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Abstract

Electrochemical synthesis of H,O, offers a great potential for water treatment. However, a
significant challenge is the development of efficient cathode materials for the process. Herein, we
implement a practical electrochemical cathode modification to support efficient H,O5
electrogeneration via the reduction of dissolved anodic O,. Graphite felt (GF) is /n situ anodically
modified by electrode polarity reversal technique in an acid-free, low-conductivity electrolyte. The
modified GF exhibits a significantly higher activity towards O, reduction. Up to 183.3% higher
H»0, yield is obtained by the anodized GF due to the increased concentrations of oxygen-
containing groups and the hydrophilicity of the surface, which facilitates electron and mass
transfer between GF and the electrolyte. Another significant finding is the ability to produce H,O,
at a high yield under neutral pH and low current intensity by the modified GF (35% of the charge
need to produce the same amount by unmodified GF). Long-term stability testing of the modified
GF showed a decay in the electrode’s activity for H,O, production after 30 consecutive
applications. However, the electrode regained its optimal activity for HoO, production after a
secondary modification by electrode polarity reversal. Finally, /n situ electrochemically modified
GF is more effective for removal of reactive blue 19 (RB19, 20 mg/L) and ibuprofen (IBP, 10
mg/L) by the electro-Fenton process. The modified GF removed 62.7% of RB19 compared to only
28.1% by the unmodified GF in batch reactors after 50 min. Similarly, 75.3% IBP is removed by
the modified GF compared to 57.6% by the unmodified GF in a flow-through reactor after 100
min.
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1. Introduction

Advanced methods for efficient and sustainable treatment of surface and groundwater are of
great interest [1][2]. The electro-Fenton (EF) reaction is a viable advanced oxidation process
(AOPs) for water treatment that has gained interest in recent decades [3][4][5][6]. In this
process, HoOs is electrochemically generated at the cathode by 2-electron reduction of
oxygen (Eq. 1), coupled with the regeneration of Fe2* at the same electrode (Eq. 2). The
process allows for efficient and sustained /n situ generation of H,O, and avoids the
challenges of chemicals transportation, storage of H,O,, and the formation of iron sludge [7]

8.

0, + 2H' + 2¢= — H,0,(0.695 V vs . SHE) @

Fe*t + e~ — Fe? 7 (0.77V vs. SHE) @

The efficiency of H,O, generation is highly dependent on the cathode material and
operation parameters [3][9][10][11]. Carbonaceous materials are the most widely used
cathodes because they are non-toxic, stable, conductive and chemical resistant [3], exhibit
high overpotential of H, evolution, and low catalytic activity for H,O, decomposition [12].
To date, graphite [4], graphite felt (GF) [9][12][13][14], carbon felt [15], activated carbon
fiber [16], carbon-polytetrafluoroethylene (PTFE) [17], and reticulated vitreous carbon
(RVC) [18][19]]20] have been used as cathodes for the EF process. However, conventional
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carbonaceous materials usually show poor kinetics towards the 2-electron oxygen reduction
reaction (ORR) resulting in poor performance for H,O, production.

Significant efforts have been conducted to modify carbonaceous materials to enhance its
electrochemical activity towards H,O, generation. Generally, the methods are divided into
two types. The first is depositing other catalysts on the surface of carbonaceous materials,
such as graphene [21], carbon nanotubes [22][23], acetylene black [24], carbon black [9],
and metal oxides (i.e., MnO, [25], CeO5 [26]). The second is heteroatom-doping, such as O
[27][28], N [29][30], and F [31]. The introduction of oxygen-containing functional groups
(OGs) could induce higher electrical conductivity and electrocatalytic activity due to the
formation of a hydrophilic surface [12][32][33]. More importantly, the introduction of OGs
at the carbon surface is the most facile and low-cost method to improve the H,O, production
via 2-electron ORR [27][28]. The methods to introduce OGs are divided into three
categories that are induced by concentrated strong oxidants (H,O5 [34], H,SO4 [33], and
HNO3 [34]), hydroxyl radicals (generated by Fenton’s reagents [35][36]), and
electrochemical oxidation [12][33][37][38][39]. However, using strong oxidants or Fenton’s
reagents is difficult to control for water treatment, even though reagent concentration,
reaction time, and temperature are usually regulated in an attempt to impose control [40].
Electrochemical oxidation is the most promising method to introduce OGs to carbon surface
since it is practical, controllable and environmentally friendly.

Although considerable research has been conducted to introduce OGs to carbon surface by
electrooxidation [34][40][41], less attention has been paid to H,O, production for water
treatment by the EF process. Moreover, most of the studies use strong acids [33][38][42] or
concentrated salts [39][40] as electrolytes (Table 1), making the process costly, difficult for
up-scaling and possibly limiting its potential for /n situ applications. Barton et al. [40]
reported that activated carbon was electrooxidized by anodic treatment in 0.5 M K,SO,4
electrolyte. Yue et al. [43] electrochemically oxidized carbon fibers in 1% by weight
aqueous KNOs3 and over 1 mmol/g of total titratable acidic functional groups were achieved
by 6360 C/g electrooxidation extent. Miao et al. [33] treated GF electrochemically in a
concentrated HoSO4 solution (5, 10, 20% by weight), the O/C ratio reached 0.22 compared
to 0.043 for the blank sample.

