vs. SCE at varying scanning rates
[40,41]. The electrochemical impedance spectroscopy (EIS) test was
conducted using a CHI 760E electrochemical workstation. The mea-
surements were carried out in O,-saturated 0.1 mol L™! Na,SO, solu-
tion with a polarization potential of 0.3 V vs SCE. The spectra were
collected in a frequency range of 0.01-10° Hz with an amplitude of
5 mV [42].

3. Results and discussion
3.1. Cathodic reactions during the E-peroxone process

During the E-peroxone process, several reactions may occur in
competition with ORR at the cathode, including water (H,0) reduction
to hydrogen (H,), further reduction of electro-generated H,O, to HO,
and O3 reduction to O, and/or O3" ~ [23]. To evaluate the catalytic
activity of the carbon brush electrode for these reactions, the onset
potentials of H,0, Hy0,, O, and O3 reduction at the electrode were
determined using the LSV technique under varying gas sparging con-
ditions (see Fig. 1). In O,-depleted solutions (sparged with 0.4 L min~*!
N,), no current responses were observed until the potential shifted
negatively to below ca. —1.5 V vs. SCE. This observation indicates that
the carbon brush cathode has a low catalytic activity for H>O reduction,
which can only occur at very low cathodic potentials [23]. In com-
parison, when the O,-depleted solutions were added with 200 mg L™*
H,0,, current responses increased gradually from ca. —0.4 V vs. SCE,
then exhibited a sharp increase at ca. —1.25 V vs. SCE. This finding
suggests that the carbon brush also has a low catalytic activity for H,O5
reduction, which can only occur significantly at potentials below ca.
—1.2Vvs. SCE. In contrast to the low current responses observed in O,-
depleted solutions (sparged with N»), significantly higher current re-
sponses were observed in solutions sparged with a pure O, gas and an
03/05 gas mixture (Fig. 1). The current responses observed at ca.
—0.1 V vs. SCE in the presence of pure O, is attributed to O, reduction,
whereas the current responses observed at ca. 0.9 V vs. SCE in the
presence of O3/0, is attributed to O3 reduction [23].

The results shown in Fig. 1 demonstrate that O, can be reduced at
significantly positive potentials than H>O, and H,0 at the carbon brush
cathode, in agreement with the previous findings that carbonaceous
materials have a high ORR activity, but low H,0, decomposition and
H, evolution activity [16,43]. This finding indicates that if the carbon
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Fig. 1. LSV curves of the carbon brush cathode in Na,SO, electrolyte sparged
with pure N, and O, gas, and O,/03 gas mixture (NaySO4
concentration = 0.1 mol L™, scanning rate = 10 mV s~ ', gas flow
rate = 0.4 L min~1).

brush cathode is installed in a separate electrochemical reactor for
H-0, production with pure O, sparging, O, reduction will be the pre-
dominant cathodic reaction. In contrast, if the carbon brush is directly
installed in the ozone reactor where an O3/0, gas mixture is sparged,
ORR to H,0, has to compete with O3 reduction at the cathode during
the E-peroxone process. Under the conditions where cathodic O3 re-
duction is limited by the mass transfer of O3 to the cathode, ORR to
H,0, can occur or even dominate the cathodic reactions during the E-
peroxone process [23].

Compared with other carbon-based cathodes that are commonly
used for H>O, production (e.g., carbon felt, CB-PTFE GDE, and RVC),
the carbon brush cathode is relatively easy to prepare and scale up [44].
Moreover, the fluffy tube-brush structure of the electrode (SI Fig. S2)
facilitates the close contact of carbon fibers with water, which can ac-
celerate dissolved oxygen transfer and electron transfer between the
electrode and electrolyte and thus enhance the kinetics of ORR to H,O5
[26,45]. Consequently, for the same mass of polyacrylonitrile-based
carbon fibers (2 g), significantly higher ORR currents were achieved for
the carbon brush cathode during LSV test compared to the carbon felt
(see SI Fig. S3). In addition, SI Table S3 shows that under similar test
conditions, a higher H,O, production rate and current efficiency could
be obtained with the carbon brush cathode than with the electrodes
(CB-PTFE, RVC, and carbon felt) used in our previous studies (228 vs.
101-202 mg h™! and 90% vs. 40-80%) [22]. These comparisons sug-
gest that carbon brush is an effective electrode configuration for elec-
trochemical H>O, production from ORR.

3.2. Stability of the carbon brush cathode for H,0, production

To evaluate the electrode stability for H;O, production in the pre-
sence of pure O,, a virgin carbon brush cathode was used for 30 cycles
of electrochemical H,O, production under pure O, gas sparging con-
ditions. During each cycle (2 h), H,O, concentrations increased con-
tinuously with increasing electrolysis time (see SI Fig. S1), which in-
dicates that H,O, is stably produced from ORR during the process.
Nevertheless, the concentrations of H,O, detected at the same elec-
trolysis time declined gradually as the carbon brush cathode was
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repeatedly used in the multiple-cycle EGH tests (see Fig. 2 for an ex-
ample of electrolysis time of 20 min). Correspondingly, the apparent
current efficiency (ACE) for H>O, production decreased from initially
~97% to ~79% when the carbon brush was used for 30 cycles.

