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a b s t r a c t
The electrocatalytic performance of different catalysts loaded on activated carbon particle elec-
trodes via an impregnation method was investigated through the degradation of methyl orange in a 
three-dimensional electrode cell. Mn, Co, Zn, Sn, and Sb catalysts were chosen to study the electrocata-
lytic performance of single-component catalysts. The results indicated that 0.4 mol/L Mn and 0.2 mol/L 
Sb catalysts exhibited excellent electrocatalytic activities, whereas the electrocatalytic performance of 
0.6 mol/L Zn catalyst was the worst among the catalysts investigated. The electrocatalytic performance 
of single-component catalysts was related to their concentrations and structures. The electrocatalytic 
performance of double-component catalysts, Co–Mn, Sn–Mn, and Sb–Mn, was also investigated. 
Compared with the single-component catalyst Mn, the degradation half-life with the Sn–Mn and 
Sb–Mn catalysts decreased from 11.3 to 7.4 min and 5.1 min, respectively. In contrast, the half-life 
with the Co–Mn catalyst increased from 11.3 to 14.9 min. The combination of two catalytic compo-
nents produced synergetic or antagonistic effects on the electrocatalytic performance of the resulting 
double-component catalyst. The triple-component catalyst, Sn–Sb–Mn, did not further improve the 
electrocatalytic performance of the corresponding double-component catalysts because of agglomera-
tion occurring at the electrode surface. The incorporation of an excessive amount of components was 
not conducive to enhancing the electrocatalytic performance of catalyst. The possible mechanism for 
the differences in the electrocatalytic performance of different catalysts was discussed in detail.

Keywords:  Electrocatalytic performance; Single-component catalyst; Double-component catalyst; 
Triple-component catalyst; Particle electrodes

1. Introduction

Electrochemistry offers several promising approaches 
that, in many cases, can be employed in “green” processes 
that prevent pollution problems [1]. Powerful redox reagents 
(e.g., hydroxyl radicals, hypochlorite, ozone, and metal redox 
couples) are produced in electrochemical reactions, and these 
reagents can oxidize a host of organic pollutants [2]. Thus, the 
technique has been widely applied to the treatment of textile 
wastewater [3], tannery wastewater [4], pigment wastewater 
[5], bilge wastewater [6], and municipal wastewater [7].

The electrochemical technology based on a three- 
dimensional electrode has been attracting significant attention 
and interest because it can yield treatment efficiency higher 
than that provided by a conventional two-dimensional elec-
trode because of its greater surface area-to-volume ratio [8]. 
Three-dimensional electrode technology has been used to 
degrade landfill leachate [9], real dyeing wastewater [10], 
refinery wastewater [11], coking wastewater [12], and paper-
mill wastewater [13]. Compared with those of a conventional 
two-dimensional electrode, the primary characteristic of the 
three-dimensional electrode is that numerous small particles 
placed in the three-dimensional electrode system form charged 
microelectrodes under the influence of an electric field; such 
electrodes are referred to as particle electrodes. The observed 
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higher efficiency of the three-dimensional electrode has been 
attributed to the larger specific surface area produced by parti-
cle electrodes [11]. This characteristic of particle electrodes has 
played an important role in allowing researchers to estimate 
the performance of the total system [14].

The development of efficient particle electrodes is key for 
overcoming the high-cost bottleneck in the electrochemical treat-
ment of wastewater. Recently, carbon nanotube (CNT) particle 
electrodes have been reported to be effective in the treatment 
of wastewater and can be considered as a new type of three- 
dimensional particle electrodes [15]. The main advantage of 
CNT particle electrodes is their ability to facilitate contaminant 
mass transfer from the bulk solution to the electrode surface; 
this ability stems from the enhanced surface area of these elec-
trodes, which often leads to higher reaction rates [16]. A novel 
mesoporous carbon material, carbon aerogel (CA), has been 
prepared for use as the particle electrode in a three-dimensional 
electrode cell [17]. CA exhibits numerous exceptional proper-
ties, such as low mass density, continuous porosity, high surface 
areas, and high electrical conductivity [18]. However, the tech-
niques for preparing these particle electrodes are complicated, 
which is not conducive to its application.