Electrode polarity reversal is based on defined time intervals of operation under reversed
electrode polarity [44]. It is a very practical and controllable process and has been used for
electrokinetic remediation of heterogeneous media [44][45]. In soil remediation, pH
distribution can be controlled by optimizing the electrode sequence and duration of polarity
reversal [45]. In Pd-catalytic EF processes, both H, and O, could be generated in the Pd
catalyst vicinity when reversing the electrode polarity [46]. While this technique was used to
control pH and reaction conditions, it has not been evaluated for sequential GF electrode
modification and H,O, production in the same reactor for organic pollutants degradation.
This method would be practical and very impactful as GF electrodes could be modified /n
situ, thus avoiding the complexity of conventional modification methods. More importantly,
the method can be implemented in a second stage to regain the optimal catalytic
performance of GF electrodes once a decay on H,O» catalytic generation appears.
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The objective of this study is to develop a green and practical electrochemical GF
modification method that can operate /n s/itu and achieve sequential cathode modification
and H,05 generation by electrode polarity reversal. Electrooxidation of GF in low-
conductivity, acid-free solutions (50 mM NaySOy4 electrolyte, simulated groundwater) is
evaluated, for the first time. Various characterization methods were used to reveal the
mechanism of the enhanced H,0, yield. The impact of electrolyte pH and current on H,0,
generation are assessed. Long-term stability of the modified GF electrode was evaluated by
continuous testing for over 1500 min, followed by a second stage of electrode polarity
reversal to regain the optimal catalytic performance of the GF electrode. Finally,
simultaneous GF electrode modification and H,O» production were evaluated for the
transformation of reactive blue 19 (RB19) and ibuprofen (IBP) by the EF process in both a
batch reactor and flow-through reactor.

Materials and methods

2.1 Chemicals and materials

All chemicals in this study were analytical grade and used as received. Sodium sulfate
(anhydrous, =99%), titanium sulfate (99.9%), and reactive blue 19 (RB19, 99%) were
purchased from Sigma-Aldrich. Ibuprofen (2-(4-(2-methyl propyl)phenyl)propanoic acid,
C13H1805) was obtained from Fisher Scientific. Deionized water (18.2 MQ c¢cm) obtained
from a Millipore Milli-Q system was used in all the experiments. Solution pH was adjusted
by sulfuric acid (98%, JT Baker) and sodium hydroxide (Fisher Scientific). GF (=99%,
2cmx4cmx3.2mm, mass of 0.25 g, Fuel Cell Store) and Ti/mixed metal oxide (MMO, 3N
International) mesh were selected as electrode materials (Figure S1). GF is one of the
commonly used carbonaceous materials in the EF process and the vanadium redox flow
battery due to good stability, conductivity, and commercial availability [38]. Its physical
characteristics are shown in Figure S2. The Ti/MMO electrode consists of IrO, and TayOs
coating on a titanium mesh with dimension of 3.6 cm diameter by 1.8 mm thickness.

2.2 Experimental design

An undivided electrochemical batch reactor was used for H,O5 generation and GF
modification. (Figure 1). The oxygen was /n situ supplied by the Ti/MMO anode because
oxygen supplied by external pure O, or air aeration usually achieves an extremely low O,/air
utilization efficiency (<0.1%) [48]. An electrolyte of 50 mM NaySO, or a simulated
groundwater that consists of 5 mM Nay,SO4 and 0.3 mM CaSQ, [49] were used. For
electrochemical modification, the GF electrode served as an anode while the Ti/MMO
electrode served as a cathode. The polarity reversal (PR) allowed further H,O,
electrogeneration by using a PR device (DPDT relay, Omron, H3CR-F8-300AC-100/240).
Constant currents were applied by an Agilent E3612A DC power supply. GF modified in 50
mM NaySOy4 electrolyte under current of “X” mA for “Y” min are denoted as GF-X-Y. GF
modified in simulated groundwater under current of “X” mA for “Y” min are denoted as
GF-X-Y-GW.

Different levels of electrooxidation were achieved by altering the current intensity and
oxidation time. The applied charge was 0, 480, 960, 1440 and 1920 C/g (charge per gram
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electrode). H,O5, electrogeneration by the modified GF was investigated in a batch reactor.
The EF process was enabled by simultaneous GF modification and H>O5 production and
was applied for transformation of anthraquinone dye RB19 and anti-inflammatory drug
ibuprofen (IBP) in 50 mM Na,SO, electrolyte (batch reactor) and simulated groundwater
(flow-through reactor, shown in Figure S3), respectively.