The high ACE for H,O, production (~97%) obtained with the virgin
carbon brush cathode indicates that ORR goes essentially through the
two-electron pathway to form H,0, at the virgin carbon brush cathode,
while the four-electron ORR to H,O and further reduction of H,O, to
H,0 is negligible. However, ACEs for H,O, production then decreased
gradually during the multi-cycle test. This trend suggests that as the
carbon brush cathode was repeatedly used for H>O- electro-generation
in the multi-cycle test, further reduction of H,O, and/or direct four-
electron ORR are gradually enhanced at the cathode, thus resulting in
the decreases in ACE for H,O, production.

Fig. 3a shows that as the carbon brush was reused in the multi-cycle
EGH test, the onset potential of ORR shifted progressively toward more
positive region. In addition, for a given potential, higher current re-
sponses were observed for the cathode that had been reused for more
cycles. These observations suggest that the ORR activity of the carbon
brush cathode increased gradually as the cathode was reused. Due to the
increased ORR activity, the steady-state cathodic potentials of ORR at
400 mA shifted positively from ca. —0.8 V vs. SCE for the virgin cathode
to ca. —0.5 V vs. SCE for the cathode used for 30 cycles of EGH test
(Fig. 3c). Correspondingly, the cell voltage during electrochemical H,O5
production (400 mA) decreased from ~3.5 V for the virgin carbon brush
cathode to ~3.2 V for the cathode used for 30 cycles (Fig. 3d). Thus,
although the ACE for H>O, production decreased gradually during the
multi-cycle EGH test, the energy consumption for H,O, production in-
creased only slightly from initially ~5.7 to ~6.4 kWh kg ~! H,0, as the
cathode was reused for 30 cycles (see SI for the calculation). These en-
ergy consumptions correspond to ~0.38-0.42 USD kg ™! H,0, based on
the electricity cost of 0.066 USD kWh™! [46], which are significantly
lower than the market price of H,O, stocks (~1.0-2.2 USD kg_1 H>0,
[47]. These data suggest that when the carbon brush is used to produce
H,0, in a separate electrochemical reactor with pure O, sparging, it can
maintain a high stability for HO, production at competitive costs.

The above results suggest that as the carbon brush was continuously
used for H>O, production, its ORR activity gradually increased, while
its selectivity for 2-electron ORR to H,O, decreased slightly. These
changes can be possibly explained by the alterations of surface prop-
erties of carbon fibers during the multi-cycle EGH test. As shown in
Table 1, the bulk elemental composition of the virgin carbon brush was
predominantly C (93.95 wt%) and N (4.83 wt%), with a low O content

== H,0, concentration A ACE
100 - 100
— AAAAAAA A 20 min
- Asd L4,
@ 80 1lnnp I WUV SN 1)
= NI T .
,g 60 - 60 :\J
= <
£ 4
8 401 - 40 <
c
8
~ 20 F 20
ON
I
0 T T T T T — 0
0 5 10 15 20 25 30
Cycles

Fig. 2. Evolutions of H,O, concentrations and apparent current efficiency
(ACE) during the multi-cycle electrochemical H,O, generation test (Na,SO4
concentration = 0.1 mol L™, current = 400 mA, O, gas flow
rate = 0.4 L min~?, electrolysis time = 20 min).
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Fig. 3. (a) and (b) LSV curves of the carbon brush cathode after different cycles of electrochemical generation of H,O, and E-peroxone processes (Na>SO4
concentration = 0.1 mol L™}, scanning rate = 10 mV s}, gas flow rate = 0.4 L min~'); (c) and (d) chronopotentiometry curves and cell voltage—time curves of the
virgin cathode and the cathodes used for 30 cycles of electrochemical generation of H,O, (EGH-30) and E-peroxone process (EP-30) cathode and EP-30 cathode
(Na,SO, concentration = 0.1 mol L™}, current = 400 mA, O, gas flow rate = 0.4 L min~Y).

(0.52 wt%). In contrast, XPS analysis shows that the surface elemental
composition had a considerably higher oxygen content (20.84 wt%),
but lower C and N contents (78.33 and 0.83 wt%). The differences in
the surface and bulk elemental compositions can be attributed to the
fact that during commercial manufacture, carbon fibers are coated with
a thin film of sizing agent (epoxy resin composed of C and O, see SI Fig.
S6) [48,49]. Due to the covering of sizing agent, no N1 peaks could be
detected on the surface of virgin carbon fibers during XPS analysis
(Fig. 4a). In contrast, three obvious N1s peaks — pyridinic-N (N,
398.6 eV), graphitic-N (Np, 400.9 eV), and pyridinic-N-Oxide (N,,

Table 1

402 eV)) - were observed on the carbon fiber surface when the sizing
agent coating had been etched and cleaned by argon ion sputter before
the XPS analysis (Fig. 4b).

