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ABSTRACT

To improve the cathode electro-catalytic degradation performance of electrochemical advanced oxidation processes
(EAOP), Pd metal and CeO, co-modified Nano-graphite (Pd/CeO,/Nano-G) composite was synthesized by chemical
precipitation and reduction methods, and Pd/CeO,/Nano-G cathode was prepared by a hot-pressing method. The as-pre-
pared composite and electrode were characterized by X-ray photoelectron spectroscopy, X-ray diffraction and scanning
electrons microscopy. Results revealed that the mix-crystal structural CeOx (Ce,0; and CeO,) and Pd’ metal were
formed. The cathode was applied for the electro-catalytic degradation of phenol wastewater. The degradation efficiency
of phenol by Pd, /CeO,;,/Nano-G cathode reached 99.6% within 120 min degradation, which were higher than that of
CeO,; /Nano-G and Nano-G cathodes. Both of the Pd metal and CeO, could improve the O, reduction to H,0O, and pro-
mote the H,0O, dissociation to *OH for phenol oxidation. Additionally, the effects of electro-catalytic reaction parameters
on the phenol degradation were investigated. The results indicated that Pd/CeO,/Nano-G cathode would have promise
for further practical application in organic wastewater treatment.
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ARTICLE INFO 1. Introduction

Phenolic compounds, as a kind of ubiquitous, toxic, and harmful
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pollutants, such as higher efficiency, more thorough reaction, and no
secondary pollution®”!. Electrochemical advanced oxidation technol-
ogy has been widely used because of its advantages of space-saving,
easy operation, and high efficiency'®”. This technology mainly uses the
generation of active species with strong oxidation ability and no se-
lectivity during the electrochemical reaction, such as hydroxyl radical
(*OH) and hydrogen peroxide (H,0,), to realize the degradation and
mineralization of organic matter in water'®. The electrochemical cell is
mainly composed of an anode, cathode, and electrolyte, among which
there are relatively many studies on anode materials™'". In the electro-
chemical reaction process, the cathode mainly produces the reduction
reaction of O, initiated by 2 electrons, and the generated H,O, is further
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decomposed into *OH under the action of catalyst,
to realize the degradation reaction of organic matter
catalyzed by cathode!’"?. Therefore, researching
and developing new efficient cathode materials great
significantly improve the performance of the electro-
chemical cell.

In recent years, carbon materials (graphite,
carbon black, activated carbon, etc.) are often used
as a cathode to catalyze O, reduction reactions be-
cause of their cheap and stable characteristics'* ",
Nano-graphite, as a new carbon nanomaterial, has
excellent physical and chemical properties, for ex-
ample, it has good thermal stability and conductivity.
In particular, the porous structure and large specific
surface area of Nano-graphite are conducive to the
uniform and stable loading of other catalyst mate-
rials on its surface, to improve the catalytic perfor-
mance of Nano-graphite!”'"*. Rare earth compounds
have unique physical and chemical properties, so
they are used in many fields. As an important rare
earth element, cerium oxide (CeO,) has been widely
concerned because of its good performance as the
catalyst, catalyst carrier, solid electrolyte in fuel cell,
and oxygen sensing material'>*". In addition, noble
metal materials such as Pd and Pt have an excellent
catalytic effect on cathode oxygen reduction reac-
tion, so they are often used to improve the perfor-
mance of cathode materials””'**. The results of the
author’s previous work show that by regulating CeO,
(coexistence of Ce’" and Ce*) to build a complex
with Nano-graphite, we can not only promote the
production of H,O, but also convert it into *OH, to
immensely improve the catalytic performance of the
cathode™

performance can be further improved by introducing

. On this basis, whether the electrocatalytic

precious metals remains to be studied.

In this work, ceria (CeO,) and metal Pd co-mod-
ified Nano-graphite composite materials were pre-
pared by chemical precipitation and formaldehyde
reduction, then electrochemical cathode prepared by
the hot pressing method for electrocatalytic degra-
dation of phenol wastewater. SEM, XRD, and XPS
were used to analyze the morphology and compo-
sition of the composites, optimize the reaction con-
ditions and reveal the mechanism of improving its
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catalytic activity.

