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• Biochar derived from medium carboni-
zation temperature was favorable for
electro-Fenton reactions.

• Pollutant was effectively degraded in
biochar-based EF system in acidic solu-
tion.

• Hydroxyl radicals were the primary
oxygen reactive species for catalytic
degradation.
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Porous biochars have attracted tremendous interests in electrochemical applications. In this study, a family of
biochars were prepared from cellulose subject to different carbonization temperatures ranging from 400 to
700 °C, and the biocharswere in-situ activated by amolten salt (ZnCl2) to construct a hierarchically porous archi-
tecture. The activated porous biochars (ZnBC) were used as a carbocatalyst for electro-Fenton (EF) oxidation of
organic contaminants. Results showed that high-temperature carbonization improved the activity of biochar
for four-electron oxygen reduction reaction (ORR) due to the rich carbon defects, while the mild-temperature
treatment regulated the species and distribution of oxygen functional groups to increase theproduction of hydro-
gen peroxide (H2O2) via a selective two-electron ORR pathway. ZnBC-550 was the best cathode material with a
high ORR activity without compromise in H2O2 selectivity; a high production rate of H2O2 (796.1 mg/g/h) was
attained at−0.25 V vs RHE at pH of 1. Furthermore, Fe(II) addition induced an electro-Fenton system to attain
fast decomposition of various organic pollutants at −0.25 V vs RHE (reversible hydrogen electrode) and pH of
3 with a satisfactory mineralization efficiency toward phenolic pollutants. The EF systemmaintains its excellent
stability for 10 cycles. Hydroxyl radicals were identified as the dominant reactive oxygen species based on in situ
electron paramagnetic resonance (EPR) analysis and radical quenching tests. This study gains new insights into
electrocatalytic H2O2 production over porous biochars and provides a low-cost, robust and high-performance
electro-Fenton cathode for wastewater purification.
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1. Introduction

The ever-growing organic pollution in water resources by refractory
contaminants has become a severe issue for social well-being and sus-
tainability. Advanced oxidation processes (AOPs) produce powerful re-
active oxygen species (ROS) such as hydroxyl radical (E0(•OH/H2O) =
2.7 V) (Brillas et al., 2009), which are used to degrade diverse persistent
organic pollutants in wastewater (Liu et al., 2018). Fenton process is a
cost-effective AOP technology compared with photocatalysis (Sun
et al., 2019) andmicrowave-assisted process (Sun et al., 2020). Conven-
tional Fenton reagents (Fe2+/H2O2) depend on the reversable Fe2+/Fe3
+ cycle to decompose H2O2 and generate •OH (R1). Unfortunately, such
a processwas limited in practical applicationmainly due to: (1) the nar-
row pH range (e.g., 2.5–3.5); (2) the production of a large volume of
iron-containing sludge; (3) high risks related to H2O2 storage, transpor-
tation and usage; and (4) sluggish kinetics for Fe2+ regeneration (Zhang
et al., 2019c).

Fe2þ þ H2O2 ! Fe3þ þ ˙OHþ OH− R1

Currently, alternative systems have been developed such as electro-
Fenton (EF) (Brillas et al., 2009), photo-Fenton (PF) (Brillas and Garcia-
Segura, 2020), and other Fenton-like processes to overcome these
shortcomings. In an EF system, hydrogen peroxide is produced on the
cathode via a two-electron oxygen reduction reaction (2eORR) pathway
as following equations (R2–R3); meanwhile, Fe2+ can be continuously
electrogenerated from Fe3+ by a one-electron reduction reaction at
the cathode with dramatically reduced iron sludge.

Cathode : O2 þ 2e− þ 2Hþ ! H2O2 2eORRð Þ R2

O2 þ 4e− þ 4Hþ ! 2H2O 4eORRð Þ R3

The efficiency of an EF systemdepends on the cathodematerials. The
selectivity and capacity in H2O2 production and Fe2+ regeneration de-
termine the oxidation and mineralization efficiencies of an electro-
Fenton system. More recently, carbonaceous materials, such as acti-
vated carbon fiber (Wang et al., 2010), graphite (Wang et al., 2011), car-
bon sponge (Özcan et al., 2008), carbon or graphite felt (Yu et al., 2014)
and reticulated vitreous carbon (Xie and Li, 2006), have been reported
to be promising cathode materials for electrochemical generation of
H2O2, in virtue of their abundance, excellent electrical conductivity,
low cost, chemical stability, and mechanical robustness. However, the
intrinsic catalytic activity and selectivity of these carbon materials for
H2O2 production are still not satisfactory.

Surface functionalization and pore creation are two tactics to im-
prove the electrocatalytic activity of carbon materials. For instance, the
selectivity for 2eORR of mesoporous carbon was higher than that of mi-
croporous carbon (Chen et al., 2018; Park et al., 2014). Moreover, deco-
ration carbocatalyst with alien metal-free elements, such as nitrogen
(Fellinger et al., 2012), sulfur (Perazzolo et al., 2015), fluorine (Zhao
et al., 2018), or N, S co-doping (Chen et al., 2019a) and N, P, O co-
doping (Zhang et al., 2019a) can further enhance the selectivity and ac-
tivity in ORR. Heteroatom doping effectively breaks the electroneutral-
ity of carbon matrix and regulate the electron/spin density of the
adjacent carbonsbecause of thedifferent electronegativity of the adven-
titious atoms, herein tailoring the binding strength and electron transfer
to dioxygen molecules and stabilizing the desirable intermediate to-
ward a two-electron based ORR (H2O2 as the product) or four-electron
based ORR (H2O as the product). Among the doping species, oxygen
functionalities are inherently produced in carbon materials during the
synthesis and play vital roles in determination of the selectivity and re-
activity of carbocatalysts such as carbon nanotubes (CNT) (Lu et al.,
2018), graphene (Kim et al., 2018), and carbon black (Wang et al.,
2018; Zhang et al., 2019b).