As reported in Table 1, the bulk elemental compositions of carbon
fiber remained almost constant during the multi-cycle EGH process. In
addition, SEM analysis shows that there were no changes in the shape
and size of the fibers after the cathode was used for 30 cycles of the
EGH process (see SI Fig. S6). These observations indicate that under
cathodic polarization conditions, the electro-generated H,O5 does not
cause considerable oxidation of the bulk carbon fiber [30-32].

Evolutions of chemical and electrochemical properties of carbon fibers on the brush cathode during the multiple cycles of electrochemical generation of H,O, and E-

peroxone treatment of phenol solutions.

Properties Virgin EGH-10 EGH-20 EGH-30 EP-1 EP-20 EP-30
Bulk elemental composition (wt%) C 93.95 + 0.05 94.68 *+ 0.20 94.65 + 0.36 94.26 + 0.08 94.84 + 0.05 94.41 + 0.16 93.66 *+ 0.33
N 4.83 = 0.02 490 += 0.06 4.85 = 0.17 5.00 = 0.09 5.11 += 0.05 4.99 = 0.08 491 + 0.18
(¢} 0.52 = 0.01 0.40 = 0.04 0.34 = 0.03 0.51 = 0.02 0.13 = 0.01 0.24 = 0.01 0.54 = 0.09
Surface elemental composition (wt%) C 78.33 80.92 85.21 78.69 91.41 86.83 79.94
N 0.83 0.95 1.04 2.58 1.96 1.37 1.56
[0} 20.84 18.13 13.75 18.73 6.63 11.80 18.49
Crystallite size (A)* 12.7 - - 12.3 - - 12.2
In/I" 0.93 - - 1.02 - - 1.02
BET surface area (m? g~ 1) 1.1 1.6 1.8
Electrical double-layer capacitance (mF) 27 - - 183 - - 237
R (Q)° 0.58 - - 0.71 - - 0.70
R (Q)° 28.85 - - 0.31 - - 0.30

? Measured by XRD.

> The ratio of peak intensity at 1360 cm ™! (D band) and 1580 cm ™! (G band) in the Raman spectra.

¢ Ohmic resistance measured by EIS.
4 Charge transfer resistance measured by EIS.
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In contrast to the stable bulk elemental compositions, the surface
elemental compositions of the carbon fibers changed evidently during
the multi-cycle EGH test (Table 1). During the first 20 EGH cycles, the
surface C content increased, while the surface O content decreased. The
C content then decreased, while the O content increased in the last 10
EGH cycles. These changes can be probably attributed to the gradual
exfoliation of epoxy resin coating from the carbon fiber surface and the
subsequent oxidation of carbon fiber surface by electro-generated H,O5
(see SI for the SEM, FT-IR, XRD, Raman characterizations of the carbon
fiber). Due to the removal of insulating epoxy resin coating and oxi-
dation of carbon fiber surface, the electrical double-layer capacitance of
the carbon fiber electrode increased considerably from 27 mF for the
virgin cathode to 183 mF for the EGH-30 cathode (Table 1). These data
suggest that the electrochemically active surface area of the electrode
increased significantly as it was repeatedly used for H,O, electro-gen-
eration (see SI Fig. S10 for more discussion) [41]. In addition, the
charge transfer resistance (R,) also decreased significantly for the EGH-
30 cathode compared to the virgin cathode. These changes greatly fa-
cilitate the electron transfer between the electrode and electrolyte.
Consequently, the ORR activity of the carbon fiber cathode increased
progressively during the 30 cycles of EGH process (Fig. 3).

Because of the exfoliation of epoxy resin coating, the N content on
the carbon fiber surface increased continuously as the carbon brush
cathode was reused for H,0, production (Table 1). In addition, Fig. 4c
shows that several N1 peaks appeared on the carbon fiber surface after
the carbon brush was used for 30 cycles of H,O, production. Unlike the
virgin carbon fibers (Fig. 4b), the peaks of N, and N, disappeared after
the carbon brush was reused for 30 cycles of H,O, production (Fig. 4c).
Meanwhile, two new peaks emerged at 399.4 eV and 400.2 eV (Fig. 4c),
which are ascribed to pyridonic-N existing in the form of 2-pyridone
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Fig. 5. Evolution of (a) TOC removal efficiency, (b) cathodic potential, (c) dissolved O3, and (d) H>O, during the E-peroxone treatment of phenol solutions (Na;SO4
concentration = 0.1 mol L™, current = 400 mA, gas phase O3 concentration = 0, 25, 45 and 90 mg LY gas flow rate = 0.4 L min~Y).
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(Ng) and 2-hydroxyl pyridine (N.) [35,50,51]. These changes can be
probably attributed to a combined result of H,O, oxidation and
cathodic reduction during H,O, electro-generation [35,52-54]. For
example, several groups have reported that when N-doped carbon
materials were used for ORR, N, can be converted to N, by cathodic
reduction, whereas N, could be further converted to N. and Ny groups
by H,O, oxidation [35,53,54]. It is well-known that N-containing
groups play a critical role in the ORR activity of carbonaceous materials
[53,55,56]. For example, carbon atoms next to pyridinic-N (N,) has
been considered the ORR active sites in N-doped carbon materials and
may account for the ORR activity of the virgin carbon fiber used in this
study [53]. During the multi-cycle EGH test, pyridinic-N (N.) was
converted to pyrodonic-N (N, and Ny) (see Fig. 4b and c). Compared
with pyridinic-N, pyrodonic-N has a higher ORR activity, but more
favors 4-electron ORR [35,50,51]. This may explain why the ORR ac-
tivity of the carbon brush cathode increased progressively (Fig. 3),
while the ACE for H,0, production decreased gradually as the cathode
was repeatedly used in H,O, electro-generation (Fig. 2).