The most commonly used particle electrode material is 
activated carbon (AC), and electrodes based on this mate-
rial have been used to effectively treat pollutants [19,20]. The 
performance of AC electrodes can be attributed to the good 
adsorbability and electroactivity of AC under electrochemical 
conditions [21]. At the same time, it is also one of the most 
common carriers for catalysts [22,23]. The supporting of cata-
lysts on particle electrodes provides one alternative to enhance 
the specific surface area of the electrode and promote mass 
transfer, which is one of the limitations in a two-dimensional 
system [24]. In a three-dimensional electrode cell, catalysts 
on particle electrodes undergo different heterogeneous reac-
tions, of which Fenton and Fenton-like reactions are the most 
promising [25]. In addition to iron, other transition metals can 
also exhibit catalytic activity toward Fenton-like reactions, 
such as manganese, nickel, and cobalt [26–28]. Some rare met-
als (e.g., Sn and Sb) are also good catalysts for the degradation 
of organic compounds. The electrocatalytic performance of 
Sb2O3/AC particles is superior to that of AC particle electrodes 
[29]. However, to the best of our knowledge, very little work 
has studied the difference in electrocatalytic performance of 
different catalysts supported on particle electrodes.

In this paper, several economical and widely used cat-
alysts were chosen and loaded onto AC particle electrodes 
using an impregnation method. We systematically inves-
tigated the electrocatalytic performance of single- and 
multiple-component catalysts through the degradation of 
methyl orange in a three-dimensional electrode cell and ana-
lyzed the reasons for the difference in electrocatalytic activ-
ity of catalysts by characterizing the surfaces of the particle 
electrodes. This study may contribute to the development of 
efficient and practical particle electrodes.

2. Materials and methods

2.1. Materials

Granular AC with an average particle size of 5.6 ± 1 mm 
was purchased from Sinopharm Chemical Reagent Co., Ltd. 

(China) and used to fabricate particle electrodes. The AC was 
washed with boiling water four times and then dried at 373 K 
for approximately 4 h before use.

Manganese nitrate solution (Mn(NO3)2, 50%), cobalt 
nitrate hexahydrate (Co(NO3)2·6H2O), zinc nitrate hexa-
hydrate (Zn(NO3)2·6H2O), tin chloride pentahydrate 
(SnCl4·5H2O), and antimony chloride (SbCl3) were purchased 
from Shanghai Chemical Reagent Co., Ltd. (China) and were 
used as precursors for the preparation of Mn, Co, Zn, Sn, and 
Sb catalysts, respectively. All chemicals were of analytical 
grade, and each was prepared as a 2 mol/L stock solution. 
Working solutions with different concentration were freshly 
prepared by diluting the stock solution with water before use.

2.2. Loading of catalysts

One or more catalytic components were loaded onto 
AC particle electrodes using an impregnation method. 
Approximately 10.00 g of dry AC particles was immersed 
into 100.0 mL of a working solution and oscillated by a 
shaker at 150 rpm for 3.5 h. The working solutions used in the 
immersing process included one, two or three components 
of Mn(NO3)2, Co(NO3)2·6H2O, Zn(NO3)2·6H2O, SnCl4·5H2O, 
and SbCl3. After impregnation, the AC particles were dried 
by being heated at 353 K for 2 h and were subsequently cal-
cined at 673 K for 3.5 h. The same procedure was repeated 
once again, and the corresponding catalyst was loaded onto 
particle electrodes.

2.3. Determination of electrocatalytic performance

The electrocatalytic performance of the catalysts sup-
ported on AC particle electrodes was evaluated by degra-
dation of methyl orange in a three-dimensional electrode 
cell, shown in Fig. 1. The cell was constructed of plastic and 
had dimensions of 15 cm × 8 cm × 6 cm. The stainless steel 
anode and cathode (main electrodes) were situated 4.4 cm 
apart, and 10.00 g particle electrodes loaded with a catalyst 
were packed between the two main electrodes. A magnetic 
stirrer stirred the methyl orange solution at 800 rpm. Prior 
to electrolysis, the particle electrodes were first soaked in 
methyl orange solution for 24 h to avoid adsorption effects. 
During electrolysis, the potential of 9 V used in this study 
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Fig. 1. Schematic diagram of a three-dimensional electrode cell. 
1: support, 2: anode, 3: cathode, 4: particle electrode, 5: micropore 
plate, 6: magnetic stirrer, and 7: magnetic stirring apparatus.
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was controlled by a DC power supply. 200 mL of 10.0 mg/L 
methyl orange solution was used in each test, and 12 g/L 
Na2SO4 was added to the methyl orange solution as an elec-
trolyte. The treated solution was then subjected to analysis of 
the remaining methyl orange concentration at selected elec-
trolysis time intervals.