Biomass is a natural feedstock for carbonaceousmaterials with a rich
content of oxygen. Surface functionalization is effective in biocharmod-
ification for various applications (Wan et al., 2020; Wan et al., 2019).
Biomass-derived carbon materials have been used as cathode catalysts
in electro-Fenton systems (Chen et al., 2019b; Gao et al., 2018; Huang
et al., 2018b; Liang et al., 2018). Typically, a high carbonization temper-
ature over 800 °C is applied to obtain graphitic carbons. An increased
annealing temperature would lead to the decomposition of oxygen
functional groups, which decreased the selectivity in H2O2 production.
A lower carbonization temperature would decrease the conductivity
of the derived carbonmaterials, which is not beneficial for electrochem-
ical reactions. Thus, the pyrolysis temperature has a profound effect on
the physiochemical properties of biochars (Xu et al., 2019; Xu et al.,
2020a) and their redox performances (Deng et al., 2020b; Xu et al.,
2020b; Yi et al., 2020). The correlation of carbonization temperature
on the surface chemistry of the derived biochars and their ORR perfor-
mances and selectivity need to be further investigated.

In this study, cellulose was selected as the carbon precursor because
of the universality and abundance in biomass feedstocks; ZnCl2 was se-
lected as an activation agent to produce mesoporous and microporous
structures (Singh et al., 2017). Hierarchically porous carbons were syn-
thesized at different carbonization temperatures ranging from 400 to
700 °C. The effects of graphitization temperature on the porous struc-
ture, surface defects, and oxygen functionality were studied. The ORR
reactivity and selectivity toward H2O2 generation were evaluated by a
rotating ring-disk electrode (RRDE) method. The relationship between
surface chemistry and electrocatalytic activities was established to
unveil the role of surface functionality governed by carbonization
temperatures. Furthermore, the 2eORR system was coupled with fer-
rous ions to establish an electro-Fenton system for in situ degradation
of aqueous organic pollutants. The effects of applied potential, pH
value, and Fe(II) dosage on H2O2 production and pollutant degradation
were systemically investigated. This work investigated the effect of py-
rolysis temperature on the performance of porous biochar-based EF sys-
tem and provided new insights on the design of biochar-based EF
electrocatalysts for the degradation of aqueous organic pollutants.

2. Materials and method

2.1. Regents

Cellulose (α-cellulose, AR >97%), 5,5-dimethyl-1-pyrroline N-oxide
(DMPO, >97%,), FeSO4·7H2O (AR>99.5%), and K2TiO(C2O4)2·2H2O (AR
>99.5%) 1,10-phenanthroline (AR > 99%), 2-Chlorophenol (CP)
(AR > 99%), sulfamethoxazole (SMX) (AR > 99%), were bought from
Aladdin Reagents. Na2SO4 (AR >99%), phenol (AR >99%), Orange G
(OG) (AR > 99%), methanol (CP > 99%), and H2SO4 (AR > 98%) ZnCl2
(AR > 98%) were bought from Sinopharm Chemical Reagent Co., Ltd.

2.2. Activated biochar preparation and cathode fabrication

To obtain a hierarchically porous structure, ZnCl2 activation was
adopted to prepare porous biochar electrocatalysts according to thepre-
vious studies (Singh et al., 2017; Sun et al., 2018). Cellulose powder was
first mixed with ZnCl2 at a weight ratio of 1:3 by a mortar. The powder
was ground for 5 min to obtain a uniform mixture. The obtained mix-
ture was carbonized in a tube furnace at a certain temperature
(400–700 °C) for 2 h under N2 atmosphere with a heating rate of
10 °C/min. Then, the biochar samples were washed with 2 M HCl for
8 h with a ratio of 100 mL/g to remove the metal impurities. After acid
washing, the porous biochars were washed with deionized water for
several times to remove the residual acid until the filtrate pH reached
7. Finally, the porous biochars were dried in an oven at 60 °C. The
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obtained biochar was labeled as ZnBC-X, where X represented the car-
bonization temperature (400– 700 °C).

In preparation of cathode, activated biochar samples (9 mg) were
first dispersed in an ultrasonic bath in a mixed solution with 100 μL of
nafion perfluorinated (5 wt%, Aldrich) and 900 μL of ethanol. The mix-
ture (5 μL) was dropped on a commercial carbon paper and dried for
10 min at room temperature. This procedure was repeated for several
times until the catalyst loading reached 2 mg/cm2.

2.3. Characterization of the biochar and activated biochar

Physical morphologies of the samples were examined by a scanning
electron microscopy (SEM) (SU-70 Japan). Surface chemical composi-
tions were determined using an X-ray photoelectron spectrometer
(XPS) from Kratos (AXIS SUPRA) with a monochromatic Al Kα line
(1486.6 eV). The calibration of the spectra binding energy was based
on the C1s peak of the aliphatic carbons at 284.8 eV. Raman testing
was performed on a spectrometer using a 514 nm argon ion laser
from Horiba Jobin Yvon (LabRAM HR Evolution, France). The
Brunauer-Emmett-Teller (BET) surface area (SBET), total pore volume
(Vtot), and pore size distribution of the biochar samples were measured
by nitrogen adsorption at 196 °C on an Autosorb-1 gas analyzer
(Quantachrome, USA).