3.3. Stability of the carbon brush cathode for phenol mineralization

When carbon electrodes are directly installed in the ozone contactor
for the E-peroxone process, they may be exposed to O3 (in addition to
electro-generated H,0,) during water treatment [23,30]. To evaluate
the extent of cathode exposure to O3 during the E-peroxone process,
03/0, gas mixtures with varying Os; concentrations were sparged
during the E-peroxone treatment of phenol solutions. As shown in
Fig. 5a, with increasing O3 concentrations in the sparged O3/0O, gas
from 0 mg L' (pure oxygen) to 90 mg L™, solution TOC was more
quickly removed during the E-peroxone process. This observation can
be attributed to the enhanced "‘OH production from the reaction of
electro-generated H,O, with O3 and/or from the cathodic reduction of
O3 at higher O3 concentrations [23,57]. Note that the polyacrylonitrile-
based carbon fiber used in this study is a non-porous material and has a
small BET surface area of 1.1 m? g_1 (see Table 1). Therefore, ad-
sorption played a negligible role in TOC removal (< 1%) during the E-
peroxone treatment of phenol solutions. In addition, TOC removal by
anodic oxidation (see SI Fig. S4) and H,0, oxidation can also be ne-
glected during the E-peroxone process due to the low oxygen evolution
potentials of Ti/IrO, anodes and low reactivity of phenol with H,O,
[23,30,58]. Therefore, TOC was hardly removed from the phenol so-
lution by electrolysis with pure O, sparging, although significant
quantities of H,O, were electro-generated during the process (Fig. 5¢).

Although increasing O3 concentrations in the sparged O3/0, gas
enhanced phenol mineralization during the E-peroxone process, this
also increased the extent of cathode exposure to Os;, which can be
discerned from the evolution of cathodic potentials during the processes
(Fig. 5b). When pure O, was bubbled during electrolysis, cathodic po-
tentials kept stably at ca. —0.38 V vs. SCE during the whole process.
Meanwhile, H>O, concentrations increased continuously (Fig. 5c¢), in-
dicating that H,0O, is stably generated from ORR at the cathode. Similar
phenomena were observed when an O3/0, gas with 25 mg L~ ! O3 was
sparged during electrolysis. With the lowest ozone-concentration gas
sparging, aqueous O3 concentrations were nearly undetectable during
the E-peroxone process (Fig. 5d). This observation suggests that dis-
solved O3 was almost completely consumed in the bulk reactions with
phenol (and its ozone-reactive transformation products (TPs)) and
electro-generated H,0,. Under such conditions, negligible amounts of
dissolved O3 can diffuse through the cathode diffuse layer to reach the
cathode surface [23]. As a result, ORR to H,O, remained the pre-
dominant reaction at the cathode, leading to the similar cathodic po-
tentials as those observed when pure O, gas was sparged during elec-
trolysis (Fig. 5b and d). Note that at the solution pH (~6), the second-
order rate constants for the reactions of O3 with phenol and its phenolic
TPs (e.g., catechol and hydroquinone) are several orders magnitude
higher than that for the reaction of O3 with H,O, [59]. Therefore, the
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reaction of O3 with H50, is insignificant until phenol and its phenolic
TPs have been largely transformed to ozone-resistant TPs such as oxalic
acid and formic acid (see SI Fig. S2 for the evolutions of phenolic and
carboxylic TPs during the E-peroxone treatment of phenol solutions).
Due to the insignificant reaction of O3 with H,0, at the early phase of
E-peroxone process, H,O, accumulated at similar rates during the first
60 min of E-peroxone process (O3 = 25 mg L™ Y and electrolysis with
pure O, sparging (Fig. 5¢). Then, H>O, accumulated slower during the
E-peroxone process because the consumption with O3 became more
important.

With increasing Os; concentration in the sparged O3/O, gas to
45 mg L™', phenol was more quickly mineralized during the E-per-
oxone process (Fig. 5a). After phenol and ozone-reactive TPs were
largely converted, dissolved Os; concentrations increased gradually
from negligible levels to ~3.5 mg L™ ! during the E-peroxone process
(Fig. 5d). Corresponding to the increase of aqueous O3 concentrations,
cathodic potentials increased slowly to a plateau of ca. —0.25 V vs. SCE
after 40 min of the treatment (Fig. 5b). These observations suggest that
as dissolved O3 concentrations increased, some Os diffused to the
cathode surface, and then was reduced in competition with ORR to
H,0, at the cathode [23].