2. Experiment

2.1 Reagents and instruments

The main reagents used in the experiment are
as follows: Ce(NO;);*6H,0(AR), PdCI,(AR), natu-
ral flake graphite(200 mesh, 95% C), formaldehyde
solution (AR), potassium permanganate (AR), abso-
lute ethanol (AR), ammonia (AR), etc. SEM (Philips
XL-30-ESEM-FEG), XRD(XRD-D/max III B),
tube voltage 40 kV, tube current 30 mA, Cu Ka),
XPS (PHI5700), voltage 12.5 kV, current 30 mA, Al
Ka). The morphology, crystal structure, and element
composition of a series of samples characterized.
Analyzing the catalytic reaction products by ultravi-
olet-visible spectrophotometer (T6) and fluorescence
spectrophotometer (LS55, Perkin Elmer).

2.2 Characterization method of material ac-
tivity

2.2.1 Preparation of composite cathode

Use the stainless steel mesh after pickling and
caustic washing as the electrode support. Place
the beaker with composite materials in a constant
temperature water bath pot at 65 °C, and add an ap-
propriate amount of binder polytetrafluoroethylene
(PTFE) emulsion and dispersant anhydrous alcohol
to the mixture under the stirring conditions. Put the
mixed paste on the stainless steel net and roll it re-
peatedly with a roller press to make the paste firmly
adhere to the stainless steel net. Place the composite
electrode prepared above in distilled water, heat and
boil for 30 min, take it out and dry it in an 80 °C
oven for 2 h.

2.2.2 Electrochemical performance test meth-
od

The device consists of an electrolytic cell, DC
regulated power supply (dual-channel DC power
supply, DH1715A-5), diaphragm, anode and cath-
ode electrodes, and air aeration device. The electro-
lytic cell is a plexiglass reactor with 120 mL. It uses
cotton cloth as the diaphragm, self-made composite
electrode as a cathode, titanium coated ruthenium



material as an anode, sodium sulfate as supporting
electrolyte (0.1 M), simulating the degradation of
phenol wastewater (100 mg/L) (the size of cath-
ode and anode is 4 cm X 4 cm). The absorbance of
phenol solution at different electrolysis times was
measured with a T6 UV-Vis spectrophotometer at
the wavelength of 510 nm. And then draw the phenol
standard curve. Determine the concentration of phe-
nol by 4-amino antipyrine spectrophotometry. The
calculation formula is as follows: X% = (C, — C)/C,
x 100%, where C, is the initial concentration of phe-
nol and C, is the phenol concentration at time ¢.

Determination of H,0O, concentration: hydrogen
peroxide is a strong oxidant and will be oxidized
only reacting with a stronger oxidant. Therefore, po-
tassium permanganate titration is used to detect the
concentration of hydrogen peroxide. The reaction is
as follows: 2KMnO, + 3H,SO, + 5H,0, — K,SO, +
2MnSO, + 50,1 + 8H,0. The calculation formula of
H,0, concentration is as follows: C = (V x 34 x 5 x
0. 002 x 1000)/(25 x 2), in which C is the concentra-
tion of H,O,; V' is the volume of potassium perman-
ganate.

Detection of hydroxyl radical: hightly fluores-
cent substances of 2-OHBZ and 3-OHBZ strong gen-
erate after the reaction of benzoic acid with hydroxyl
radical, which can be indirectly determined by the
change of fluorescence intensity. LS55 fluorescence
spectrophotometer produced by Perkin Elmer com-
pany is used to detect the concentration of 3-OHBZ.
The experimental conditions are as follows: the ex-
citation wave is 305 nm, the emission wavelength is
300-600 nm, the incident and exit narrow are 10 nm,
and the sensitivity is medium.