2.4. Electrochemical characterization

All of the electrochemical experiments were conducted on a CHI
760E electrochemical workstation (Chenhua Instrument Co., China).
The potentials in this study were referenced to the reversible hydrogen
electrode (EVS RHE) according to the following equation:

EVS RHE ¼ EVS Ag=AgCl þ EθAg=AgCl þ 0:059� pH ð1Þ

where, EVS Ag/AgCl (V) is the applied potential referred to the saturated
Ag/AgCl electrode and EθAg/AgCl (0.197 V) is the potential of Ag/AgCl un-
der the standard conditions. The ORR activity and H2O2 selectivity were
measured with a RRDE (5.5 mm diameter; Pine Research Instrumenta-
tion, Inc., USA) using a three-electrode configuration. A graphite rod and
Ag/AgCl/KCl (sat) electrode served as the counter electrode and refer-
ence electrode, respectively. The working electrode was prepared as
above using the catalyst ink. Then, 10 μL of the ink was loaded onto
the RRDE and dried at room temperature. Linear sweep voltammo-
grams (LSV) were tested by sweeping the potential from 1.0 to
−0.5 V (vs RHE) at a rate of 5 mV/s with a rotating speed of
1600 rpm. To detect H2O2, the ring potential was kept constantly at
1.2 V, and the H2O2 selectivity (H2O2%) and electrons transfer numbers
n were calculated as follows:

H2O2% ¼ 200� Ir=Nð Þ= Ir=N þ Idð Þ ð2Þ

n ¼ 4� Id= Ir=N þ Idð Þ ð3Þ

where Ir is the ring current; Id is the disk current; and N is the collection
efficiency (0.37 after calibration, the method was shown in supporting
information).

The current efficiency was calculated by the following equation:

Current Efficiency% ¼ nFCV=Q% ð4Þ

where ndenoted the electrons transfer number of 2; the variables C,V, F,
and Q denoted the H2O2 concentration (mol L−1); volume of the elec-
trolyte (L), Faraday constant (96,485C mol−1), and amount of charge
passed (C).

The electrochemical impedance spectroscopy (EIS) was adopted to
determine the catalyst conductivity, whichwas recorded on a glass car-
bon electrode at the working conditions over a frequency range from
105 to 0.01 Hz at an amplitude of 5 mV. (−0.25 V vs RHE with
electrolyte of O2 saturated 0.1MNa2SO4 solution at pH of 3). Cyclic volt-
ammetry (CV) measurements were conducted to determine the
electro-active surface in a mixed solution of 10 mM K3Fe(CN)6 and
1 M KCl within a potential range of 0.8 V to −0.2 V vs Ag/AgCl at a
scan rate of 10 mV/s.

2.5. Evaluation of electro-Fenton performance of biochars

Electro-Fenton experiments were conducted in a 100 mL single-
compartment cell for oxidation of organic pollutants. The ZnBC elec-
trode, Pt plate and Ag/AgCl/KCl (sat) electrode acted as the cathode,
anode and reference electrodes, respectively. The effective area of the
carbon paper based working electrode is 2.25 cm2 (1.5 × 1.5 cm). The
distance between the cathode and anode is 3 cm. All of the degradation
experiments were conducted on a CHI 760E electrochemical worksta-
tion (Chenhua Instrument Co., China) using a potential static method.

Phenol was selected as a representative organic pollutant industrial
wastewater (Huang et al., 2018a) and 0.1 M Na2SO4 served as the elec-
trolyte. The pH value was adjusted to 3 using 0.5 M H2SO4. The whole
volume of the reaction solution is 50 mL. During the EF process,
FeSO4·7H2O was added as the Fenton reagent and the solution was
kept stirring and bubbling with pure O2. At certain time intervals,
1 mL reaction solution waswithdrawn and quenched by 0.5 mLmetha-
nol immediately for further analysis. As references, phenol removals by
adsorption without applied potential and anodic oxidation under N2

purging were first measured. The flow rate of O2 or N2 was kept at
100 mL/min. The production of H2O2 on the ZnBC cathode was mea-
sured in a single-compartment cell under the same condition while
FeSO4·7H2O andpollutantswere absent. Detailed information of the ex-
periments was provided below every figure. All the experiments were
carried out as duplicates, and the derived performances are reported
as mean values with standard deviations.

2.6. Analytical method

The concentration of H2O2 was determined using a colorimetric
method (Sellers, 1980). Briefly, the titanium reagent was made up
with a K2TiO(C2O4)2·2H2O solution dissolving in 27.2% H2SO4 at a con-
centration of 35.4 g/L. Then 5mLof titanium reagent and 5mLof sample
was put into a 25-mL calibrated flask and the deionized water was
added tomake up to themark. The absorbance of the solutionwasmea-
sured at 400 nm by an Ultraviolet spectrophotometer (Shimadzu, 2650,
Japan). The concentration of phenol was determined by high-
performance liquid chromatography (HPLC, Shimadzu, Japan) with a
C-18 column and a mobile phase of methanol and phosphoric acid
(0.1%) (70:30, v/v) at a flow rate of 1.0 mL/min. The generated active
radicals were examined on an electron paramagnetic resonance (EPR)
spectrometer EMX plus-9.5/12 spectrometer using DMPO as a spin-
trapping agent after reaction for 5 min. The concentration of Fe(II)
was measured by 1,10-phenanthroline UV–visible spectrophotometry
(Shimadzu, 2650, Japan) at 510.5 nm (Deng et al., 2019b).

3. Results and discussion

3.1. Activated biochar characterization

SEM image displays the morphology of the activated biochar. Fig. 1a
shows that ZnBC-550 possesses a 3D porous structure ascribed to the
chemical activation by ZnCl2 (Wu et al., 2020). The rich porosity of a car-
bon electrode would facilitate the mass transfer of oxygen and ions at
the interface during the heterogeneous reactions (Jiang et al., 2013).
The TEM image in Fig. 1b exhibits that the carbon possesses an amor-
phous micro-structure. The XRD results in Fig. 1c also confirms this re-
sult that the spectrum exhibits two broad peaks centered at 2θ = 23°
and 43°, corresponding to (002) and (100) plane of graphite, which
are typical characters of amorphous carbons with a low graphitization
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Table 1
Characterization results of ZnBCs.

