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Abstract: 
The vibration reduction characteristics of composite beams filled with magnetorheological elastomer core are studied experimentally. 
The fiber metal laminates with magnetorheological elastomers core is self-designed and prepared. Internal magnetic field is applied 
to the beam to explore its action of damping vibration performance under the magnetic field for the first time. The composite 
elements test system with controllable magnetic field intensity is designed and the function of each part is introduced. Then, a set of 
reasonable and standard vibration test flow of this type of composite beam under different magnetic field intensity is clarified, and the 
practical test is conducted. It has been found that the composite beam has excellent damping performance with the first 4 damping 
ratios being greater than 10%. Moreover, after the magnetic field is applied, its damping results can be further improved to meet the 
active control purpose.

Keywords: magnetorheological elastomer; fiber metal hybrid composite beam; magnetic field intensity; vibration characteristics; damp-
ing ratio

1. Introduction
Fiber metal laminate (FML) is a new type of non-homogeneous 
composite materials that combine the superior ductility and 
corrosion resistance of metal materials, and the advantage of 
lightweight and high strength of fiber-reinforced composite 
materials [1-3]. Nowadays, there are an increasing number 
of FML plates being used in the fuselage skin, vertical and 
horizontal tail leading edge, rectifying plate, fairing, upper 
fuselage siding and the upper slab of the military and civil 
aircraft [4-5]. Damping is an important indicator of the 
dynamic properties of this type of materials and structures, 
which is very critical to anti-vibration, shock resistance and 
noise control [6-8]. Magnetorheological Elastomer (MRE) is 
an upgraded version of the magnetically controlled fluid 
magnetorheological fluid (MRF) material, which overcomes 
the shortcomings of easy settlement and poor stability of 
MRF [9-11]. If the adjustable damping properties of the MRE 
can be effectively utilized, the vibration resistance, stability 
and fatigue durability of the whole laminate structure can 
be greatly improved.

At present, some researchers have carried out lots 
of researches on the vibration control problems of metal, 

composite beam, plate and shell structures with MRE 
core. Choi et al. [12] studied the vibration response to metal 
beams filled with an MRE core, and found that with the 
increase in thickness of the MRE core, the structural 
damping performance tends to rise. Dwivedy et al. [13] 
used the finite element method to analyze the vibration 
and stability of metal beam structures with an MRE core 
under various boundary conditions, and verified the 
performance advantages of this type of structure in the 
active vibration control. Ni et al. [14] studied the vibration 
response of a metal sandwich beam filled with an MRE core 
under random excitation, and found that the change of the 
external magnetic field has an important influence on the 
shear modulus of the structure. Deng et al [15] developed 
an adaptive tuning vibration absorber (ATVA) based on 
MRE. Through test comparison, it was found that ATVA 
was superior to the traditional passive damper in terms 
of vibration absorption capacity. Wei et al. [16] studied the 
vibration control of a metal sandwich beam filled with an 
MRE core, and found that in different excitation frequency 
ranges, the control effect of the applied magnetic field was 
quite different. Usually, the closer to the natural frequency, 
the better it will be for the vibration control effect of such 
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beam structure. Hu et al. [17] studied the suppression effect of 
the vibration response to metal sandwich beams filled with 
MRE and MRF materials. It was found that their natural 
frequencies decreased with the increase in the applied 
magnetic field intensity, and the MRE has better vibration 
damping performance than that of the MRF.

The literature survey of the work presented here proves 
to be limited research work on MRE material applied in the 
field of active vibration control of FML composite materials, 
especially with the lack of systematic analysis and solution 
of structural damping characteristics. Therefore, from the 
perspective of integrated design of structure and function, 
the fiber metal laminates with an MRE core (MRE-FML) 
are developed in this paper. Further, by taking the beam 
structure with MRE core as an example, its vibration 
reduction performances under different magnetic field 
intensities are investigated and evaluated based on the 
experimental results.