2.3 Characterization of the modified GF

The surface morphology was characterized by scanning electron microscopy (SEM, Hitachi
SU-8000). The surface OGs were analyzed by X-ray photoelectron spectroscopy (XPS)
analysis on a PHI 5700 ESCA system and were also analyzed by NaOH uptake methods
(Section S1) [40][43]. The contact angle was measured by a contact angle meter (OCA15,
Dataphysics). Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and
chronoamperometry (CA) were carried out in a three-electrode cell system at room
temperature to evaluate the activity and stability of modified GF for H,O, generation. The
prepared GF cathode was used as the working electrode, a platinum plate (1cmx1cm) as
counter electrode and a Ag/AgCl electrode as the reference electrode, the data were recorded
by a SP-300 electrochemical workstation (BioLogic, France).

2.4 Analytical and calculation methods

At specific times, a 3 mL solution sample was collected to measure H,O, concentration at
405 nm by a Shimazu UV-Vis spectrometer after coloration with TiSO,4 [46]. The
concentration of RB19 was measured using the same instrument at 592 nm. pH and
dissolved oxygen (DO) were measured by a pH meter and a DO meter (Thermo Scientific).
Benzoic acid (BA) has a high second-order rate constant with hydroxyl radicals (4.2x10° M
~1571) [50] and can be used for semi-quantitative determination of hydroxyl radicals [51].
The fluorescence intensity of product was measured by fluorescence spectrophotometer
(Shimadzu XRF-1800) at an excitation wavelength of 303 nm.

Ibuprofen was measured by a 1200 Infinity Series HPLC (Agilent) equipped with a 1260
diode array detector (DAD), a 1260 fluorescence detector (FLD) and an Agilent Eclipse
AAA C18 column (4.6x150 mm). The mobile phase was a mixture of methanol and water
(68:32, v/v) at the flow rate of 0.5 mL/min. The detection wavelengths for DAD was set at
282 nm, and the column temperature at 40 °C [52][53]. Total organic carbon (TOC) was
determined using a TOC-5050 Shimadzu analyzer.

The current efficiency (CE) for H,O, generation, defined as the ratio of the electricity
consumed by the electrode reaction over the total electricity passed through the circuit, is
calculated by Eq. 3. Where nis the number of electrons transferred for O, reduction to
H,0,, Fis the Faraday constant (96,486 C mol™2), Cr0zis the concentration of H,0, (mol
L), Vis the electrolyte volume (L), /is the applied current intensity (A), and ¢is the
reaction time (S). The removal efficiency of RB19 and IBP () is calculated using Eq.4,
where Cpand C;are the concentration of chemical at time zero and time ¢, respectively.
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3. Results and discussion

3.1 Characterization

3.1.1 Electrochemical characterization—CV and LSV were carried out on
unmodified and modified GF to investigate whether electrochemical oxidation in acid-free,
low-conductivity electrolyte could enhance the electrocatalytic activity of GF toward ORR
(Figure 2). The current response of GF dramatically increased after electrooxidation (Figure
2(a)). The best current response was observed after 30 min treatment (GF-200-30) and the
response decreased under a longer treatment time of 40 min. A similar electrooxidation level
(charge of 1440 C/g) was also achieved by a lower current (50 mA) and a longer time (120
min), which produced a higher current response than the unmodified GF (Figure S4). The
LSV curve measured in a N5 saturated solution shows an extremely low current before —1.2
V. The current then significantly increases with the negative shift of potential, indicating the
occurrence of the hydrogen evolution reaction (HER) (Eq. 5) [54]. The inner figure in Figure
2(b) shows that the modified GF exhibits higher ORR activity in the following order:
GF-200-30 > GF-200-40 > GF-200-20 > GF-200-10. Further, the hydrogen evolution
potential of the modified GF electrodes shifts to less negative, indicating that ORR and HER
activity were simultaneously enhanced. This reflects that the ability to enhance H,0,
generation could compete with H, evolution reaction on the modified GF cathode (discussed
further in Section 3.2).

2H,; +2e~ — Hj (5)

Results of the chronoamperometry test (Figure2(c)) show that after 36000 s continuous run,
a 8.4% decay was observed for the GF-200-30 electrode, indicating that the modified GF
electrode exhibits a good reproducibility and good cycling stability. This is very beneficial to
sustain a stable H,O, yield for several sequential operations.

3.1.2 XPS analysis—The content of surface OGs of the GF electrode before and after
modification were first measured by NaOH uptake method (Table S1). The total mass of the
OGs increased by more than 25 times: from 17.3 pmol/g by the unmodified GF to 445.4
umol/g after modification under 200 mA for 30 min. This indicates that electrooxidation in
acid-free (50 mM Na,SQ,) electrolyte introduces acidic OGs to the GF electrode surface.
Although increasing the processing time from 10 to 30 min under 200 mA increased the
content of functional groups, further modification to 40 min severely decreased the content
of these groups. This is caused by mineralization of active site atoms on the graphite felt
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surface; active sites are oxidized to form OGs such as C-OH, C=0 and finally CO» (a
simplified step-wise progression mechanism has been widely studied and presented in Eq. 6
[43][55]).