2.3 Experimental process

2.3.1 Preparation of Nano-graphite

Natural flake graphite with a particle size of
200 mesh is the raw material. Mix it with potassium
permanganate, and pour them into a beaker filled
with perchloric acid, then stirred evenly. Placed in a
constant temperature water bath for 40 min. Transfer
the mixture to a large container, and wash it repeat-
edly with distilled water until the filtrate is neutral,

92

filter it and dry it in an 80 °C oven to obtain graph-
ite interlayer compound. Put the graphite interlayer
compound into a crucible and microwave expanded
for 20 s to get expanded graphite. The prepared ex-
panded graphite is added to ethanol solvent to form a
uniform suspension, crushed in an ultrasonic cleaner
for 12 h, and dried in an oven at 80 °C to obtain Na-
no-G.

2.3.2 Preparation of ceria

Ce(NO,);°6H,0 was dissolved in deionized
water to prepare Ce(NO,), solution with some con-
centration. Add a certain amount of ammonia to the
above solution, stir with the magnetic force for 2 h,
and then age. The precipitate was washed with de-
ionized water and ethanol many times, dried in an 80
°C oven, and calcined in a muffle furnace at 450 °C
for 2 h to obtain a light yellow ceria powder.

2.3.3 Preparation of ceria/Nano-graphite
composites

CeO,,/Nano-G composites were prepared by
chemical precipitation method with Nano-graphite
and cerium nitrate as raw materials. The specific
process is as follows: Ce(NO;);*6H,0 was dissolved
in deionized water to prepare 100 mL of Ce(NO,),
solution with some concentration. Add 1.5 g of Na-
no-graphite into the beaker containing the solution
above, stir and mix evenly, add ammonia as pre-
cipitant, magnetic stirring for 12 h, and static aging
at room temperature for 12 h. Wash the obtained
precipitate with ethanol and deionized water many
times, filter it, and then dry in an 80 degrees cen-
tigrade oven. After calcination at 450 degrees cen-
tigrade in a muffle furnace for 2 h, it obtains ceria/
Nano-G, which was recorded as CeO,,/Nano-G, and
n was the mass percentage of Ce(NO,);°6H,0 added
(3.0%, 5.0%, 7.0%, 9.0%), which was successively
marked as CeO,; ,/Nano-G, CeO,; ,/Nano-G, CeO,, ,/
Nano-G, CeO,,,/Nano-G.

2.3.4 Preparation of palladium and ceria co
modified Nano-graphite composites

1.5 g CeO,;5/Nano-G composite was added to
deionized water and stirred evenly at 80 °C. Weigh
an appropriate amount of palladium chloride (PdCl,)



and dissolve it in concentrated hydrochloric acid.
After palladium chloride is completely dissolved,
add 15 mL of water for dilution, and then add it to
the above solution drop by drop. Magnetic stirre at
80 °C for 2 h, cool to 40 °C, add 36% formaldehyde
solution drop by drop to the mixture above, stir for
30 min, then add 30% sodium hydroxide solution
drop by drop, and adjust the pH of the mixture be-
tween 8-9. After repeated washing and filtration
with deionized water then drying in an oven at 80
°C, the obtained product is palladium/cerium oxide/
Nano-graphite composite, which records as Pd,/
CeO,; /Nano-G, m is the mass percentage of PdCl,
added (1.0%, 2.5%, 3.0%), and then labeled as Pd, ,/
CeO,; /Nano-G, Pd, ,/ CeO,; /Nano-G, Pd, ,/CeO,s o/
Nano-G.

3. Results and discussion

3.1 Material composition and morphology
analysis

As can be seen from Figure 1(a), the XRD
patterns of Nano-graphite show two diffraction
peaks at 26 = 26.6° and 54.6°, corresponding to the
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characteristic diffraction peaks of (002) and (004)
crystal surfaces of graphite materials (JCPDS No.
08-0415)**. In CeO,/Nano-G composite samples,
new diffraction peaks appear at 26 = 28.5°, 33.1°,
47.5°, and 56.4° respectively, corresponding to the
characteristic diffraction peaks of (111), (200), (220)
and (311) crystal planes of CeO,, respectively. It in-
dicates that cerium oxide has successfully loaded on
the surface of Nano-graphite’™'. The diffraction peak
at 20 = 28.6° is sharp, which indicates that the load-
ed cerium oxide has a good crystallinity. The particle
size of cerium oxide is about 10 nm calculated by
the Scherer formula. In addition, the characteristic
diffraction peak of graphite still exists in the com-
posite sample, indicating that the crystal structure of
graphite does not change significantly in the process
of loading cerium oxide. In Pd, ,/CeO,;,/Nano-G, it
shows that 20 = 40.1° is the characteristic diffraction
peak of palladium (111) crystal plane (JCPDS No.
01-1201)", indicating that Palladium has success-
fully loaded on cerium oxide/Nano-graphite. Due
to the low content of palladium, the intensity of the
diffraction peak is weak.