2. Preparation of the MRE-FML beam
The studied MRE-FML beam is composed of two metal 
layers, two fiber-reinforced layers and an MRE core, whose 
structural schematic is shown in Fig. 1.
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Figure1. Theoretical model of MRE-FML composite beam
Silicone rubber and silicone oil were used as the 

matrix materials, and carbonyl iron powders were used 
as the ferromagnetic particles of the MRE. The mass 
ratio between carbonyl iron powders, silicone rubber and 
silicone oil is 7:1.5:1.5. During the preparation process, 
firstly, weigh a certain amount of carbonyl iron powders 
in a beaker using an electronic scale. After adding the 
corresponding proportion of silicone oil and rubber 
materials, stir the mixture with a glass rod until it is even, 
and then let it stand for 30 minutes to remove bubbles (the 
time should not be too long to avoid solidification). Next, 
an aluminum alloy beam was placed in a specific mold, and 
the viscous mixture of the uncured MRE was evenly spread 
on the surface of aluminum alloy beam. Subsequently, 
another aluminum alloy beam is symmetrically covered 
on the uncured MRE. Then, this laminated structure was 
repeatedly rolled using a press roll and molded at room 
temperature for 24 hours. Afterwards, the copper coils were 
wound on the both surface to the sandwich structure to 
finish the fabrication of the MRE core. Noted that it already 
includes the two layers of coils, two layers of aluminum 
alloy and one layer of MRE material. The detailed material 
composition of MRE core is listed in Table 1.

Table 1. MRE core material composition

Order Type mass/g
thickness/

mm

1 aluminum alloy(each layer) 6 0.3

2 copper coil 3 0.3

3 carbonyl iron powder 28

24 silicone oil 6

5 silicone rubber 6

After the MRE core materials were fabricated, the 
unidirectional carbon-fiber fabrics and epoxy resins were 
laid to form the fiber-reinforced layers (whose laying 
information is [(0°/90°)3]) on their upper and lower sides, 
and the two layers of aluminum alloy were laid on the 
outside of the used fiber layers. Finally, press this laminated 
structure tightly with a tempered glass plate to remove 
bubbles (which needs to be done by repeated rolling with a 
foam roller). When the whole structure was fully cured, its 
edge burrs need to be removed by a table saw to obtain the 
standard MRE-FML beam specimen. Only in this way, the 
prepared MRE-FML beam can meet the test requirements 
in the experiment.

3. Vibration reduction performance test of the 
MRE-FML beam specimen

3.1. Test objects and system
In this paper, the MRE-FML beam prepared in Section 
1 is considered as the research object. Firstly, a clamping 
fixture, as shown in Fig. 2, is used to clamp one of the short 
edge. The length, width and thickness of the beam under 
restraint are 200×30×5mm (the clamping length is 40mm).

Fig. 2 shows the developed vibration test system of the 
MRE-FML beam considering the internal magnetic field 
effect. By adjusting this internal magnetic field intensity, 
the damping performance of MRE-FML beam can be 
quantitatively controlled. The vibration test system mainly 
includes: (1) PCB086C01 modal force hammer; (2) BK4517 
lightweight accelerometer; (3) LMS SCADAS 16-channel 
data acquisition; (4) DELL M4800 laptop workstation; (5). 
24V DC power supply and 2Ω resistance.

MRE-FML beam

PCB086C01 modal 
force hammer

LMS SCADAS
24V DC power supply 

and 2Ω resistance

BK4517  accelerometer

Clamp fixture
Notebook PC

enlarge

Figure 2 Vibration test system of MRE-FML beam un-
der magnetic field
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3.2. Test procedure the MRE-FML beam
The detailed test procedures are summarized as follows:

(1) Connect the experimental circuit to ensure the test 
reliability of all connected parts

Firstly, connect the copper wires in the MRE-FML 
beam to the circuit, and turn on the circuit switch to adjust 
the resistance to an appropriate value. Noted that this step is 
necessary before the formal experiment, which can ensure 
the test stability and reliability of all connected sensors and 
instruments.