As O5 concentration in the sparged O3/0, gas was further increased
to 90 mg L™, aqueous O3 concentrations increased considerably after
10 min of the E-peroxone process (Fig. 5d). Coincidentally, cathodic
potentials increased to > 0 V vs. SCE) after 20 min. At such positive
potentials, ORR to H,0O, cannot proceed at the carbon brush cathode
(see Fig. 1). Consistently, Fig. 5¢ shows that the curve of H,O, con-
centrations undergoes an inflection at ~20 min during the E-peroxone
process with the highest ozone-concentration gas sparging. These ob-
servations suggest that after ~20 min of the E-peroxone treatment of
phenol solution, cathodic O, reduction to H,O, was inhibited at the
carbon brush cathode, while O; reduction became the dominant
cathodic reactions. Notably, Fig. 5a and ¢ show that although the
electro-generated H,O, was almost completely consumed after 80 min
of the E-peroxone process, TOC was still quickly removed from the
solution, reaching ~99% removal efficiency at 120 min. This ob-
servation suggests that cathodic O3 reduction to "OH plays an important
role in TOC removal in the late stage of the E-peroxone process
[23,25,57].

The results shown in Fig. 5 suggest that depending on reaction
conditions, varied amounts of dissolved O3 may diffuse from the bulk
solution to the cathode surface during the E-peroxone process. The
exposure of carbon-based cathodes to O3 may result in electrode oxi-
dation, and thus influence the catalytic activity of the electrode for ORR
to H>0O, and other reactions during water treatment by the E-peroxone
process. To evaluate the electrode stability under strong O3 exposure
conditions, a virgin carbon brush was used for 30 cycles of the E-per-
oxone treatment of phenol solution with the highest ozone-concentra-
tion 03/0, gas (O3 = 90 mg L.~ ') sparging. Fig. 6 shows that similar
TOC removal efficiencies were obtained during all cycles of the E-per-
oxone treatment of phenol solution. This finding suggests that the
carbon brush cathode can maintain high performance for pollutant
mineralization during the long-term E-peroxone operations.

Table 1 shows that the bulk elemental compositions of carbon fibers
did not change considerably during the multi-cycle E-peroxone process.
This observation indicates that there was no serious oxidation of the
bulk carbon fiber due to the cathodic protection [30-32]. However, the
surface C and N content of the carbon brush increased considerably
after only one cycle of the E-peroxone treatment with the highest
ozone-concentration gas sparing. Meanwhile, the surface O content
decreased significantly from 20.84 to 6.63 wt%. These changes suggest
that the epoxy resin coating on the carbon fibers was largely removed
during the first cycle of E-peroxone treatment of phenol solution. The
surface O content then increased during the following E-peroxone cy-
cles due to the oxidation of carbon fiber surface by O3 and H,0,.

XPS analysis of the N-containing groups show that after the carbon
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Fig. 6. Evolution of TOC removal efficiency during the multi-cycle E-peroxone
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brush was used in the E-peroxone treatment of phenol solution, pyr-
idinic-N (N.) disappeared on the carbon fiber surface while 2-pyridone
(Ng) and 2-hydroxyl pyridine (N.) appeared (Fig. 5d), which is similar
to what has been observed for the electrode used for H,O» production
(Fig. 5¢). However, the peak of pyridinic-N-Oxide (N,) could still be
observed on the carbon fiber surface for the electrode used for the E-
peroxone process (Fig. 5d). This finding suggests that the cathodic re-
duction of pyridinic-N-Oxide (N,) to pyridinic-N (N.) was partially
suppressed under the strongly oxidizing conditions of the E-peroxone
process due to the presence of Oz (and other strong oxidants such
as 'OH).

Due to the exfoliation of epoxy resin coating and oxidation of
carbon fiber surface by H,O, and O3, the EDLC of the EP-30 cathode
was considerably higher than that of the virgin carbon brush cathode
(Table 1). This observation indicates a substantial increase of the ECSA
of the electrode. In addition, the charge transfer resistance (R.) de-
creased remarkably from 28.85 Q for the virgin cathode to 0.30 Q for
the EP-30 cathode (Table 1). Corresponding to these changes, the LSV
curve of ORR at the carbon brush shifted considerably to more positive
region after the first cycle of E-peroxone process, then tended to be
stabilizing during the following 30 cycles (Fig. 3b). In addition, the
steady-state cathodic potentials during electrochemical H,0,
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production (400 mA, pure O, sparging) shifted positively by ~0.45 V
after the carbon brush was reused for 30 cycles of the E-peroxone
process (Fig. 3c). This led to a corresponding decrease in the cell vol-
tage during electrochemical H,O, production (Fig. 3d). These ob-
servations indicate that the ORR activity of the carbon brush increased
considerably during the multi-cycle E-peroxone process. Nevertheless,
as shown in Fig. 7a, significantly less H,O, accumulated in the solutions
during electrochemical H,O, production (pure O, sparging) with the
used carbon brush cathode (EP-30) than with the virgin cathode.
Consequently, the ACE for H,0, production decreased considerably
from ~91.5% for the virgin cathode to ~48.2% for the used cathode
(Fig. 7b). These data suggests that due to the changes of surface N-
containing groups, the selectivity of the carbon brush for two-electron
ORR to H,0, decreased substantially after it was used for the multi-
cycle E-peroxone process.