(b)

Figure 1. XRD patterns. (a) of Nano-G, CeO,;/Nano-G and Pd, /CeO,;/Nano-G composite, and SEM image; (b) of Pd, ,/CeO,s o/

Nano-G composite cathode.

As illustrated in Figure 1(b), the mixture of Pd/
CeO,/Nano-G, ethanol, and PTFE emulsion is more
homogeneous. The addition of PTFE leads to uneven
distribution of color on the electrode surface, and
the white granular material on the electrode surface
is palladium and cerium oxide particles loaded with
CeO,. In addition, the electrode surface is not smooth
and dense but full of pits and gaps. The reason is that
the loaded palladium and cerium oxide particles are
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filled between the Nano-graphite layers, forming a
well conductive network on the electrode surface.
The pores on the surface are conducive to the mass
transfer of oxygen and increase the effective area of
a three-phase reaction. It will be conducive to the oc-

. -2
currence of a cathode oxygen reduction reaction’”



(a)

Instensity / a.u.

600 800 1 000

Binding energy /eV

200 400 1200

© Cead

Instensity / a.u.

890 000 910 920

Binding energy /eV

880

It shows that in Figure 2(a), the Pd, /CeO,s/
Nano-G composite contains the binding energy peaks
of C ls, O s, Ce 3d, Ce 4p, and Pd 3d”*""". Figure
2(b) is the XPS spectrum of C Is orbit. The charac-
teristic peaks at the binding energies of 284.6 eV and
285.5 eV belong to the sp2 C—C bond and C-O sin-
gle bond respectively”*”. According to the binding
energy peak position of Ce 3d in Figure 2(c), there
are two valence states of Ce’” and Ce" in the com-
posite sample, of which the binding energy peaks
at 884.3 eV and 902.2 eV belong to Ce’’, 882.5 ¢V,
889.4 eV, 898.5 eV, 900.5 eV, 908.4 eV, while 917.4
eV belong to Ce*". So it infers that there are Ce,0,
and CeO, in the composite sample, and it is a mixed
crystal phase”"*”. Figure 2(d) is the XPS spectrum
of Pd 3d, in which the peaks at 335.5 eV and 340.7
eV correspond to Pd’ 3d 5/2 and Pd’ 3d 3/2 respec-
tively, indicating that palladium in the composite
exists in the form of simple substance***".

3. 2 Study on performance and mechanism of
cathodic catalytic degradation of phenol

3.2.1 Performance of electrocatalytic degra-
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Figure 2. XPS spectrum of (a) Pd, ,/CeO,; /Nano-G composite, and (b) C 1s, (¢) Ce 3d and (d) Pd 3d.
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dation of phenol

It shows that in Figure 3(a), under the condition
of no air explosion, the degradation rate of phenol
by Nano-G cathode is 70.3%. With the increase of
the proportion of composite CeO,, the activity of
composite cathode gradually increases. The activity
of the CeO,; /Nano-G sample reaches 83.5%, and
the activity decreases with the increase of the addi-
tional amount. The reason may be that the introduc-
tion of too much CeO, will cover the active sites on
the electrode surface. To prove the properties of the
composites, it compared the degradation properties
of Nano-G and CeO,5/Nano-G electrodes under the
condition of air explosion. The results showed that
the degradation rate of phenol by CeO,;,/Nano-G
electrode was 93.9%, which was significantly higher
than that of the Nano-G electrode (79.2%). Figure
3(b) focuses on the effect of the introduction of PD
on the performance of the CeO,;,/Nano-G cathode.
The experimental results show that with the increase
of Pd content, the performance of cathodic degra-
dation of phenol is also improved. Under the same
electrolysis conditions, after electrolysis for 80 min,
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Figure 3. Electro-catalytic degradation of phenol by CeO,,/Nano-G cathode with different CeO, content (a), Pdm/CeO,/Nano-G cath-
ode with different Pd content (b), UV-Vis spectral scans of electrolyte on Pd, /CeO,s /Nano-G cathode at different electrolysis time (c),
and repeated utilization of Pd, ,/CeO,;s ,/Nano-G cathode for electro-catalytic degradation of phenol (d).