[o} [o) [0]
C-H —» C-OH — =0 — COOH —> H +CO,

(6)

Even in simulated groundwater with extremely low conductivity, 192.1 umol/L oxygen-
containing groups were introduced. The mass of OGs that are formed in our work is not as
high as in those reported by electrooxidation conducted in strong acids or concentrated salts
solutions [12][56]. Typical results are shown in Table S2.

To further identify the surface elements, the XPS wide scan spectra in the binding energy
range of 0-1350 eV was obtained for the unmodified GF and GF-200-30 (Figure 3a). The
peaks for carbon and oxygen are centered at around 284 and 532 eV, respectively. The O/C
ratio (calculated by the peak area of Ols and C1s) increased from 0.055 for the unmodified
GF to 0.218 for GF-200-30, demonstrating the significant effect of the electrochemical
modification. Peak fitting of C1s and O1s were carried out to identify the functional groups
and the respective percentage. The results are shown in Figure 3(b)~(f). For the C1s spectra
(Figure 3(b) and (c)), the main peak at 284.6-284.7 eV is attributed to graphitized carbon
(C=C), the other 3 peaks could be attributed to defects on the GF surface (C-C, 285.1 eV),
C-OH (286.0-286.3 eV), C=0 (287.7-288.2 eV) [36][57]. For the O1s spectra (Figure 3(d)
and (e)), the peaks at 531.0-531.1 eV, 532.2-532.7 eV, 533.9-534.2 eV, could be assigned to
C=0, —OH, and the adsorbed molecular H,O, respectively. The relative content of each
surface groups is calculated based on the peak areas, and results are summarized in Table 2.
The content of C=0 and C-OH significantly increased from 5.91% to 14.93% and from
10.52% to 19.41%, respectively. It was reported [27][58] that OGs facilitate the 2-electron
ORR for H,0, generation. Thus, after electrochemical modification, more active sites are
expected to support a more efficient H,O, production.

3.1.3 SEM and contact angle measurement—Figure 4 shows the SEM images and
contact measurements of the unmodified sample, GF modified in 50 mM Na,SO,4 under 200
mA for 30 min, and GF modified in simulated groundwater under 200 mA for 30 min,
respectively. The GF is composed of an entangled network of carbon micro filaments [32].
After electrooxidation in 50 mM NaySQO4 or in simulated groundwater, the morphology of
GF did not significantly change. However, flaky structures are observed on the modified
carbon micro filaments (marked with yellow arrows). Contact angle measurements show that
the unmodified GF electrode is hydrophobic, while the modified GF electrode exhibits
excellent hydrophilic properties (Figure 4). Samples modified in 50 mM Na,SO,4 are more
hydrophilic in that droplets disappear after 0.5 s. This property is significant for H,O,
electrogeneration, which determines the electron transfer and mass transfer of dissolved
oxygen from electrolyte to active sites on the electrode surface [32][59]. The photo in Figure
4(g) also clearly demonstrated that the unmodified GF is hydrophobic and the modified GF
is highly hydrophilic. Therefore, the highly improved hydrophilic property of the GF surface
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will drastically enhance the electron transfer and mass transfer of electrolyte and GF
cathode, generating more H,0,, as discussed later.

3.2 H»0, electrogeneration

3.2.1 Drastically enhanced H,0, production by the modified GF—A constant
current of 200 mA was applied for different modification durations to anodize the GF
electrode in 50 mM NaySO4 electrolyte using the setup shown in Figure 1. After
electrochemical modification, the GF electrode was used as a cathode to test its performance
for H,0, generation. Profiles of HyO, concentration are shown in Figure 5(a). Figure 5(b)
shows the relationship between voltage and current for the original and modified GF
electrodes, and the inner figure shows the correlation between H,O, concentration at 60 min
and the contents of OGs.

All modified GF electrodes show better activity compared with the original GF. Within 30
min, the higher the electrooxidation, the higher the production of H,O,. After 60 min, the
anodized GF electrode produced 45.1 mg/L H,05, nearly 2.9 times higher than the original
GF. The increased yield of H,O, production is due to the enhanced current response to
ORR, which is in accordance with the CV, LSV, and contents of functional groups results
shown in Figure 2(a), Figure 2(b), and Figure 3, respectively. However, further modification
duration causes a decrease in HyO5 yields (Eq. 6) [43][55]. Differences in the kinetics of
H,05 generation were identified. For GF-200-30, the concentration of H,O, tends to
increase over time up to 60 min, while for GF-200-40, it reaches a steady state after 20 min
with a gradual decrease in CE (Figure S5). This can be caused by simultaneous H,O»
generation and decomposition. H,O, can be decomposed under several pathways, such as
disproportion (Eq. 7) [3][60], cathodic reduction (Eq. 8) [3][60], and anodic oxidation (Eq.
9) [3][61] in bulk electrolyte. With the gradual increased concentration of H,0,, its
decomposition also emerges, limiting the kinetics of H,O, generation.