C, at% O, at% C1s (%) O1s (%) SSA (m2/g) Pore volume (cm3/g) Average Pore size (nm)

C=C C-C C-O COOH π-π C-O C=O

ZnBC-400 96.8 3.2 72.1 10.5 12.7 3.8 0.94 74.4 25.6 2132 1.4 2.6
ZnBC-550 96.5 3.5 63.3 18.1 14.3 4.2 0.00 65.9 34.1 2072 1.2 2.4
ZnBC-700 96.9 3.1 52.0 26.0 11.6 7.6 2.9 55.0 45.0 1756 1.1 2.5
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degree (Wu et al., 2019; Zhu et al., 2011; Zou et al., 2020). N2 adsorp-
tion/desorption isotherms were further tested to investigate the differ-
ences of biochars derived at different temperatures (Fig. 1d). The
profiles of all the three porous biochars presented type IV isotherms
with a broad capillary condensation step in a relative pressure (P/P0)
range of 0.30–0.65, suggesting the presence of massive mesopores in
the samples (Singh et al., 2017). The pore size distribution indicated
the co-existence of micropores (0–2 nm) and mesopores (2–50 nm)
in ZnBCs,whichwere beneficial for ions and oxygenmigration and reac-
tion. Specific surface area (SSA) and pore volumewere calculated based
on the BET equation and the Barrett-Joyner-Halenda (BJH) model, re-
spectively, and the results were summarized in Table 1. SSAs of the de-
rived biocharswere 1700–2100m2/g, which aremuch larger than those
of the biochars in previous reports (Li et al., 2019a; Li et al., 2019b). A
large SSA is beneficial to the exposure of active sites (Tian et al.,
2020). With the elevated pyrolysis temperature from 400 to 700 °C,
SSA and pore volume decreased from 2132 m2/g and 1.4 cm3/g to
1756 m2/g and 1.1 cm3/g, respectively. A higher carbonization temper-
ature would also induce stronger dehydrating effect of ZnCl2, which
caused the shrinkage of carbon structure and surface heterogeneity,
thereby reducing the porosity and BET surface area (Sayğılı and Güzel,
2016; Singh et al., 2017). (Fig. 1d).
Fig. 2. (a) Calculated values derived from Raman spectra and (b) full-survey scan of XP
Surface functional groups and defective degree of carbocatalysts
have a great impact on the electrocatalytic activity. Raman spectroscopy
was used to characterize the carbon structure of the derived biochars.
The Raman spectra were deconvoluted into eight characteristic peaks
according to the previous studies (Li et al., 2006; Wan et al., 2019),
and the results were shown in Fig. S1 and the Table S1. The sp2 C\\H
of aromatic rings (S1) emerged at 1060 cm−1; Caromatic-Calkyl (S) peaked
at 1185 cm−1; the peak of arylalkyl ether (S2)was at 1230 cm−1; defect
bands and small ordered fused benzene rings (D) located at 1310 cm−1;
methyl group and amorphous carbon (V1) structure peaked at
1380 cm−1; semicircle ring breathing (V) located at 1465 cm−1; aro-
matics structure with several rings (G1) peaked at 1540 cm−1; and
the highly conjugated sp2 graphitic carbon (G) band located at
1590 cm−1. Fig. 2a displays the values of defective indicators for AD/AG

and AD/A(G1+V+V1) of the three porous biochars. As shown in Fig. 2a,
the AD/AG ratio increased from 0.52 to 0.80 which indicated the in-
creased number of defective sites. AD/A(G1+V+V1) represented the ratio
between of the large aromatic ring systems (≥6 rings) and the aromatic
ring systems in amorphous carbons (e.g. 2–8 or more rings) (Li et al.,
2006). The ratio increased from 0.39 to 0.49 as the pyrolysis tempera-
ture increased from 400 to 700 °C, suggesting that more graphitic car-
bons was formed during the high temperature annealing.
S, high-resolution scan of (c) C1s and (d) O1s spectra of the three porous biochars.
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Surface functional groups, especially oxygen groups, play crucial
roles in catalytic reactions. Full XPS surveys (Fig. 2b) were performed
to characterize the surface elemental compositions of the biochars de-
rived at different carbonization temperatures. The two peaks emerged
at 284 eV and 532 eV are ascribed to C1s and O1s, respectively. The sur-
face oxygen contents of all the biochars were below 5 at%. Previous
studies suggested that a desirable carbocatalyst for ORR reaction was
supposed to have a moderate oxygen content below 8 at% (Sa et al.,
2019), and the excessive oxygen functional groups would deteriorate
the conductivity of carbon matrix in redox reactions (Duan et al.,
2016; Ren et al., 2020). Thus, the derived porous biochars activated by
ZnCl2 are promising candidates in electrocatalysis.