2.4. Analytical method and calculation

The concentration of methyl orange remaining in the 
solution after electrolysis was determined with a UV 1102 
spectrophotometer. The analytic wavelength selected for 
the absorption measurement was 463 nm. The absorbance 
of solution at 463 nm was proportional to the methyl orange 
concentration in the range from 0.8 to 10.0 mg/L, and the 
standard curve equation was as follows:

A = 0.0723c – 0.012 (1) 

where A was the absorbance of solution, c represented the 
methyl orange concentration (mg/L). The decolorizing effi-
ciency was calculated as follows:

Decolorizing efficiency (%) =
−

×
c c
c

t0

0

100  (2)

where c0 was the initial methyl orange concentration and ct 
was the residual methyl orange concentration after degrada-
tion time t (min). The degradation rate of methyl orange was 
closely related to the electrocatalytic performance of the cat-
alyst in the whole electrolysis process. The concentration of 
methyl orange in the degradation process with different cata-
lysts followed a first-order kinetic equation well, and the rate 
constant was obtained by using the corresponding regression 
equation, as shown in Eq. (3): 

ln(ct/c0) = –kt (3)

where k was the degradation rate constant, and t was the deg-
radation time.

The slope of the linear regression line of ln(ct/c0) against 
time gave the degradation rate constant. The half-life (t1/2) 
was determined by Eq. (4): 

t1/2 = ln2/k (4)

The surface morphologies of the particle electrodes were 
characterized by scanning electron microscopy (SEM, Carl 
Zeiss SUPRA55). The specimens were sprayed with gold 
prior to analysis. The phase structure of the particle elec-
trodes was examined by X-ray diffraction (XRD), which 
was performed on a Rigaku D/max 2500PC diffractometer 
equipped with a Cu-Kα radiation source that was operated 
at 60 kV and 300 mA. In addition, the elemental compositions 
of particle electrodes were determined by energy-dispersive 
spectrometry (EDS), which was performed using an Oxford 
unit attached to the scanning electron microscope.

3. Results and discussion

In a three-dimensional electrode cell, oxidation of organic 
matter could be classified as direct oxidation at surface of 

anode and particle electrodes and indirect oxidation distant 
from the electrode surface [30]. The degradation of methyl 
orange depended on electrolysis reaction parameters and 
electrode types. The surface and material of particle elec-
trodes greatly influenced the process. Electrocatalytic oxi-
dation mainly used free radicals produced by a catalyst 
attached on particle electrodes under an electric field to oxi-
dize methyl orange. The decolorizing efficiency of methyl 
orange was closely related to the electrocatalytic perfor-
mance of the catalyst.

Five catalysts are investigated in this study: the transi-
tion metals Mn, Co, and Zn, which are in the fourth period 
of the periodic table of the elements, and rare metals Sn and 
Sb, which are in the fifth period of the periodic table of the 
elements. Although iron is also a commonly used catalyst, it 
is not investigated in the present work to avoid interference 
produced by a typical Fenton reaction [31].