(2) Test the natural frequency and damping 
characteristics of the MRE-FML beam without the 
magnetic field

Employ the PCB086C01 modal force hammer and 
BK4517 lightweight accelerometer to conduct the modal 
experiment on the MRE-FML beam without the magnetic 
field, where the excitation and response signals are 
acquired in real time by the LMS SCADAS 16-channel data 
acquisition. Then, based on the experimental frequency 
response function data, the first 4 natural frequencies 
and modal damping ratios can be obtained by PolyMAX 
method in LMS Test.Lab 14A software. 

(3) Test the natural frequency and the damping 
performance of MRE-FML beam after the magnetic field 
is applied

After the current in the copper wires of MRE-FML 

beam is kept on 1 minute (to let the deformation of MRE 
core reach a stable state), the modal experiment on the 
MRE-FML beam with the magnetic field (this time with 
the current of 2.5A) is carried out again. Then, the first 
4 natural frequencies and modal damping ratios can be 
obtained by using the same test techniques.

(4) Test the natural frequency and damping 
performance of MRE-FML beam under different magnetic 
field conditions

Set other two different currents in the copper wires 
of MRE-FML beam, such as 3.5A and 4.5A, and measure 
the first 4 natural frequencies and modal damping ratios 
with the same excitation position and the response position 
used in the step(3). Then, the effect of vibration reduction 
can be compared and evaluated under different magnetic 
field conditions.

4. Experimental investigation of vibration re-
duction performance of MRE-FML beam
Here, the influence of different magnetic field conditions 
on the natural frequencies and damping behavior of the 
MRE-FML beam is investigated, which is based on a series 
of experimental results (whose test procedure has already 
been described in Section 3.2). Fig. 3 and Fig. 4 show the 
first 4 natural frequencies and modal damping ratios.
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Analysis of the above results shows that:
(1) After the magnetic field is applied, the natural 

frequencies of all orders of the MRE-FML beam show 
a trend of decrease. The natural frequencies of the third 
and fourth orders decrease by 2% to 5%, while the natural 
frequencies of the first and second orders do not change 
significantly. This may be because the magnetorheological 
effect is relatively small under low magnetic field intensity, 
which makes the change of low order natural frequency of 
laminated beams not obvious.

(2) The MRE-FML beam has excellent passive 
damping performance with the first 4 damping ratios being 
greater than 10%, which is significantly greater than the 
general damping behavior of composite structure, such as 
fiber reinforced or fiber-metal laminates (which is usually 
1-3%). Moreover, after the magnetic field is applied, its 

damping results can be further improved. For example, 
the increased degree of first four damping ratios reach to 
14.7, 9.3, 5.5 and 37.1%, respectively when the current is 
raised to 4.5A. This proves the feasibility that continuously 
increasing magnetic field intensity (which is proportional to 
current) can facilitate the improvement of active damping 
performance. This increased active damping performance 
is due to the raised loss factor of MRE materials when the 
applied magnetic field intensity is increased. Also, this 
means that the damping performance of the MRE-FML 
beam can be accurately controlled, which can facilitate 
to achieve the goal of the quantified control of structural 
vibration response. However, it should be noted that since 
the external magnetic field is generated by the current 
which will lead to an increase in the temperature of the 
winding copper coil, in the following studies, it is necessary 
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to quantitatively evaluate the influence of temperature 
variation on the damping performance.

5. Conclusion
In this paper, by taking the beam structure as an example, 
MRE-FML structural functional integration materials are 
prepared, and relevant test system is established to study its 
damping and vibration reduction performance. It has been 
found that:

(1) MRE-FML has excellent damping performance, 
which can be further improved after the magnetic field is 
applied. Especially, the fourth order damping was increased 
by 35%.

(2) The damping performance of the MRE-FML beam 
can be precisely controlled by changing the magnetic field 
intensity. 