2 HyOp — Oy(g) + 2 HyO(Bulk electrolyte and cathode vicinity) 7

H,0, + 2H" + 2e~ — 2 H,O(Cathode surface and inside, 1.77 V vs. SHE) (8)

H,O, — HO, - + H* + e~(Anode surface) (9-1)

HO, - — Oy(g) + H* + e (Anode surface) (9-2)

Moreover, a much lower voltage was required for the same current for the modified GF
electrode compared with that of the unmodified electrode (Figure 5(b)). Under 100 mA, the
voltage decreased from 4.23 V to 3.10 V. The decreased cell voltage leads to a lower power
and the potential for a cost-effective EF process.

The highest H,O, production was obtained by electrochemical modification under 200 mA
for 30 min (electrooxidation charge of 1440 C/g). The influence of different time and current
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combinations under the same electrooxidation rate on H,O, generation is shown in Figure
S6. Although the same charge is applied, the H,0, yield significantly decreased when
lowering the current; 35.7 mg/L H,O, was measured using the GF electrode that was
modified under 100 mA for 60 min, while just 8.9 mg/L H,O, was measured for the same
electrode under 50 mA for 120 min. These results demonstrate that there is an optimum
current level for the formation of oxygen-containing groups to the GF surface.

3.2.2 Influence of pH and current—The influence of electrolyte pH and current on
the performance of the modified GF electrode in a 0.5 M Na,SO, electrolyte was
investigated (Figure 6). To the best of our knowledge, for the first time, we found the pH has
a completely different impact on the performance of the modified and unmodified GF
electrode. For the unmodified GF electrode, pH significantly impacts H,O, generation. A
significantly higher concentration of H,O, was formed under acidic conditions, up to 32.4
mg/L under pH of 2.08, compared to neutral pH (16.8 mg/L at pH 7) and alkaline conditions
(15.5 mg/L at pH 11). These differences are consistent with the literature [62][63]; under
acidic conditions, enough protons are available for 2-electron ORR to produce H,O, while
under alkaline conditions, surface OGs are neutralized by OH™, reducing 2-electron ORR
activity as well as H* production at the anode. Furthermore, H,O, decomposes faster under
pH 10 [7].

After modification, GF showed superior performance for H,O, generation under both
neutral and acidic conditions (Figure 6(a)). HoO, generation severely decreased at pH 11.
The influence of H* on H,0, generation rate can be ascribed to the enhanced H, evolution
reaction (HER, Eq. 5) on the modified GF electrode (Figure 2(b)). Thus, the influence of
increased H* reduction to H at lower pH was nonnegligible on the competition of electrons
with 2-electron ORR reaction for H,O, generation. CV curves of unmodified and modified
GF electrodes in different pHs are shown in Figure S7.

The H,0, concentration within the initial 15 min decreases with decreasing current (Figure
6(b)) as follows: 200 mA > 150 mA > 100 mA > 50 mA. This is due to increasing current
response toward ORR when applying a higher current. However, competing reactions also
increase with increasing current. When the competing processes that cause depletion of
H,0, (Eq. 7~9) exceed the generation of H,0,, the HoO5 concentration in solution
decreases. For the modified GF electrode (see Figure 6(b)), Ho,O, generation under 50 mA
achieved almost the same yield under 100 mA after 50 min (45.1 and 45.4 mg/L,
respectively), while 200 mA and 150 mA produced less H,O5 yield. Higher current may also
cause significant decomposition of H,O,, by mechanisms such as anodic oxidation (Eg. 9)
and cathodic reduction (Eq. 8). The results show that the highest H,O, yield can be obtained
at neutral pH and under low currents, which has the potential to lower costs and simplify
applications and maintenance.

3.3 Application of the modification strategy in simulated groundwater

The feasibility of this green modification method in groundwater is important. This will
allow simultaneous GF modification and EF reaction in practice. Simulated groundwater
that consists of 5 mM Na,SO,4 and 0.3 mM CaSO4 was used as an electrolyte for
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modification. The influence of electrolyte pH and current were then carried out to evaluate
the performance of H,O, electrogeneration.

Comparisons of GF madified in 50 mM NaySO4 and simulated groundwater are shown in
Figure 7(a). The voltage required for different currents is shown in Figure 7(b). The
modified GF electrode generated 33.0 mg/L H,0, after 50 min, compared to 45.1 mg/L for
GF electrode modified in 50 mM NaySOg4. Although the concentration in simulated
groundwater is less than in 50 mM NaySOg4, H,O5 concentration is 108% higher than
concentrations measured by unmodified GF electrodes, demonstrating the successful
introduction of OGs to the GF surface.