3.1. Electrocatalytic performance of single-component catalysts

To compare the electrocatalytic performance of sin-
gle-component catalysts, we investigate the effect of the 
concentration of different single-component catalysts on 
degrading methyl orange, and the results are shown in Fig. 2. 
A greater decolorizing efficiency indicates better electrocata-
lytic performance of the catalyst. The electrocatalytic perfor-
mance of each of the investigated catalyst was closely related 
to its concentration. As evident in the results in Fig. 2, the 
optimal concentrations of the Mn, Co, Zn, Sn, and Sb cata-
lysts were 0.4, 0.6, 0.6, 0.8, and 0.2 mol/L, respectively, and 
their corresponding decolorizing efficiencies reached 72.0%, 
53.8%, 45.9%, 64.5%, and 65.2%, respectively. When the cat-
alyst loading was excessive, some H2O2 molecules produced 
during the electrolysis process were decomposed into oxy-
gen and water at the catalyst surface before the organic mol-
ecules were degraded [32], which inhibited the degradation 
of methyl orange. Therefore, high catalyst loadings were not 
conducive to improving the catalysts’ electrocatalytic activity.

The presence of chloride ions seems to enhance the decol-
orizing efficiency of organic pollutants [33]. According to the 
EDS composition analysis, the chlorine content in particle 
electrodes loaded with 0.8 mol/L Sn catalyst was approxi-
mately 1.97%, whereas that in particle electrodes loaded with 
0.2 mol/L Sb catalyst was approximately 2.83%, which was 
1.44 times greater than that in the former case. However, their 
decolorizing efficiencies were very similar. Furthermore, the 
decolorizing efficiency of particle electrodes did not increase 
when the Sb catalyst concentration was increased from 0.6 
to 1.0 mol/L. Therefore, the effect of chlorine attached to the 
particle electrodes on the catalysts’ electrocatalytic perfor-
mance could be ignored in this study.

According to the data measured above, the electrocat-
alytic performance of the fifth-period metal catalysts was 
superior to that of catalysts in the fourth period. The electron 
transfer plays a critical role in the electrocatalytic process 
[34]. The enhancement of heterogeneous electron transfer 
can cause electrodes to exhibit high electrocatalytic oxida-
tion [35]. Therefore, palladium (a fifth-period catalyst) and 
iridium (a sixth-period catalyst) are used to improve the per-
formance of electrodes [36,37]. However, the electrocatalytic 
performance of different metal catalysts in the same period 
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was not completely consistent. The decolorizing efficiency 
with 0.8 mol/L Sn catalyst was almost the same as that with 
0.2 mol/L Sb catalyst, and the Sb catalyst exhibited better 
electrocatalytic activity. Therefore, the electrocatalytic activ-
ity of metal catalysts had also been suggested to depend on 
the number of unpaired electrons in the metal atom because 
unpaired electrons facilitated chemical bond breaking of 
organic compounds during electrochemical oxidation [38]. 
This conclusion was also confirmed from the other three 
catalysts (Mn, Co, and Zn) in the fourth period. The electro-
catalytic performance of the Mn catalyst with five unpaired 
electrons was the strongest, whereas the electrocatalytic per-
formance of Zn catalyst without unpaired electrons was the 
weakest.

The time course variation in normalized concentration 
of methyl orange and its dependence on single-component 
catalysts are illustrated in Fig. 3. The amount of degradation 
was closely related to the type of single-component catalysts. 
Based on the concentration data in Fig. 3, the electrocatalytic 
degradation of methyl orange with different catalysts was 
found to fit the first-order kinetic model well (Eq. (3)). The 
degradation rate constants and half-life values, including 
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Fig. 2. Effects of single-component catalyst concentration on the decolorizing efficiency of particle electrodes: (a) Mn catalyst, (b) 
Co catalyst, (c) Zn catalyst, (d) Sn catalyst, and (e) Sb catalyst. Experimental condition: 10.00 g particle electrode dose, 200 mL of 
10.0 mg/L methyl orange solution, 12 g/L Na2SO4, 9 V cell voltage, 20 min electrolysis time and repeated three times.
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Fig. 3. Variation of normalized methyl orange concentration as 
a function of degradation time with different single-component 
catalysts. Experimental condition: 10.00 g particle electrode dose, 
200 mL of solution, c0 10.0 mg/L methyl orange, 12 g/L Na2SO4, 
and 9 V cell voltage.
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those of some experiments that will be described elsewhere 
in this paper, are presented in Table 1. Regression coefficient 
(R2) was often >0.97 suggesting that the electrochemical deg-
radation of methyl orange with different catalysts followed 
first-order kinetics in their concentrations. Mn and Sb cata-
lysts exhibited excellent electrocatalytic activities accord-
ing to catalyst concentration and degradation half-life. The 
degradation half-life was the shortest in the case of Mn, only 
11.3 min; the concentration supported on particle electrodes 
was the lowest in the case of Sb, only 0.2 mol/L, and the half-
life with this catalyst was 13.4 min. The results demonstrate 
that the electrocatalytic performance of the single-component 
catalysts was closely related to their concentration and struc-
tural features. The catalysts with more unpaired electrons 
and/or larger atomic radii exhibited greater electrocatalytic 
activity.