Therefore, the vibration response can be precisely 
controlled. In the future research, it is necessary to carry 
out more theoretical and experimental studies, especially 
in active vibration control strategies and methods.
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1. Introduction
The modern industry needs better processing conditions, 
so it needs better lubricants in some processing fields. 
Many additives[1] play a vital role in lubricating oil, because 
of its good guarantee in support of lubrication capability 
and satisfy the specific requirement. In many studies, it 
was reported that sulphur-containing[2] compounds, such 
as sulfurized isobutylene, dibenzyldisulfide, etc, have the 
capability to improve lubricating oil extreme pressure 
performance. Sulfuration alkene is an excellent lubricant 
for offering effective protect to avoid mechanical fatigue, 
sintering and wear, so it is used in mechanical engineering 
oil, such as gear oil. Xanthate additive is a compound 
containing sulfur element, some research show that the 
binding energy of carbon-sulfur in xanthate is higher than 
that of sulfurized isobutylene, which makes the reaction 
activity of xanthate lower, therefore the xanthate is more 
stability in higher temperature condition and possesses 
lower corrosivity. The tribological properties of the target 
compound can be improved by adding xanthate groups 
to it. Some xanthate-containing triazine derivatives have 
been reported that they have outstanding tribological 
performance[3].

Two xanthate-containing ester target products were 
synthesized by using xanthate and chloroethyl chloroacetate 
as raw materials, the main purpose is to make the additive 

molecules have more xanthate functional groups. Their 
tribological behaviors of as-synthesis derivatives were 
appraised with a four-ball tribotester. The SEM and XPS 
analysis results were used to discuss their tribological 
mechanism in hydrogenated oil(10cst).

2. Experimental details

2.1 Base stock and additive
The base stock used is the hydrotreating oil produced in 
Daqing Refinery  Factory, China. The hydrotreating oil 
(10cst) was without any pretreated before use, and it’s ν40℃ is 
51.71 mm2·s-1, the flashpoint is 247℃, viscosity coefficient 
is 126. 

The two xanthate acetic esters were synthesized 
according to the way in Scheme 1.

KS C OR

S

+ ClCH2COOCH2CH2Cl O
CCH2

CH2CH2S

O

S C

C

OR

OR

S

S

Where R= C16H33 (HX); C8H17(OX)

Scheme 1. Reaction pathway of additives

The elemental analysis results of HX are as fellow: C 
is 63.88(63.33), H is 10.09(10.00), S is 17.19(17.78). And 
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the elemental analysis results of OX are as fellow: C is 
53.56(53.23), H is 8.11(8.06), S is 24.99(25.81), the values 
in brackets are the theoretical analysis values. The test 
values of additives are basically the same as the theoretical 
values, the difference is within the experimental error 
range. Connecting with IR analysis results, it can be able to 
determine its structure. 
2.2 Testing apparatus and worn surface analysis
Their tribological properties were evaluated with a four-ball 
tester, which according to the tribological testing standards 
(GB3142-82), similar to ASTM D-2783[4]. The testing 
conditions are as below: rotating speed is 1450 rpm, the test 
lasted 30 min and room temperature. The used ball material 
is GCr15 bearing steel (AISI52100), and the hardness of the 
ball is 59–61 HRC. The average of wear scar diameters of 
three lower steel balls (code as WSD) was determined by 
an optical microscope, and its accuracy is ±0.01 mm. The 
friction coefficient is calculated according to the data 
recorded automatically of the four-ball tribotester. 

After the test, ultrasonic cleaning of the upper steel 
ball was performed with petroleum ether[4] for XPS analysis 
(PHI-5702 X-ray photoelectron spectrometer, USA), with 
the additive concentration of 1.0 wt.% under 392 N for 30 
min. Using the MgKα radiation as the excitation source, the 
binding energies of the target elements were determined at 
pass energy of 29.35eV and a resolution of 0.3eV, using the 
binding energy of C1s (284.6eV) as the reference. The worn 
morphology analysis[5] of the lower steel ball was performed 
by a JEM-1200EX type scanning electron microscope 
(SEM), to observe the wear mark on the rubbed surface. 