The C 1 s spectra were deconvoluted into the following contribu-
tions: sp2 hybridized carbon (C=C) at 284.5 eV, sp3 carbons or carbon
defects (C\\C) at 285.4 eV, carbon solely bonded with oxygen (C\\O)
at 286.1 eV, carbon bonded to two oxygens (that is, –COOH) at
288.7 eV, and the characteristic shake-up satellite of aromatic carbons
at 290.5 eV (π–π* transition) (Datsyuk et al., 2008). The percentage of
each component was presented in Table 1 and the contributions of the
threemain peakswere displayed in Fig. 2c. The atomic content of defec-
tive carbons increased from10.5% to 26.0% as the carbonization temper-
ature increased from 400 to 700 °C. Meanwhile, the graphite carbon
(sp2 hybridization) decreased from 72.2 to 52.0%. As a result, the ratio
of C-C/C=C increased from 0.15 (ZnBC-400) to 0.50 (ZnBC-700),
which showed a similar upward trend to AD/AG (Liu et al., 2015).
These results demonstrated that the defective degree of the porous bio-
char was intensified as the carbonization temperature increased. Fur-
thermore, oxygen functional groups on the biochar surface were
analyzed based on the O 1 s spectra in Fig. 2d. The spectrum of each bio-
char is primarily deconvoluted into two peaks: the peak at 531.6 eV cor-
responds to the double bonded carbon to oxygen (C=O), and the peak
at 533.2 eV represents the C\\O configuration (Kundu et al., 2008). As a
result, the content of ketonic group (C=O) increased from 25.6 to 45.0%
as thepyrolysis temperature increased from400 to 700 °C,which is con-
sistent with a previous report that high-temperature annealing facili-
tated the formation of ketone groups in carbocatalysts (Shao et al.,
2018). The ratio of C-O/C=O was identified as an indicator of H2O2 se-
lectivity during carbocatalytic ORR (Perry et al., 2019), which decreased
from 2.90 to 1.22 as the annealing temperature increased from 400 to
700 °C. Further discussions on the structure-catalysis relationship be-
tween surface chemistry and generation of hydrogen peroxide will be
presented in the following sections.

3.2. Evaluation of H2O2 generation on ZnBC cathodes

The production rate of H2O2 determines the overall electro-Fenton
performance. H2O2 was produced in a single cell on different ZnBCs-
fabricated cathodes at −0.25 V vs RHE and pH = 1, and the accumu-
lated yield was displayed in Fig. 3a. ZnBC-550 showed the best catalytic
performance with 71.7 mg/L of H2O2 accumulated in 60 min. Consider-
ing solution volume andmass loading of the catalyst, the production ef-
ficiency of ZnBC-550 reached 796.1 mg/g/h, which well outperformed
diverse biochars in Table 2.

The current efficiency of H2O2 production shown in Fig. 3b calcu-
lated from Eq. (4) is crucial for EF system, as the carbonization temper-
ature increased, the current efficiency of ZnBC cathode decreased from
91% to 47%. To exclude the ORR reaction mechanism of three porous
biochars, the ORR performances and H2O2 selectivity of different
ZnBCs were investigated by RRDE measurements in O2-saturated solu-
tion (0.05 M H2SO4) at room temperature. Fig. 3c shows that the onset
potential of ZnBCs increased with the raised pyrolysis temperature
from 0.30 V vs RHE (ZnBC-400) to 0.62 V vs RHE (ZnBC-700). The disk
current followed the similar trend. For example, at an applied voltage
of −0.25 V vs RHE, the disk current increased from 0.45 mA to
0.73 mA as the pyrolysis temperature increased from 400 to 700 °C.
These results indicated that porous carbon derived at a higher
carbonization temperature manifested a higher activity for electro-
chemical reduction of oxygen. The ring current of three ZnBCs for
H2O2 production tells a different story. The ring current of ZnBC-550 is
the highest among the three porous biochars, which is consistent with
H2O2 production rate in Fig. 3a. Selectivity in H2O2 generation was cal-
culated and presented in Fig. 3d. Intriguingly, the selectivity of the bio-
char catalysts showed an opposite order compared to the ORR
performances. Specifically, the H2O2 selectivity of ZnBC-400 and ZnBC-
550 reached 61.5% and 55.6% accordingly at −0.25 V, while ZnBC-700
only attained 42.5% under the same conditions. Furthermore, the elec-
trons transfer number of ZnBC-400 and ZnBC-550was 2.78 and 2.90, re-
spectively, which is smaller than that of ZnBC-700 (3.16). To
compromise the ORR activity and H2O2 selectivity, ZnBC-550 is the
most performance-balanced biochar catalyst with a great H2O2 produc-
tion efficiency of 796.1 mg/g/h at−0.25 V vs RHE and a satisfactory se-
lectivity of 55.6%.

Furthermore, quantitative structure-activity relationship (QSAR)
analysis was conducted between the surface chemistry of three porous
biochars and their electrocatalytic performances for generating hydro-
gen peroxide. According to the previous studies (Lu et al., 2018; Wang
et al., 2018; Zhang et al., 2019c), surface oxidationwas an effective strat-
egy to fine-tune the 2eORR process of carbon materials. The more oxy-
gen functional groups were doped in the carbon materials, the higher
H2O2 selectivity was achieved. In this study, the oxygen doping levels
of the three porous biochar derived at different pyrolysis temperatures
were almost the same (3.2% for ZnBC-400, 3.5% for ZnBC-550, and 3.1%
for ZnBC-700). Moreover, the species of oxygen functional groups also
have a profound impact on the selectivity of carbon materials in H2O2

production. Etheric group and carboxyl sites were reported as the active
sites for 2eORR(Kim et al., 2018; Lu et al., 2018). Moreover, the atomic
ratio of the two dominant species of oxygen functional groups, C\\O
vs. C_O, was increased by a microwave treatment, resulting in the in-
crease of H2O2 selectivity of mesoporous carbon (Perry et al., 2019). In
this study, a good linear relationship (R2 = 0.916) was established be-
tween the atomic ratio of C-O/C=O and the H2O2 selectivity of the bio-
chars (Fig. 3e). The results suggest that a rational carbonization
temperature could modulate the fractions of different oxygen function-
alities during the thermal transformation, then regulating the reactivity
and selectivity in H2O2 production. The process of 2eORR reactions
could be described as follows (R4–R5):

O2 þ Hþ þ e− ! OOH∗ R4

OOH∗ þHþ þ e− ! H2O2 R5

The 2eORR performance could be ascribed to the binding energies
between the intermediates and active sites of carbocatalysts. ΔGOOH⁎

represents the activity of different oxygen-containing functional groups
(C_O and C\\O) and the contents of these groups influence the perfor-
mances of carbon materials (Kim et al., 2018; Wang et al., 2019). A
higher C-O/C=O ratio results in a more favorable value of ΔGOOH⁎, lead-
ing to higher H2O2 selectivity.