Despite the decrease in the ACE of the carbon brush cathode for
H,0, production, high TOC removal efficiency was maintained
throughout the 30-cycle E-peroxone treatment of phenol solutions
(Fig. 6). This result can be probably attributed to the fact that con-
siderable amounts of H,O could still be produced during the E-per-
oxone process with the used cathode (EP-30). As shown in Fig. 7a,
~40.9 mg L.~ ! H,0, accumulated in the solution within the first 20 min
of the 30th cycle of E-peroxone treatment. This concentration is only
moderately lower than that obtained with the virgin cathode during the
first cycle of E-peroxone treatment (~47.3 mg L™Y. Therefore, it is
expected that the production of 'OH from the reaction of sparged Os;
with electro-generated H,O, is generally similar during the multiple
cycles of E-peroxone process. In addition, N-containing groups are often
suggested as the active sites for catalyzing Oz to "OH during catalytic
ozonation with carbonaceous materials [29,60]. During the multi-cycle
E-peroxone process, N-containing groups on the carbon fiber surface are
increasingly exposed due to the exfoliation of sizing agent. This may
help to enhance "OH production from O3 reduction and thus maintain
high TOC mineralization efficiency during the subsequent cycles of E-
peroxone process.

The results shown above indicate that the exposure of the carbon
brush cathode to O3 during the E-peroxone process can considerably
change its ORR activity and selectivity. Similar to what has been ob-
served in electrochemical H,O, production (electrolysis with pure O,
sparging), the ORR activity of the electrode increased during the multi-
cycle E-peroxone process (electrolysis with O,/0O3 sparging), whereas
the selectivity of the electrode for two-electron ORR to H,O, decreased.
However, the changes in the electrode properties occurred more rapidly
and significantly during the multi-cycle E-peroxone process than during
the multi-cycle EGH process (see Fig. 4 and Table 1), which can be
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Fig. 7. (a) Evolution of H,O, concentration during electrochemical generation of H,O, (pure O, sparging) and E-peroxone treatment of phenol solutions (O3/0,
sparging) with the virgin cathode and the cathode used for 30 cycles of E-peroxone process (EP-30), (b) apparent current efficiency (ACE) for H,O, production during
electrochemical generation of H>O, (pure O, sparging) with the virgin and EP-30 cathode.
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attributed to the more severe oxidation of carbon fiber surface in the
presence of O3. Nevertheless, O3 is a highly selective oxidant. In addi-
tion, upon cathodic polarization, net electrons will accumulate on the
carbon fiber surface, which can protect the interior fiber structure from
being oxidized by O3 [30-32]. Therefore, it is expected that after the
Os-reactive functional groups on the carbon fiber surface are largely
transformed to Os-resistant groups, further oxidation of the bulk carbon
fibers by O3 will be insignificant under the cathodic polarization con-
ditions. Consistently, carbon fiber characterizations by the various
techniques (e.g., elemental analysis, SEM, XPS, and FT-IR) demonstrate
that except the exfoliation of epoxy resin coating and transformation of
surface N-containing groups, there were no significant changes in the
shape, size, and morphology of the bulk carbon fibers after the elec-
trode was used for 30 cycles of the E-peroxone process with the highest
ozone exposure (O = 90 mg L™ 1). Moreover, LSV analysis showed that
after the initial significant shift of LSV curve of the EP-1 cathode, the
LSV curves did not further change considerably as the carbon brush
cathode was repeatedly used in the E-peroxone process (Fig. 3). These
observations suggest that after the initial quick changes, the carbon
brush cathode seems to reached a relatively stable state under the
counteractive effects of O3/H,0, oxidation and cathodic reduction
during the multi-cycle E-peroxone process. Consequently, similar
phenol mineralization efficiencies were generally obtained during the
30 cycles of the E-peroxone process. Overall, the results of this study
suggest that the polyacrylonitrile-based carbon fiber cathode can be
possibly used for a long period and maintain a high stability for pol-
lutant removal during the E-peroxone process. To more realistically
assess the economic feasibility of the carbon brush electrode for elec-
trochemical H,O, production, further studies are needed to evaluate the
long-term performance and lifetime of the electrode under realistic
water treatment conditions.

4. Conclusions

Polyacrylonitrile-based carbon fiber was used as the cathode ma-
terial for electrochemical generation of HyO, (EGH) with pure O,
sparging and the E-peroxone treatment of phenol solutions with O3/05
sparging. The exposures of carbon fibers to electro-generated H,0,
and/or bubbled O3 during the EGH and E-peroxone processes caused
oxidation of the carbon fiber surface. As a result, N-containing groups
on the carbon fiber surface were increasingly exposed and converted
from pyridinic-N to pyridonic-N as the carbon brush cathode was
continuously used in the processes. These changes resulted in an in-
crease in the ORR activity of the carbon brush cathode, but a decrease
in the selectivity of the cathode for two-electron ORR to H,O,.
Consequently, the cathodic potential for ORR shifted positively,
whereas the ACE for H,O, decreased during the multi-cycle EGH and
EP processes. Overall, the polyacrylonitrile-based carbon fiber cathode
maintained high stability for H,O, production at relatively low energy
consumption and high phenol mineralization efficiency during the
multi-cycle EGH and E-peroxone processes, respectively. These results
suggest that polyacrylonitrile-based carbon fiber is a promising cathode
material for long-term E-peroxone operations.
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S1. Electrochemical H2O> production

Energy consumption (EC; kWh kg™) for H202 electro-generation from ORR can be
calculated according to Egs. (S1 and S2), where Ecel is the cell voltage (V), | is the applied
current (A), tis the electrolysis time (h), m is the mass of the electrogenerated H20:2 (kg), V is

the solution volume (L), C(H203) is the H202 concentration after electrolysis of 20 min.