3. Results and discussion 

3.1. The PB value
The maximum non-seizure load (PB value) of different 
content additives/10Cst is shown in Table1.

Table1 The PB value of oil samples in different addi-
tives contents

Additives 0.0% 0.5 % 1.0% 1.5 %

PB value
（N）

HX 593.6 628.4 646.8 706.1

OX 593.6 632.8 739.5 788.3
 
From Table 1, the PB values of HX and OX at any 

content are much higher than the PB values of 10cst, and 
the PB value increases when the additive concentration 
increase from 0.5wt% to 1.5wt%. The PB values of OX at any 
content are higher than that of HX, for the higher sulfur 
content than HX at the same condition. When the HX and 
OX concentration was 1.5%, it can improve the PB values of 
10cst by 18.9% and 32.8% respectively, and this indicated 
that HX and OX have the excellent capacity in improving 
the load-carrying of base stock. The PB value is associated 
with sulfur content, the higher sulfur concentration, the 
better load-carrying performance of 10cst.

3.2 Friction-reducing Performance 
The friction coefficient curve of HX and OX in different 
contents under 392N, at 1.0wt% content in different loads, 
were shown in Figure 1. 
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Figure 1 Friction coefficient of oil samples various ap-
plied load, additives concentration

From Figure 1(left),  all the friction coefficient values 
of a lubricating stock decreased when the applied load 
increasing, meaning that the HX and OX possess good 
antifriction behavior under a wide load range. As shown 
in Figure 1(right), the applied load was 392N, the friction 
coefficient of 10cst was 0.114. When 1.0wt% HX was added 
in 10cst, the friction coefficient was 0.098, declining by 
13.3%, and reduced 22.1% to 0.088 by adding 1.0wt% HX in 
10cst. And the antifriction performances of OX-containing 
oil samples are better than the HX-containing oil samples 
at the same additive content. With the higher amount of 
OX, the friction coefficient values of oil samples increased. 
The decrease of friction coefficient of oil samples can be 
attributed to the strength of the formed adsorption and/or 
tribochemistry reaction film caused by the HX (OX) on the 
lubricating interface[4]. When more HX (OX) was added to 
10cst, there were more additives molecules adsorbed on 
the metal surface, which can form thicker adsorption layer. 
More triboreaction products are generated in the metal 
surfaces to form a triboreaction film, and the triboreaction 
film also can prevent the asperities from direct contact, 
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which made the friction coefficients smaller. When the 
content additives arrived to some degree, the physical and 
chemical adsorption and triboreaction process showed 
saturate tendency finally. It will cause corrosion worn when 
additive content over the better-adding concentration, then 
the friction coefficient will increase.
3.3 Antiwear performance
Figure 2 shows the relationship of WSD with additives 
concentrations at 392 N, and applied load with 1.0% the 
concentration of additives in 10cst.
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Figure 2 Variations in the WSD with concentration 
and applied load (N)

All HX and OX exhibit good antiwear properties in 
all applied loads. The WSD values increase as the applied 
load increasing from 98N to 490N. The increase of WSD 
of base oil is the largest. The WSD value of OX and 10cst 
are both smaller than that of HX at the same content and 
applied load.

The xanthate-containing ester additive reduces the 
WSD of 10cst significantly, meanning that they have very 
good antiwear property. As the additive concentration 
increased, the WSD value decreased. The sulfur content 
increased when added more HX/OX additives in 10cst, 
and the antiwear capability was increased as well. It may 
be the result of the boundary protective film formed by 
HX/OX and/ or their decomposition products on the 
lubricating surface through tribochemistry reaction during 

the tribological process.
3.4 Discussion of the lubricating mechanism of HX/OX

Figure 3 SEM of worn steel ball surface lubricated with 
10Cst(left) and 1.0wt% HX (middle); OX(right) at 392N, 
30min

The SEM photographs are shown in Figure 3. When 
there are only lubricated with 10cst, severe scuffing occurs 
on the worn steel ball surface, with the grain abrasion 
characteristic[6]. There have only friction tracks to a small 
extent on the steel ball surface as lubricated with HX and 
OX, and there existed some black cavities on the surface, 
which may be due to the corrosive worn made by sulfur 
element. It is because that there exist tribolochemical 
reactions between steel ball surface and sulfur element 
in HX/OX, to generate tribochemisorption[3] during the 
lubricating process. The corrosive degree of steel ball 
lubricated by OX is bigger than that of HX, for the higher 
sulfur contents of OX. From the above analysis, it can be 
seen that the tribological performances of HX and OX are 
decided heavily by the ability of formed boundary protective 
film through adsorption (physisorption, chemisorption) 
and tribochemical reaction in the lubricating process. 