Furthermore, the intrinsic carbon defects (such as pentagon rings
and zigzag edges) derived from thermal annealing could improve the
four-electron ORR process (Jiang et al., 2015). The onset potential was
a descriptor of ORR performance. In this study, a good positive linear re-
lation (R2 = 0.77) was established between the AD/AG ratio and ORR
onset potential. On the other hand, a better positive linear relation
(R2 = 0.89) was established between AD/A(G1+V+V1) and the onset po-
tential of ORR (Fig. 3f). These results indicated that the carbon defects
and highly graphitic carbons derived from high temperature-etching
by ZnCl2 led to a better ORR activity. During the process, oxygen groups
were simultaneously tuned to reduce the ratio of C-O/C=O and subse-
quently deteriorated the H2O2 selectivity. Overall, ZnBC-550 cathode
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Table 2
Reported amorphous carbon materials for electrocatalytic H2O2 production.

Catalyst pH Potential/Current H2O2 production rate (mg/g/h) Reference

sludge biochar 1 0.25 V vs RHE 432 (Huang et al., 2018a)
N doped biochar 3 −0.7 V vs SCE ~1156 (Liang et al., 2018)
biochar 3 −10 mA/cm2 68.45 (Deng et al., 2019a)
ACSS 2 −100 mA 1.58 (Zhou et al., 2019)
ZnBC-550 1 −0.25 V vs RHE 796.1 This work
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exhibited the best performance for electrocatalytic H2O2 production
with the highest ring current (H2O2 current) based on the batch exper-
iment and RRDE results, realizing the tradeoff between H2O2 selectivity
and ORR activity. In detail, adequate graphitic carbons with defective
sites and a rational level/category of oxygen functionalities were desir-
able for porous biochar to serve as a highly efficient electro-Fenton
cathode.

3.3. Effect of operation parameters on catalytic performance

ZnBC-550 cathode was selected to investigate the effects of applied
voltage and pH value on its performance of H2O2 generation (Fig. 4).
In order to investigate the effects of applied potential on ZnBC-550,
we performed the reaction within the potential window from 0.15 V
to −0.25 V at pH = 1. As shown in Fig. 4a, the H2O2 yield was remark-
ably improved at the decreased applied potential. Specifically, the accu-
mulated H2O2 concentration reached 26.8 mg/L at the potential of
0.15 V. If the applied potential decreased by every 0.2 V, the H2O2 con-
centration reached 47.0 mg/L at−0.05 V and 71.7 mg/L at−0.25 V, re-
spectively. Meanwhile, the current efficiency shown in Fig. 4b increased
a little from 70.6% to 84.3% as the potentials appeared more negative.
Fig. 4. Effects of (a) applied potential and (c) pH value on the accumulated H2O2 concentration
(d) different pH values (pH = 1, applied potential:−0.25 V, electrolyte: 0.1 M Na2SO4 for pH
The production rate of H2O2 was linearly correlated with reaction time
under different potentials, suggesting that ZnBC-550 electrode main-
tained stable at different applied potentials.

pH value also has a profound effect on H2O2 production perfor-
mance. Under the same applied potential (−0.25 V vs RHE) in Fig. 4c,
the accumulated amount of H2O2 decreased gradually with the in-
creased solution pH. At pH = 1, the produced H2O2 reached 71.7 mg/L
after one-hour electrolysis, which is much higher than the yields at
pH = 3 (44.4 mg/L), 5 (40.2 mg/L) and 7 (17.0 mg/L). These results in-
dicate that H2O2 production is favored at lower solution pH under the
same applied potential, because oxygen reduction via R2 requires the
participation of protons (H+). Fig. 4d shows that increased pH value
led to decreased current efficiency from 84.3% (pH = 1) to 42.3%
(pH = 7). Since Fenton reaction is usually conducted in an acidic solu-
tion, the superior catalytic activity of ZnBC-550 at low pH affords it an
ideal cathode in electro-Fenton systems.

3.4. Assessment of Fe3+ reduction ability

Apart fromH2O2 accumulation, the electro-Fenton performance also
relies on the regeneration of Fe(II). In this study, electroreduction of Fe3
using ZnBC-550 as the cathode, current efficiency under (b) different applied potential and
3, 5, or 7, 0.05 M Na2SO4 + 0.05 M H2SO4 for pH 1, solution volume: 50 mL).
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+ on different ZnBCs cathodes was evaluated by cyclic voltammetry (Ko
et al., 2018). Fig. 5a shows the cyclic voltammograms of different bio-
char cathodes. The results indicated that ZnBC-550 cathode presented
the strongest peak intensity at 0.354 V (vs Ag/AgCl), representing the
reduction from Fe(III) to Fe(II) with a peak current of 4mA.Meanwhile,
the onset potential of Fe3+ reduction on ZnBC-550 is 0.215 V (vs Ag/
AgCl). The peak potential difference (ΔEp) of ZnBC-550 is 0.139 V,
which is smaller than that of ZnBC-400 (0.197 V) and ZnBC-700
(0.161 V), indicating a better Fe(III) reduction potential of ZnBC-550
among the three biochars based on the Nicholson method (Ko et al.,
2018).