Moreover, we also find that the GF modified in simulated groundwater requires a lower
voltage for the same current. Under 100 mA, the voltage is 14.9% lower with the modified
GF than the unmodified GF (3.61 V versus 4.23 V, respectively). The benefit gradually
disappears under higher currents. During modification and under 200 mA, the voltage for
simulated groundwater (24.0 V) is much higher than for 50 mM Na,SOy, electrolyte (5.73
V).

The influence of initial pH and current on H,O, generation by GF electrodes modified in
simulated groundwater (Figure 7(c,d)) are similar to those presented in Figure 6(a) and
Figure 6(b). Acidic pH and neutral pH exhibit the same tendency for H,O, generation, while
pH of 11 reduces H,0, generation. However, for the GF modified electrode in simulated
groundwater, the gap between pH of 11 and other pHs is smaller than that for the GF
modified in 50 mM NaySOy. This is possibly because there are less oxygen-containing
groups in simulated groundwater, and limiting the effect of alkaline conditions on electrode
activity toward 2-electron ORR. Further, the carboxylic acid groups might bind with Ca2* in
the electrolyte and less —COOH are available for H,O, production [64]. The same applies in
50 mM Na,S0y: the highest H,O, production was obtained by 50 mA, while 150 mA and
200 mA caused depletion of H,05.

3.4 Sequential modification and H,0, generation by electrode polarity reversal

Coupled electrochemical modification of GF and H,O, generation is a very promising
strategy for the treatment of waste water and groundwater because of lower operation costs
and easier maintenance. It is necessary to understand the impact of electrolyte after
electrooxidation on H,O, generation. After electrochemical oxidation, the residual
electrolyte was used for HoO, generation experiments and the results were summarized in
Figure 8(a) and 8(b). The production of H,O, decreased in residual electrolyte both for the
modified and unmodified GF electrodes. To examine why organic products of
electrooxidation influence H,O, generation, CV curves (Figure 8(b)) were obtained in the
residual electrolyte. A new reductive curve is formed in the range of —0.5 to +0.5 V. The
peak value increases with the increase of electrolyte TOC, illustrating the reduction of
organic products on the electrode. This reaction co-occurs with O, reduction reaction, thus
competing with H,O5 electrogeneration, and resulting in a lower production of H,O5 in the
residual electrolyte. The nature of these compounds will be investigated in future
experiments. The effect of PR frequency on H,O, production is presented in Figure S8.
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Generally, with the increase of electrooxidation extent, the electrolyte TOC increases.
Electrooxidation is a process that gradually oxidizes carbon to —-COH, ~COOQOH, and finally
COsy. In this process, there are some aliphatic acids produced [65][66], which leached into
the electrolyte and contribute to the increase of TOC in the solution. As presented in Figure
8(b), the TOC values significantly increase with an increase in charge, up to 79.5 mg/L
(GF-200-40). In addition, we observed that polarity reversal induces less TOC changes in
the electrolyte, which demonstrate its feasibility for implementation.

3.5 Long-term stability of GF-200-30

3.6

Considering that the EF process is developed for long-term and large-scale application, the
stability of the cathode with cycling is significant for determining the performance of EF
process. Decay of the performance of H,O, production would result in a loss of the precious
active materials and an increase in the capital cost for maintenance [67]. Previous work
shows acceptable stability for O-doping cathode materials. For example, Lu et al. [27] tested
the stability of oxidized carbon nanotubes (CNTs) by chronoamperometric technique and
observed a negligible changes in current response. Zhou et al. evaluated the stability of
anodized GF electrode for p-nitrophenol degradation in 10-times continuous runs, and the
TOC removal efficiency decreased within 15% [12]. However, the running time of these
tests are not long enough. Furthermore, electroreduction of carboxyl groups upon negative
polarization has been reported in the literature [68], which may impact the H,O, production
over long-term operation.

The long-term stability of the GF-200-30 cathode is tested in this study for over 30 cycles.
Most importantly, after a decay in H,O5 production appears, we implemented a strategy of
polarity reversal to assess the potential for /n situ secondary modification of the GF-200-30
electrode to regain its optimal capacity. After 10 cycles of treatment, H,O, production by the
GF-200-30 was maintained at 85.1% (Figure 9) of the initial capacity. After 30 cycles, H,0,
production further decreased by 66.4%. It has been reported [68] that a significant amount of
unstable oxides could be irreversibly removed with reduction using a cathodic potential
sweep. In our case, the OGs such as the carboxyl groups are not stable and its partial
reduction could explain the gradual decrease in H,O, production over time. After a second
stage modification by polarity reversal (Figure 9), the GF-200-30 regained its capacity for
H,0, production. Different from other modification approaches, the electrochemical
modification by polarity reversal is powerful in that it can be conducted in situ without
additions of chemicals or removal of cathodes from the reactor. This finding is very
important as it makes this strategy stand out from various modification approaches.