In order to further explore the tribological mechanism 
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of these kinds of xanthate acetic ester in 10cst, XPS analysis 
was used to analyze the worn steel ball surface lubricated by 
1.0wt% HX in 10cst, and the analysis results of characteristic 
elements are shown in Figure 4. 
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Figure 4 The XPS spectra of C1s, S2p, Fe2p, O1s (1.0wt% 
HX /10cst)

The peak of S2p spectrum [8] was located at 168.8eV and 
170.0eV, which belong to ferric sulfide and ferric sulfate 
respectively. The formation of ferric sulfide and ferric sulfate 
indicates the tribochemical reaction had taken between 
HX with the metal surface in the lubricating process. The 
Fe2p peak located at 711.3 eV and 724.8eV, which attributed 
to iron oxide and/or sulfide [9], indicating that there existed 
oxidize or sulfurize on the lubricated steel surface because 
of the friction heat. The O1s peak located around 531.0 eV, 
belonging to iron oxide, and that means tribochemical 
reaction had occurred in the steel ball surface with HX 
during the lubricating process.

The SEM and XPS analysis results proved that the HX 
and OX may be decomposed to generate xanthate (or other 
sulphur-containing compounds)[7], so a relatively stable 
boundary lubrication film has been formed on the steel ball 
surface. The stable protect film is a complex lubricating film, 
which consists of adsorption layer and triboreaction layer. 
The triboreaction producing come from the tribochemical 
reaction between actively sulfur elements in the xanthate 
group and the freshly metal surface to form FeSO4, and / or 
FeS[10], and the surface film possessing extreme pressure and 
antiwear capability. The surface film can avoid the direct 
contact of steel ball and other steel balls, so it can reduce 
the metal stock abrasion. Because of the stable reaction and 
adsorption film, the novel xanthate-containing ester can 
effectively increase the tribological performances of 10cst.

4. Conclusions 
From the above results, the following conclusions can be 
drawn:

(1） The synthesized ester derivatives as additives in 
10cst base oil show excellent load-carrying performance at 
appropriate concentrations, and the PB values of OX at any 
content are higher than that of HX, for the higher sulfur 
content. 

(2） The friction-reducing and antiwear capacities of 
HX and OX are highly susceptible to additive concentration 
and applied load. And the antiwear and friction-reducing 
behaviors of OX are better than that of HX at the same 
condition, for the different sulfur content.

(3）From the analysis results of SEM and XPS, it 
can be seen that the HX and OX have the behaviors of 
friction-reducing and antiwear in steel-steel sliding system 
through adsorption (physisorption, chemisorption) and 
tribochemical reaction with the steel ball surface. The 
formed boundary protective lubricating film during 
lubricating process helps to improve antiwear and friction-
reducing capability of oil samples.
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Abstract: 
The energy-intensive Haber-Bosch process currently dominants the production of ammonia (NH3), an indispensable chemical for 
humans. For the sustainable development of society, highly efficient and green strategies to convert nitrogen (N2) to NH3 are urgently 
required. Electrocatalytic N2 reduction reaction (eNRR) is universally regarded as a promising strategy owing to the mild operating 
conditions and renewable energy supply. The key for eNRR is the high-performance catalysts, which activate the inert N-N triple bond 
and thus decrease the energy barrier. Herein, the recent theoretical and experimental progress on eNRR catalysts at room temperature 
and ambient pressure is summarized, aiming to provide a reference for future design of high-performance eNRR catalysts.
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1. Introduction
Growing human population, expanding industrialization, 
and potential foreground as hydrogen energy carrier 
everlastingly increase the requirement of ammonia 
(NH3).[1-5] In industry, currently, NH3 synthesis 
largely depends on the Haber-Bosch process, where 
atmospheric nitrogen (N2) is reduced to NH3 using iron-
based catalysts.[6-8] However, such a reduction reaction 
is proceeded at high temperature and high pressure, 
and consequently it consumes tremendous amounts of 
fossil fuels and causes serious greenhouse gas emissions.[9-