Furthermore, the Fe(III) reduction abilities on different biochar cath-
ode were evaluated under N2 purging to avoid Fe(II) oxidation by H2O2

(Deng et al., 2020a). The results were shown in Fig. 5b. The tendency
was consistent with the CV results. ZnBC-550 cathode showed the
best performance for Fe(III) reduction among three biochar cathodes.
The produced Fe(II) concentration reached 0.46 mM in 90 min on
ZnBC-550 cathode. While the accumulated Fe(II) only attained
0.30 mM and 0.27 mM on ZnBC-700 and ZnBC-400, respectively.
These results suggested that the reduction of Fe(III) was more feasible
to occur on ZnBC-550.

The EIS spectra in Fig. 5c exhibited that all the three biochar samples
had similar high-frequency semicircles, suggesting that the similar
charge-transfer resistance of the three porous carbons. On the basis of
the experimental outcomes, ZnBC-550 demonstrated the best catalytic
activity for H2O2 production and the best performance for Fe(III) reduc-
tion, affording it as the most promising cathode material in the electro-
Fenton system among the biochars derived from different pyrolysis
temperatures.
Fig. 5. (a) Cyclic voltammograms of ZnBCs in 10 mM K3Fe(CN)6 + 1 M KCl solution, (b) Fe(III)
100 mL/min) (c) electrochemical impedance analysis of three different biochars under working
0.1 M Na2SO4, O2 flow rate: 100 mL/min).
3.5. Phenol degradation by ZnBC-550 cathode-based EF system

To assess the performance of ZnBC-550-based EF system, phenol
was chosen as the model pollutant (Huang et al., 2018a). Moreover,
control experiments were carried out for adsorptive phenol removal,
anodic oxidation under N2 purging, and Fe(II)-free EF system. Fig. 6a de-
picts that only 3%, 10%, 20% of phenol was accordingly removed by ad-
sorption, anodic oxidation, and Fe(II)-free EF system, respectively.
However, phenol was effectively degraded by the EF system with a re-
moval efficiency of 99% in 60 min on the ZnBC-550 cathode, indicating
the significance of EF systemonphenol oxidation. In comparison, the re-
moval efficiencies with ZnBC-400 cathode and ZnBC-700 cathode were
only 82.3% and 77.1% in 60min, respectively, which supported the con-
clusion that ZnBC-550 was the optimal electro-Fenton cathode due to
the best performances in electrocatalytic production of H2O2 and Fe
(III) reduction.

As a homogeneous catalyst, the dosage of Fe(II) is vital in the EF pro-
cess to decompose H2O2 and evolve reactive oxygen species. To attain
the optimal Fe(II) dosage, tests were conducted under three different
Fe(II) concentrations from 0.25 to 1 mM in Fig. 6b. The phenol removal
efficiency increased from 45% to 95% in 90 min when Fe(II) concentra-
tion increased from 0.25 to 0.5 mM. However, the removal efficiency
slightly decreased to 80%with 1mMFe(II). The inhabitation could be at-
tributed to the scavenging effect of •OH by the excessive Fe(II) ions
(Khataee et al., 2017; Zhang et al., 2020). Thus, 0.5 mM Fe(II) was the
optimal dosage in ZnBC-550-based EF system.

Initial pH also plays a crucial role in electro-Fenton processes. Fig. 6c
illustrates that the EF systemwas most efficient for phenol degradation
at pH of 3. When the initial pH was too low (pH = 1) and less acidic
reduction performance using different biochar cathode ([Fe(III)]0 = 1 mM, N2 flow rate:
conditions (Reaction conditions: applied potential:−0.25 V vs RHE, pH= 3, electrolyte:



Fig. 6. (a) Phenol removal by EF system under different circumstances. (adsorption (AD) (without current), anodic oxidation (AO),); effects of (b) Fe (II) concentration, (c) pH value, and
(d) applied potential on phenol degradation. Except for the investigated factors, the reaction conditions: cathode: ZnBC-550, [phenol]= 40mg/L, applied potential:−0.25 V vs RHE, pH=
3, [Fe (II)] = 0.5 mM, electrolyte: [Na2SO4] = 0.1 M.
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(pH = 5), the removal efficiencies of the EF system only attained 74%
and 60%, respectively. As we discussed above, when solution pH in-
creased, H2O2 production on ZnBC-550 cathode dramatically decreased,
giving rise to less production of •OH for phenol degradation. In contrast,
more insoluble ferric hydroxide complexes were produced at higher pH
(pH = 5), thus decreasing the homogeneous catalytic efficiency. How-
ever, when solution pH decreased to 1, the degradation efficiency was
lower than the performance at pH of 3, even though more H2O2 was
produced. This phenomenon could be ascribed to the reciprocal-
quenching reaction between •OH and H+ under strong acid condition
in R6, which substantially consumed the produced ROS instead of
reacting with phenol (Zhang et al., 2019c).

Hþ þ ˙OHþ e ! H2O R6

The effect of the applied potential on phenol degradation was also
investigated. A notable effect of applied potential on degradation effi-
ciency was observed in Fig. 6d. The removal efficiency of phenol
attained only 75% and 40% when the applied potentials were − 0.05 V
and 0.15 V, respectively. The negative applied potential was beneficial
to H2O2 production to enhance phenol oxidation.