the corresponding phenol degradation rates of sam-
ples with palladium content of 0%, 1.0%, 2.0% and
3.0% were 67.2%, 78.2%, 90.6% and 99.5% respec-
tively. After 120 min electrolysis, when the palladi-
um content was 0% and 1.0%, the phenol degrada-
tion rates in the cathode chamber were 93.9% and
99.6% respectively. It shows that palladium plays an
important role in the catalytic degradation of phenol.
However, since palladium is the first platinum group
precious metal, from the perspective of cost, this
paper focuses on the mechanism of Pd, ,/CeO,; ,/Na-
no-G composites. The UV-Vis absorption spectra of
phenol solution were studied under the conditions of
different degradation reaction times. It shows that in
Figure 3(c), the initial phenol solution has a strong
absorption peak at 210 nm and 270 nm, which is the
characteristic absorption peak of phenol. With the
gradual progress of the electrolytic reaction, phenol
oxidized, the characteristic structure destroyed, and
the absorption peak gradually weakens and finally
disappears. The degradation of phenol includes three
stages: (1) the conjugated system of double bond
structure of phenol is opened to form benzoquinone
and other substances. (2) benzoquinone is converted
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into some small molecular carboxylic acids. (3) it
is oxidized to carbon dioxide and water. After elec-
trolysis for 20 min, it can see the absorption peak of
benzoquinone at 245 nm. With the passage of deg-
radation time, the absorption peak of benzoquinone
gradually weakens and finally disappears, indicating
that phenol in the system has been degraded"”. In
addition, it further investigated the cyclic stability of
the samples. It shows that in Figure 3(d), the deg-
radation rate of phenol in the cathode chamber does
not decrease significantly after reusing the palladi-
um/cerium oxide/Nano-graphite composite cathode
10 times. If it is continuously used, the degradation
rate of phenol begins to decline, but still maintains a
high degradation rate of phenol. After 15 times of re-
use, it can reach 90%, and the electrode does not fall
off or bubble during use. It shows that the electrode
has good stability and can be reused. It has broad
prospects in the electrocatalytic treatment of organic

wastewater”>.

3.2.2 Mechanism analysis of activity enhance-
ment

To reveal the reason for the high cathode ac-
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of phenol with or without different scavengers by Pd, ,/CeO,; /Nano-

phenol: 100 mg/L and electrolysis time: 120 min; aeration.

tivity of Pd, ,/CeO,s,/Nano-G, the concentration of
H,0, produced in the reaction process was analyzed.
As shown in Figure 4(a), it compared the H,0O, con-
centrations in Nano-G, CeO,;,/Nano-G and Pd, ,/
CeO,;/Nano-G cathode chambers, and analyzed
after 120 min of reaction. The results show that the
concentration of H,O, basically reaches saturation
within the first 20 min of the electrolytic reaction,
and the concentration of hydrogen peroxide does not
increase significantly with the increase of time. It is
mainly due to the high concentration of dissolved
oxygen in the cathode chamber at the initial stage of
electrolysis. More hydrogen peroxide is produced by
reduction™. With the increase of electrolysis time,
the cathode is gradually alkaline, while hydrogen
peroxide is unstable under alkaline conditions and is
easy to convert or decompose into peroxy hydrox-
yl anion. On the other hand, the temperature of the
electrolyte increases with the increase of electro-
lytic time, and the content of dissolved oxygen in
the solution decreases with temperature increasing,
which reduces the reduction reaction of cathode oxy-
gen molecules. At high temperatures, H,O, is unsta-
ble and easily converted to *OH. Therefore, the con-
centration of hydrogen peroxide does not increase
significantly with the increase of time. The concen-
tration of hydrogen peroxide produced by Pd,,CeO,/
Nano-G cathode was significantly higher than that
of CeO,/Nano-G cathode (3.13 mg/L) and Nano-G
cathode (2.18 mg/L) when the reaction time was 120
min. The above results indicate that the co-modifica-
tion of cerium oxide and Pd can effectively promote
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G cathode (¢) (Wastewater pH: 7, current density: 39 mA/cm >,

the reduction reaction process of cathode O,, thus
showing a higher generation capacity of hydrogen
peroxide'.