Fig. 4 shows the XRD patterns of particle electrodes with 
Mn and Sb catalysts. The diffraction peaks in Fig. 4(a) indi-
cated that crystalline patterns were formed on the electrode 
surface during loading of the Mn catalyst. However, the dif-
fraction peaks changed after the particle electrodes had been 
used. These changes indicated that the stability of the Mn 
catalyst on the electrode surface was poor and its electrocata-
lytic activity would be affected after it was used. In contrast, 
no diffraction peaks were apparent in the XRD patterns in 
Fig. 4(b). The Sb catalyst did not show crystalline patterns, 
indicating a good dispersion of this catalyst. In the experi-
ments of degrading methyl orange for 10 times repeatedly, 
the decolorizing efficiency with the Sb catalyst maintained 
in the range from 60.6% to 65.2%, whereas that with the Mn 
catalyst showed a downward trend from 72.0% to 52.8%. The 
Sb catalyst exhibited stable performance.

3.2. Electrocatalytic performance of double-component catalysts

The effect of Zn component on the electrocatalytic per-
formance of double-component catalysts was not studied 
because of its poor electrocatalytic activity. The electrocata-
lytic performance of three double-component catalysts based 
on Mn, that is, Co–Mn catalyst, Sn–Mn catalyst, and Sb–Mn 
catalyst, was investigated in detail.

The effects of component concentration on the electro-
catalytic performance of double-component catalysts are 
shown in Fig. 5. When the Mn concentration was 0.4 mol/L, 
the decolorizing efficiency of particle electrodes with Co–Mn 
catalyst reached a maximum value 56.9% with the addition 
of 0.4 mol/L Co (Fig. 5(a)). When the Co concentration was 
0.4 mol/L, the decolorizing efficiency increased to 61.7% with 
the addition of 0.6 mol/L Mn, which was 10.3% less than 
the decolorizing efficiency achieved with the 0.4 mol/L Mn 
single-component catalyst. Therefore, the electrochemical 
performance of the Co–Mn catalyst could not be effectively 
improved by the combination of Mn and Co catalytic com-
ponents. The decolorizing efficiencies of particle electrodes 
with Sn–Mn catalysts combined in different concentrations 
were greater than 81% (Fig. 5(b)), which was higher than that 
achieved with either Sn or Mn single-component catalyst. 
The decolorizing efficiency with Sn–Mn catalyst increased 
slightly with increasing concentration of the Mn component. 
However, if the amount of Mn component in the catalyst was 
partially substituted by that of Sn component, the decolorizing 
efficiency decreased from 85% to 81%. These results indicate 
that the content of each component affected the electrocata-
lytic activity of Sn–Mn catalyst. The decolorizing efficiency 
with Sb–Mn catalyst at different concentrations was stable 

Table 1
First-order kinetic parameters for the degradation of methyl 
orange with different catalysts supported on particle electrodes

Catalyst Concentration 
(mol/L)

k  
(1/min)

R2 t1/2  
(min)

Zn
Co
Sn
Sb
Mn
Co–Mn
Sn–Mn
Sb–Mn
(Sb–Mn)–Sn
(Sn–Mn)–Sb
Sn–Sb–Mn

0.6
0.6
0.8
0.2
0.4
0.4:0.6
0.8:0.4
0.1:0.4
0.1:0.4:0.8
0.8:0.4:0.1
0.8:0.1:0.4

3.23 × 10–2

4.25 × 10–2

4.98 × 10–2

5.16 × 10–2

6.16 × 10–2

4.66 × 10–2

9.42 × 10–2

13.51 × 10–2

4.60 × 10–2

4.90 × 10–2

6.36 × 10–2

0.979
0.987
0.981
0.992
0.983
0.973
0.996
0.992
0.994
0.982
0.979

21.5
16.3
13.9
13.4
11.3
14.9
7.4
5.1

15.1
14.1
10.9
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Fig. 4. XRD patterns of particle electrodes loaded with (a) Mn 
catalyst and (b) Sb catalyst.
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and exceeded 87% (Fig. 5(c)), which was significantly higher 
than that achieved with either Sb or Mn single-component 
catalyst. Furthermore, in the process of degrading methyl 
orange repeatedly, the decolorizing efficiency with Sb–Mn 