Bt
~ 1000m (S1)
m=10"° VC(H20z) (S2)

Table S1 Energy consumption for H202 production during electrolysis with the virgin cathode

and the cathode used for 30 cycles of electrochemical generation of H20x.

Cathode | (A) Ece(V) T(h) C(H202) (mg/L) V(L) EC (kWhkg™)
Virgin cathode 0.4 35 1/3 81.86 1 5.7
EGH-30 cathode 0.4 3.2 1/3 66.80 1 6.4

300 A

200 A

100 +

H,0, concentration (mg L™)

o

20 40 60 80 100 120
Time (min)

o

Fig. S1. Evolution of H202 concentration with increasing electrolysis time.
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Fig. S2. Photos of polyacrylonitrile-based carbon felt and carbon brush electrode.
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Fig. S3. LSV curves of carbon felt and carbon brush cathode in Na2SOa electrolyte sparged
with pure N2 and Oz gas (Na2SOa4 concentration = 0.1 mol L2, scanning rate = 10 mV s%, gas

flow rate = 0.4 L min™2).

Table S2. Comparison of electrochemical H202 production with various carbon-based cathodes.

H>0; production  ACE

Cathode Experimental conditions rate (mg h-') (%) Reference

V=041, O, flow rate = 0.4 L min™',

CB-PTFE current = 400 mA 202 80 [1]
V=041, O, flow rate = 0.4 L min™",

RVC current =400 mA 136 >3 [1]
V=041, O, flow rate = 0.4 L min~',

Carbon felt current = 400 mA 101 40 [1]

Carbon V=041, O, flow rate = 0.4 L min', 228 90 This work

brush current = 400 mA
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S2. Phenol removal by adsorption, anodic oxidation, and the E-peroxone process
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Fig. S4. Phenol removal by (a) adsorption with the carbon brush cathode and (b) anodic

oxidation with the Ti/lrO2 anode. (Na2SO4 concentration = 0.1 mol L2, the current for anodic

oxidation is 400 mA and a stainless steel sheet is used as cathode with merely hydrogen

evolution reaction in the solution removing oxygen by sparging pure N2 gas at a flow rate of

0.4 L min?)
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Fig. S5 Evolution of phenol and its transformation products during E-peroxone treatment of

phenol solution (Na2SOs concentration = 0.1 mol L™, current = 400 mA, gas phase O3

concentration = 90 mg L', gas flow rate = 0.4 L min™!)
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S3. Carbon fiber characterizations

The surface morphology of the virgin cathode and the cathodes used for 30 cycles of EGH
and EP test were examined using scanning electron microscopy (SEM). As shown in Fig. S6,
there were insignificant changes in the shape and size of the fibers after the multi-cycle EGH
and EP processes. These observations indicate that the oxidation of bulk fiber by H202 and/or
Os is negligible during the EGH and EP process, consistent with the results of bulk elemental
composition analysis (Table 1). Nevertheless, a more smooth surface was observed for the
fibers of the EGH-30 and EP-30 cathodes than the virgin cathode (see Figs. Séc, f, and i), which
can be attributed to the exfoliation of sizing agent coating (epoxy resin) during the EGH and
EP process. The removal of insulating epoxy resin coating from the carbon fiber surface
facilitates electron transfers between the cathode and electrolyte [2, 3], and thus enhanced the

ORR activity of the EGH-30 and EP-30 electrode (see Fig. 3).

Fig. S6. SEM images of carbon fibers on the (a, b, c) virgin, (d, e, f) EGH-30, and (g, h, i)

EP-30 cathodes.
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The FT-IR spectra of carbon fibers of the virgin, EGH-30, and EP-30 cathodes are
compared in Fig. S7. The characteristic peaks at 3440, 2915/2850, 1630, 1090, 802 cm™ can
be ascribed to O-H stretching vibration, C-H stretching vibration of -CH2, C=C stretching
vibration, C-O-C stretching vibration, and C-H bending vibration of C=C-H, respectively [4-
6]. Compared with the virgin fibers, the most notable change in the FT-IR spectra of the EGH-
30 and EP-30 fibers is the significant decrease in the peak at 1090 cm™. This change can be
possibly attributed to the exfoliation of epoxy resin coating from the carbon fiber during the
multi-cycle EGH and EP test, which will reduce the intensity of C-O-C stretching vibration of
the used carbon fibers [7]. For the other peaks, the intensities are generally similar for the fibers
on the virgin and used cathodes, which suggests that the oxidation of bulk fibers is insignificant

during the multi-cycle EGH and EP processes.