Figure 4(b) shows the hydroxyl radical cap-
ture fluorescence spectra of Nano-G, CeO,/Nano-G,
Pd, /CeO,/Nano-G cathodes after electrolysis for
120 min. It shows that in Figure 4(b), the charac-
teristic absorption peak of 3-OHBZ appears at 415
nm, which indicates that hydroxyl radical gener-
ates in the electrolysis process, and the fluorescent
substance 3-OHBZ generates after interaction with
benzoic acid™. After electrolysis for 120 min, the
fluorescence intensity of CeO,/Nano-G composite
cathode was higher than that of Nano-G cathode, in-
dicating that the hydroxyl radical produced by CeO,/
Nano-G composite cathode was more than that of
Nano-G cathode. The fluorescence intensity of Pd, o/
CeO,/Nano-G composite cathode is higher than that
of CeO,/Nano-G composite cathode, indicating that
Pd/Ce0O,/Nano-G composite cathode produces the
most hydroxyl radicals. The fluorescence detection
of hydroxyl radical shows that the supported palladi-
um can better catalyze the formation of H,0, and the
generation of free radicals. This is because palladium
has better electron reduction catalytic ability and can
also catalyze the decomposition of hydrogen perox-
ide into hydroxyl radical.

In order to determine the active oxidation
species that play an important role in the cathodic
electrocatalytic degradation of phenol, different ac-
tive radical capture agents were added in the elec-
trocatalytic degradation of phenol. Under the same



electrolytic conditions, the effects of different radical
capture agents on the degradation effect of phenol
were investigated to determine the oxidation effect
of different active radicals on Phenol in the electro-
lytic process”**”. Prepare a 1 mol/L solution of hy-
droxyl (*OH) capture agent tert butyl alcohol (TBA)
and hydrogen peroxide capture agent Fe’’-EDTA.
Add 10 mL to 100 mL phenol electrolyte with a
concentration of 100 mg/L respectively. After elec-
trolysis for 120 min, the phenol degradation rate in
the cathode chamber is shown in Figure 4(c). The
addition of different active radical capture agents had
a certain effect on the degradation of phenol. Among
them, the addition of hydroxyl radical capture agent
TBA had an obvious effect on the degradation rate of
phenol, and the degradation rate of phenol decreased
by 51%. The addition of hydrogen peroxide capture
agent Fe’'-EDTA had little effect on the degradation
rate of phenol, and the degradation rate of phenol
decreased by only 22.3%. This shows that *OH is the
main active species of an oxidation reaction in the
process of electrocatalytic degradation of phenol. At
the same time, the supported palladium can catalyze
the cathode oxygen reduction, adsorb oxygen mole-
cules through its d orbital hole, break its O—O bond,
react with H' in the solution, promote the generation
of hydrogen peroxide and hydroxyl radical, and im-
prove the degradation rate of phenol in the cathode

chamber”,

4. Conclusion

In this paper, Nano-G composites co-modified
by elemental Pd and miscible CeO, successfully
prepared by simple chemical precipitation method
and formaldehyde reduction method and were used
to study the performance of cathodic electrocatalytic
degradation of phenol. Compared with pure Nano-G
and CeO,,/Nano-G, Pd, /CeO,,s/Nano-G samples
show higher activity with and without air explosion,
which is mainly due to Ce’* and Ce** valence states
of CeO, in the complex, which is conducive to ini-
tiating O, reduction reaction to produce H,0,, and
co-catalyzing with elemental Pd to produce more ac-
tive species *OH. Thus, the complex showed higher
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performance of electrocatalytic degradation of phe-
nol.
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