Implementation for RB19 and IBP degradation in batch (50 mM Na,SO,4) and flow-

through reactor (simulated groundwater)

This study presents a new strategy to operate GF electrode modification /n situ for highly
efficient H,O, electrogeneration, which is green, practical and easy to scale-up. Here, RB 19
and IBP were used to test the effectiveness of this approach for transformation of chemicals.
Experiments were conducted in a batch reactor with 50 mM Na,SO4 electrolyte (setup
shown in Figure 1) and a 3-electrode flow-through reactor with simulated groundwater
(Figure 10(d)), respectively. Results (Figure 10(a) and (b)) demonstrated that EF process
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using in-situ electrochemically modified GF is more effective for RB19 and IBP degradation
than the unmodified GF (remove efficiency of 62.7% and 28.1% for RB19 in batch reactor at
50 min, 75.3% and 57.6% for IBP in column reactor after 100 min for modified and
unmodified GF, respectively). This is consistent with results presented in Figure 5(a), where
higher H,O, production was obtained by modified GF cathodes. Furthermore, as Figure
10(c) shows, by using benzoic acid as trapping reagent for -OH, a higher spectral peak value
in EF process with modified GF cathode in batch reactor is obtained, implies that more -OH
are generated, thus inducing a higher removal efficiency. Compared with the literature [69]
[70], the removal kinetics of IBP in flow-through reactor could be further enhanced by using
external O, supply, and increasing Fe2* concentration. This result also implies that the
approach presented can be applied to waste water treatment and groundwater remediation
using EF process.

4. Conclusions

This work develops a novel electrochemical cathode modification approach to support
efficient H,O» electrocatalytic generation via reduction of dissolved anodic O,. The
modified GF exhibits higher activity towards O, reduction, which is ascribed to the
increased concentrations of oxygen-containing groups and the hydrophilicity of the surface
that facilitates electron and mass transfer between electrodes and the electrolyte. H,0,
concentration was thus increased from 15.9 mg/L to 45.1 mg/L and 33.0 mg/L in 50 mM
Na,SO4 and simulated groundwater, respectively. Compared with unmodified electrodes,
neutral pH and low current of 50 mA supported effective H,O, generation. Gradually
decreased activity of modified GF was observed over 30 continuous cycles, however, the
activity could be regained by a secondary modification by electrode polarity reversal.
Finally, EF process enabled by /n situ modified GF via electrode polarity reversal exhibits
higher removal efficiency for RB19 and IBP in batch reactor (50 mM NaySQO,) and flow-
through reactor (simulated groundwater), respectively, proving its great potential practical
application for organic waste water treatment and groundwater remediation.
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Highlights

A novel and green cathode modification by electrode polarity reversal was
first reported.

Increase in surface oxygen-containing groups and hydrophilic properties were
observed.

For modified electrode, low current and neutral pH could support the highest
H>0, yieId.

The modified graphite felt cathode exhibited good reproducibility and
longevity.

Modified cathode in column reactor supported ibuprofen removal from
simulated groundwater.
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Figure 1.
Schematic diagram of sequential GF modification and H,O, generation by electrode polarity

reversal in a batch reactor. Ti/MMO electrode was arranged above the GF electrode with a
distance of 3 cm.

Chem Eng J. Author manuscript; available in PMC 2020 June 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zhou et al.

Current (mA)

Current (mA)

Page 20
- b Nz-saturat —
I - - 2-saturate
6ol @ GF-200-30 25l (b)
- GF-200-40
40 . 50
I L
20+ :é 5L 20
i ,’ GF-200-10 ~ | _ 10
0F pe. 7 ' — <
L , unmodified GF © 100 Eo 000
20 F / 5 £ -0 IR
. ’ O 125} S 20 e ———=
-40 P S =
60} 160 [ B Y S X —
80 i 175} Potential / V (vs. Ag/AgCl)
-1.0 -0.5 0.0 0.5 1.0 -1.5 -1.2 -0.9 -0.6 -0.3
Potential / V (vs. Ag/AgCl) Potential / V (vs. Ag/AgCl)
-45
(c)
-60 | 2004090090 20990909939009%99
GF-200-30
75+¢
90}
105}
120
0 8000 16000 24000 32000
Time (s)
Figure 2.