2915 2850 1630 1090 °¥*
Vrigin cathode
———
\/\ EGH-30 cathode NS
4000 3000 2000 1000

Wavenumber (cm™)

Fig. S7. FT-IR spectra of carbon fiber on virgin, EGH-30 and EP-30 cathode

XRD analysis shows that the diffraction peak of carbon fiber at 26 = 25.4° (a peak ascribed
to disordered graphitic (002) plane) [8] decreased moderately after the carbon fiber cathode
was used for 30 cycles of the EGH and EP test (Fig. S8). Moreover, the crystallite size of
carbon fiber also decreased slightly from 12.7 A for the virgin cathode to 12.3 and 12.2 A for

the EGH-30 and EP-30 cathode, respectively (calculated according to the XRD pattern and
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Scherrer's formula [9]). These changes indicate that the original turbostratic graphite structure

of carbon fiber was weakly damaged by the oxidation of H202 and/or Oz during the multi-cycle

of EGH and EP process [8, 9].

——Vrigin cathode
—— EGH-30 cathode
—— EP-30 cathode

Intensity (a.u.)

10 20 30 40 50 60
20 (degree)

Fig. S8. XRD pattern of carbon fiber on the virgin, EGH-30, and EP-30 cathodes.

Fig. S9 shows that the virgin carbon fiber exhibits two characteristic bands at 1360 cm™
(D band) and 1580 cm™ (G band) in the Raman spectra. The D band is attributed to Axg
symmetry vibration related to the defects or disorders of graphitic lattices, whereas the G band
is corresponding to an ideal graphitic lattice vibration mode with E2g symmetry [7, 10].
Therefore, the intensity ratio of the D and G bands (Io/lc) is often used as an indicator for the
carbon graphitization or disorder degree [7, 8]. Due to the exposure to H202 and/or Os, the
Io/lG ratio increased from 0.93 for the fibers on the virgin cathode to 1.02 for those on the EGH-
30 and EP-30 cathodes. These data suggest that the graphitization degree of the carbon fibers

decreased as the cathode was repeatedly used in the EGH and EP processes, consistent with

the XRD results.
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Fig. S9. Raman spectra of carbon fibers on the virgin, EGH-30, and EP-30 cathodes.

The electrochemical double-layer capacitance (EDLC, Cal) of the virgin, EGH-30, EP-30
cathodes were measured from the cyclic voltammetry (CV) in the potential range of 0.15-0.3
V vs. SCE, a typical non-Faradaic region where no charge-transfer reactions occur but
absorption and desorption processes can take place (Figs. S10a-c). Based on the linear

relationship between the scanning rate and non-Faradaic current density, the Cai of the electrode
can then be estimated from the slope of linear regression (C;; = %) (Fig. S10d). As shown, the

Cuar value increased remarkably from 27 mF for the virgin cathode to 183 and 237 mF for the
EGH-30 and EP-30 cathode, respectively. As the Cai of electrode is directly proportional to the
electrochemically active surface area (ECSA) of the solid-liquid interface during electrolysis
[11, 12], the significant increase in the Cal value indicate the EGH-30 and EP-30 cathode have
much larger ECSA than the virgin cathode. These changes can be possibly attributed to the
removal of epoxy resin coating and oxidation of carbon fiber surface by H202/03, which
increase the hydrophilicity of carbon fibers and thus facilitates the wetting of electrode during
electrolysis [13]. The increase of ECSA facilitates DO and electron transfer between the
electrolyte and the electrode [9], and thus enhanced the ORR activity of the EGH-30 and EP-

30 cathodes compared to the virgin cathode (Fig. 3).
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Fig. S10. Cyclic voltammetry (CV) at different scanning rates (a) virgin cathode, (b) EGH-30

cathode, (c) EP-30 cathode and their (d) electrical double-layer capacitance (EDLC)

The electrochemical impedance spectroscopy of the virgin, EGH-30, and EP-30 cathodes
was measured under ORR conditions (Fig. S11). The resistance shown in the high frequency
region is related to the solution resistance (Rs, ohmic resistance), which was found to be similar
for the three cathodes (Table 1). In contrast, the charge transfer resistances (Rct) obtained from
the fitted equivalent circuit decreased dramatically from 28.85 Q for the virgin cathode to 0.31
and 0.30 Q for the EGH-30 and EP-30 cathodes (Table 1). These decreases can be probably
attributed to the removal of insulating epoxy resin coating and the exposure of N-containing
groups, which facilitate electron transfer between the electrode and electrolyte. Due to the
decreased Rct, the activity of ORR increased considerably for the EGH-30 and EP-30 cathodes
compared to the virgin cathode, as evidenced by the considerable decrease of cathodic

potentials of ORR (Fig. 3c).
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Fig. S11. Nyquist plots obtained from EIS measurements in Oz-saturated 0.1 mol L™ Na2SOa

solution on the virgin, EGH-30, and EP-30 cathode at a potential of 0.3 V vs SCE.
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