3.6. Degradation mechanism of phenol in EF system

In order to unveil the oxidation regime of the biochar-based EF
system, radical quenching and radical capturing tests on EPR (using
DMPO as the spin trapping agent) were conducted to identify the
primary ROS responsible for phenol degradation. Methanol was
selected as a radical scavenger due to the high reaction rate constant
with •OH (9.7 × 108 min−1). Fig. 7a shows that the phenol removal
efficiency decreased to 10% in 90 min after the addition of 20% (v/
v) methanol, which caused dramatic inhibition in oxidation. There-
fore, •OH played a major role in phenol degradation in the ZnBC-
550-based EF system. Additionally, EPR results show that character-
istic spectra of quartet lines with the intensity ratio of 1:2:2:1 (aH =
15.5 G) for hydroxyl radicals emerged in the EF system (Fig. 7b),
which exhibited a much higher intensity than the control group
(the black line without applied potentials). Furthermore, spin-
trapping experiments were performed in the solutions containing
10% and 60% methanol to eliminate •OH and to exclusively explore
the existence of O2•−. The results in Fig. 7b show that no signal of
O2•− (aN= 14 G, aH= 8 G) (Qi et al., 2016) was found in the two sys-
tems. Signals of hydroxyl radical could be observed in the solution
with 10% methanol, whereas the signals were silent in the system
with 60% methanol. Meanwhile, other impurity peaks could be ob-
served in both spectra, which could be assigned to the signals of
the oxidation product of methanol (•CH2OH, aH = 22.7 G aN =
15.7 G) by hydroxyl radicals (Buettner, 1987). All the results indi-
cated that O2•− did not exist in such electro-Fenton system, and
the hydroxyl radicals are the dominant ROS for phenol degradation.

Furthermore, to test the feasibility of ZnBC-550-based EF system, dif-
ferent kinds of pollutants including chlorophenol (CP), Sulfamethoxa-
zole (SMX) and Orange G (OG) were chosen as the halophenol,
antibiotics and dye model pollutants, respectively. The results were
shown in Fig. 7c. The EF system demonstrated strong oxidation capaci-
ties toward all the three pollutants. The results showed that the novel EF
system was effective to remove diverse organic micropollutants.



Fig. 7. (a) Phenol removal in ZnBC-550-based EF system using methanol as a radical scavenger; (b) EPR spectra using DMPO to trap hydroxyl radical after 5 min reaction; (c) Removal of
different organic pollutant in ZnBC-550 based EF system; (d) TOC removal of different pollutant by EF system in 90 min. (The reaction conditions: [OG] = [CP] = [phenol] = [SMX] =
40 mg/L, applied potential:−0.25 V vs RHE, pH= 3, [Fe (II)] = 0.5 mM, electrolyte: [Na2SO4] = 0.1 M).
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Meanwhile, the total organic carbon (TOC) removal efficiency of the EF
systemwas tested and presented in Fig. 7d. After a 90-min reaction, the
TOC removal of phenol and CP were 59.2% and 80.3%, which is higher
than that of SMX (37.3%) and OG (23.8%). The results indicated that
phenolic pollutant is more vulnerable to be mineralized in the EF sys-
tem, while the mineralization of antibiotics and dye pollutant may re-
quire a longer operation period.

From the practical point of view, the stability of the carbocatalysts is
important to be taken into consideration. The ZnBC-550 cathode was
tested by continuous operation for 8 h. No current decay was found
Fig. 8. (a) Chronoamperometric response of ZnBC-550 cathode in O2 saturated solution (−0.25
in ZnBC-550 based EF system; (The reaction conditions: [phenol] = 40 mg/L, applied potentia
on the current response curve, indicating the superior stability. We
also evaluated the reusability of the ZnBC-550-cathode for EF-based
phenol degradation in 10 successive runs. The removal efficiency
slightly decreased to 81% after 10 runs (Fig. 8b), with a satisfactory
stability of ZnBC-550 cathode for working in the highly oxidative envi-
ronment. Moreover, the electrode could be effectively regenerated by
acid-washing to remove the Fe-containing sludge.

Biochar-based EF process was a sustainable and cost-effective sys-
tem for mineralizing the organic pollutants in wastewater. However,
the use of ferrous ions still requires a strict working pH window (2–4)
V vs RHE, pH= 3, electrolyte: 0.1MNa2SO4); (b) Reusability of different organic pollutant
l:−0.25 V vs RHE, pH= 3, [Fe (II)] = 0.5 mM, electrolyte: [Na2SO4] = 0.1 M).
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which limits the applications. In this regard, iron-based heterogeneous
biochar electrocatalysts can synergistically catalyze the 2eORR process
and directly drive the subsequent Fenton oxidation, which may be a
promising strategy to minimize the expense and broaden the working
pH window for EF processes.

4. Conclusions

In summary, porous biochar is a promisingmaterial for electrochem-
ical H2O2 production and electro-Fenton to degrade organic pollutants.
Carbonization temperature has great impacts on the physicochemical
properties of the derived porous biochar, consequently influencing the
catalytic performances in electrochemical production of H2O2 and
electro-Fenton oxidation. Based on the surface and electrochemical
characterizations, high-temperature carbonization at 700 °C not only
guaranteed a highly graphitic structure but also created a porous struc-
ture with rich carbon defects. As a result, ZnBC-700 manifested en-
hanced electrocatalytic activity toward four-electron ORR processes
with an onset potential of 0.62 V vs RHE, yet poor selectivity to H2O2

production. In contrast, low temperature carbonization at 400 °C
yielded rich surface functionalities on biochar with a higher C-O/C=O
ratio, which improved the H2O2 selectivity via a two-electron pathway
yet with a poor activity. ZnBC-550 was the best cathode material with
a satisfactory H2O2 production rate and selectivity, demonstrating a
great capacity for EF-based decomposition of various organic pollutant
in the presence of Fe(II). The ZnBC-550 cathode could maintain good
stability without an obvious decay in efficiency for long-term operation,
because the excellent Fe(III) reduction ability of porous biochar to avoid
sludge deposition. This study gains new insights into electrocatalytic
ORR against H2O2 over porous biochars and provides a low-cost, robust
and high-performance electro-Fenton system for wastewater
purification.
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