Electrochemical characterization of unmodified and modified GF electrodes. (a) CV curves
recorded at 20 mV/s in the scan range of —1.0 to 1.0 V in 50 mM NaySOy4 solution, (b) LSV
curves recorded at 10 mV/s in the scan range of 0 to —1.5 V in 50 mM NaySO4 solution in
N, and O, saturated solution, and (c) chronoamperometry of GF-200-30 electrode in O,-
saturated 50 mM NaySOy electrolyte at neutral pH (applied potential: —0.9 V vs. Ag/AgCl).
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XPS characterization of the unmodified GF and GF-200-30. (a) XPS survey spectra of
unmodified GF and GF-200-30, XPS C1s peaks (b) and O1s peaks (c) of unmodified GF,
XPS C1s peaks (d) and O1s peaks (e) of GF-200-30, and (f) atomic percentage distribution

of the three major O species of unmodified GF and GF-200-30.
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Figure 4.
SEM images of unmodified GF (a), GF-200-30 (b), and GF-200-30-GW (c). Contact angle

of GF (d) GF-200-30 (e), and GF-200-30-GW (f). (g) Photo of the unmodified and
modified GF in 50 mM Na,SOy electrolyte and simulated groundwater.
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(a) Influence of electrooxidation extent on H,O, production; (b) profile of voltage under
different currents for unmodified and modified GF electrodes; inner figure shows the linear
correlation between the contents of oxygen-containing groups (measured by NaOH uptake
method) and H,O, concentration after 60 min. Conditions for modification: 180 mL, 50 mM
Na,SOy, without stirring, pH of 7, extent of 480, 960, 1440, and 1920 C/g. Conditions for

H»05 production: 180 mL, 50 mM NaySQOy, pH of 7, 100 mA.
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Influence of pH (a) and current (b) on H,O, production by unmodified GF (inset figures)
and GF-200-30. Conditions: 180 mL, 50 mM Na,SOy,, pH of 7 (for (b)), 100 mA (for (a)),

350 rpm.
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(a) Comparison of GF modified in simulated groundwater and 50 mM Na,SO4 electrolyte
for H,0, production. (b) Comparison of voltage change for GF modified in simulated
groundwater and 50 mM NaySOy electrolyte. (¢)~(d) Influence of pH (c) and current (d) on
H,0, production by GF-200-30-GW electrode. Conditions for modification: 180 mL,
simulated groundwater, without stirring, pH of 7, extent of 1440 C/g (200 mA, 30 min).
Conditions for H,O, production: 180 mL, 50 mM NaySOy, pH of 7 (for a,b, and d), 100 mA

(for aand c), 350 rpm.
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(a) HoO5, generation in residual electrolyte after electrochemical modification under 200 mA
for 30 min (modified (solid), unmodified (hollow)); (b) TOC in electrolyte after
electrooxidation of GF under different parameters; No. 1-3 and 7 were conducted in 50 mM
Na,SOy4 electrolyte, No. 4-6 were conducted in 50 mM NaySOy, electrolyte with polarity
reversal by different frequencies, No. 8 was conducted in simulated groundwater (1:
GF-200-10, 2: GF-200-20, 3: GF-200-30, 7: GF-200-40, 4: GF-200-30-(“50s+50s"), 5:
GF-200-30-(“2min+2min™), 6: GF-200-30-(*10min+10min”), 8: GF-200-30-GW).
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The cycling performance of GF-200-30 (a) and the illustration of surface change of
GF-200-30 over continuous operations and secondary modification (b). Conditions for
secondary modification: 180 mL, 50 mM NaySQOy4, without stirring, pH of 7, extent of 1440
C/g (200 mA, 30 min). Conditions for H,O, production: 180 mL, 50 mM NaySQOy, pH of 7,
100 mA, 350 rpm.
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Table 1

Conditions reported in the literature for electrooxidation of carbon materials

Materials

Electrolyte

Concentration

Extent of electrooxidation

Ref.

Porous Carbon
Carbon Fibers

Activated Carbon
Carbon Cloth
Graphite Felt

Graphite Felt

Graphite Felt

Graphite Felt

Carbon Nanofibers

K,S0,4
KNO;
NaCl

KNOy/HNO,
H,S0,
H,S0,
H,S0,

H,S0,

H,S0,

05M
1% wt
2% wt

0.5 M KNO;
0.01 M HNO;

5, 10, 20% wt

1M

1M

1M

5% wt

30, 50 mA-300h
133~10600 C/g
0.2,05,1Afor2h

0.2,05,1Afor3h

0~2V at a rate of 10mV/s

30 mA/cm?
12h

100 mA/cm?
Different time

5-15V
For different time

1.0,1.2,1.5,2.0 V for 30 min

Barton et al., 1997 [40]
Yue et al., 1999 [43]
Berenguer et al., 2012 [34]

Tabti et al., 2014 [47]
Miao et al., 2014 [33]

Tang et al., 2011 [37]

Zhang et al., 2013 [38]

Li et al, 2007 [42]

Yoon et al., 2011 [41]
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Table 2

The content of surface elements and oxygen-containing groups on the surface of unmodified GF and GF-200-
30.

Oxygen-containing groups

Sample O/Cratio C=C,C-C (%) O (%)
C-O-H (%) C=0(%) H0 (%)

GF 0.055 78.50 21.50 10.52 591 5.07
GF-200-30 0.218 57.87 42.13 19.41 14.93 7.89
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