catalyst remained within the range from 83.1% to 87.9%. The 
stability of the Sb–Mn catalyst was further confirmed by the 
corresponding XRD patterns shown in Fig. 6. The diffraction 
peaks in Fig. 6 almost did not change after the particle elec-
trodes had been used for 10 times, which indicated that the 
addition of Sb component might improve the stability of the 
Mn catalyst. Therefore, the Sb–Mn catalyst exhibited both 
excellent electrocatalytic activity and good stability.

The concentration of methyl orange decreased expo-
nentially with degradation time in the presence of the three 
double-component catalysts (Fig. 7). More than 80% methyl 
orange was degraded during 15 min electrochemical treat-
ment with the Sb–Mn catalyst. Based on the kinetic analysis 
in Table 1, the addition of Sb component in the Sb–Mn cata-
lyst resulted in a 54.8% reduction in the half-life compared 
with the Mn single-component catalyst. However, the half-
life with the Co–Mn catalyst was 14.9 min, which was 1.4 min 
shorter than that with the Co single-component catalyst but 
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Fig. 5. Effects of component concentration on the decolorizing 
efficiency of double-component catalysts: (a) Co–Mn catalyst, 
(b) Sn–Mn catalyst, and (c) Sb–Mn catalyst. Experimental condi-
tion: 10.00 g particle electrode dose, 200 mL of 10.0 mg/L methyl 
orange solution, 12 g/L Na2SO4, 9 V cell voltage, 20 min electrol-
ysis time and repeated three times.
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200 mL of solution, c0 10.0 mg/L methyl orange, 12 g/L Na2SO4, 
and 9 V cell voltage.
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3.6 min longer than that with the Mn single-component cata-
lyst. The combination of Co and Mn components did not result 
in enhanced electrocatalytic performance; on the contrary, it 
weakened the electrocatalytic effect of the Mn catalyst which 
exhibited good catalytic activity. Therefore, the combination 
of any two components did not improve the electrocatalytic 
performance of the resulting double-component catalysts. 
The electrocatalytic performance of double-component cat-
alysts could be effectively improved when synergetic effects 
were produced in the process of combining two catalytic 
components, which mainly depended on good electrocata-
lytic properties of each component.

3.3. Electrocatalytic performance of triple-component catalysts

We used 0.8 mol/L Sn, 0.1 mol/L Sb, and 0.4 mol/L Mn to 
investigate whether the electrocatalytic performance of the 
catalysts could be further improved through the combina-
tion of these three components. In addition, the effect of the 
loading order of the three catalytic components on the elec-
trocatalytic performance of the resulting catalysts was also 
investigated.

Three different orders of the loading of Sn, Sb, and Mn 
components onto particle electrodes were investigated. In the 
first case, the Sb and Mn components were loaded onto parti-
cle electrodes first, followed by the loading of the Sn compo-
nent; this catalyst was represented here as (Sb–Mn)–Sn. In the 
second case, the Sn and Mn components were loaded onto par-
ticle electrodes first, followed by the loading of the Sb compo-
nent; this catalyst was represented as (Sn–Mn)–Sb. In the third 
case, the Sn, Sb, and Mn components were loaded onto par-
ticle electrodes simultaneously; this catalyst was represented 
as Sn–Sb–Mn. The triple-component catalysts supported on 
particle electrodes were used to degrade methyl orange, and 
the variations of normalized methyl orange concentration 
were presented in Fig. 8. Among the triple-component cat-
alysts prepared in the above orders, the degradation rate of 
methyl orange with the Sn–Sb–Mn catalyst was slightly faster 
than that with the other two catalysts. We observed that, when 
the three components were loaded simultaneously, a large 
amount of gas was produced during the impregnation process 
and some black materials were produced inside and outside 
the container during the calcination process. However, these 
phenomena were not observed in the other two catalysts. 
These different reactions produced in the loading process with 
different orders might be responsible for the different electro-
catalytic activities exhibited by the triple-component catalysts.

According to Table 1, the half-life with the Sn–Sb–Mn 
catalyst was 10.9 min, which was approximately 2.1 times 
greater than that with the Sb–Mn catalyst. The electrocata-
lytic performance of the triple-component catalyst was worse 
than that of corresponding double-component catalyst. More 
components of the catalyst might not yield better catalytic 
performance. Excessive catalytic components supported 
on particle electrodes weakened the electrocatalytic perfor-
mance of the resulting catalysts and degraded their activity.

Fig. 9 shows the microscopic structure of particle electrodes 
with different catalysts. The Mn catalyst was loaded onto the 
surface of the particle electrodes in the form of granules, but 
failed to form fine and evenly dispersed particulates (Fig. 9(a)), 
whereas a good dispersion of the Sb catalyst could be observed 

in Fig. 9(b). These granules decreased the specific surface area 
of the electrode and were easily stripped from the electrode 
surface, which affected the catalytic stability of the Mn catalyst. 
When Sb component was added to the Mn catalyst, the surface 
of the resulting particle electrodes exhibited a homogeneous 
microstructure with fine particulates because of the interaction 
of the two components (Fig. 9(c)). The combination of Sb and 
Mn increased the number of pores on the electrode surface. 
Such porous structures play an important role when catalytic 
layers, which act as electron conduction paths from the catalyst 
to the solution bulk, are fabricated on electrode surfaces [39]. 
An increase in the number of pores is not only conducive to 
the mass-transfer diffusion of pollutants and powerful redox 
reagents during the electrolysis process but also increases the 
number of catalytically active sites. Therefore, the electrocata-
lytic performance of the Sb–Mn catalyst was superior to that of 
the corresponding single-component catalyst. However, when 
three components, that is, Sn, Sb, and Mn, were loaded onto 
particle electrodes simultaneously, the presence of excessive 
amounts of the catalyst components obviously changed the 
electrode surface structure, as shown in Fig. 9(d), where the 
microscopic structure of aggregates was evident. The agglom-
eration of the catalyst blocked the voids or pores in the elec-
trode surface, which inhibited the transport of pollutants and 
products during the electrolysis process. Therefore, although 
the number of catalyst components was increased in the case 
of the Sn–Sb–Mn catalyst, its electrocatalytic performance 
was weakened. The half-life with the Sn–Sb–Mn catalyst was 
similar to that with the Mn single-component catalyst. The 
incorporation of an excessive amount of components did not 
further enhance the electrocatalytic performance of resulting 
catalyst; on the contrary, it increased the treatment cost and led 
to the waste of resources.

4. Conclusion

Transition metals and rare metals supported on parti-
cle electrodes served as catalysts in the electrolysis process. 
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Fig. 8. Variation of normalized methyl orange concentration as 
a function of degradation time with different triple-component 
catalysts. Experimental condition: 10.00 g particle electrode dose, 
200 mL of solution, c0 10.0 mg/L methyl orange, 12 g/L Na2SO4, 
and 9 V cell voltage.
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The electrocatalytic performance of single-component cata-
lysts was closely related to their concentrations and the fea-
tures of their electronic structures. Mn and Sb were observed 
to be excellent catalysts in this study. The combination of two 
catalytic components could enhance or counteract the elec-
trocatalytic performance of the resulting double-component 
catalysts, depending on the electrocatalytic activity of each 
component. The double-component catalyst consisting of a 
combination of Sb and Mn exhibited improved electrocat-
alytic performance compared with that of Sb or Mn alone, 
whereas the combination of Co and Mn components weak-
ened the electrocatalytic performance of the Mn catalyst. The 
combination of three catalytic components was not condu-
cive for improving the electrocatalytic performance of cata-
lysts because of agglomeration that occurred at the electrode 
surface.
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