12] In this regard, it is pressing to replace the Haber-Bosch 
process with highly efficient and fossil-free pathways.

Inspired by the biological N2 fixation, which 
occurs in mild conditions on nitrogenase enzymes, 
where FeMo-cofactors are the catalytic active sites,[13, 14] 

electrocatalytic N2 reduction reaction (eNRR) is widely 
regarded as a promising pathway to synthesize NH3, 
where N2 and H2O are needed and the energy sources 
are renewable and clean.[15-22] On the one hand, the N-N 
triple bond is strong with a bond energy of 941 kJ mol-

1, so the splitting of this bond is sluggish, resulting in 
the requirement of highly active catalysts.[11] On the 
other hand, the active sites on catalyst surfaces towards 

eNRR are usually also active for the reduction of H2O 
to hydrogen (H2), leading to a low Faradaic efficiency, 
where proton–electron pairs (H+ + e-) in the catalytic 
system are mainly consumed by the hydrogen evolution 
reaction (HER) rather than eNRR.[23-26] Thus, sufficient 
eNRR catalysts should have high activity and excellent 
selectivity.

In the field of catalysts design, theoretical 
calculations provide the guidance while experimental 
explorations examine the guidance and give suggestions 
back.[20, 27-31] Hence, theoretical and experimental studies 
are both important for optimal catalysts. With this in 
mind, in this review, we summarize the recent theoretical 
and experimental progress on eNRR catalysts, mainly 
focus on the maximum energy barrier and the selectivity, 
where the former is determined by the change of free 
energy for the potential determining step (PDS) in 
theoretical calculations and the latter is reflected by the 
Faradaic efficiency in experimental tests.

2. Reaction Mechanisms
In general, electrocatalytic reduction of N2 to NH3 can be 
divided into the dissociative mechanism, the associative 
mechanism, and the Mars-van Krevelen mechanism, 
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where the reduction is realized with hydrogenation 
induced by the proton–electron pairs (H++e-), as depicted 
in Figure 1. For the dissociative mechanism, the adsorbed 
N2 molecule is split into two N atoms, i.e. *N and *N, 
where * is an adsorption site of the catalyst. Large energy 
input is usually required to catalyze eNRR through 
this mechanism owing to the strong N-N triple bond. 
The associative mechanism can be further classified 
into three mechanisms, i.e. the distal mechanism, the 
alternative mechanism, and the enzymatic mechanism, 
where six hydrogenation steps are involved for every 
mechanism. In detail, standing-on adsorbed N2 molecule 
is reduced via the distal or alternative mechanism, while 
lying-on adsorbed one is reduced in the enzymatic 
mechanism. Moreover, for the distal mechanism, a NH3 
molecule is formed in the first three steps based on 
the distal N atom, and then the left N atom is further 
reduced into NH3 in the last three steps. Different to 
the case of the distal mechanism, two N atoms of an 
absorbed N2 molecule are alternately hydrogenated in the 
alternating and enzymatic mechanisms. As regards the 
Mars-van Krevelen mechanism, which usually occurs on 
the surfaces of nitrides, a surface N atom is first reduced to 
NH3, causing a N-vacancy. A N2 molecule will be adsorbed 
on such a vacancy, and the N atom out of the catalysts is 
hydrogenated to form the second NH3 molecule.

Figure 1. Scheme illustrations of possible eNRR mech-
anisms, including dissociative, Mars-van Krevelen, distal, 
alternating, and enzymatic mechanisms. For the Mars-van 
Krevelen mechanism, the rectangular blank denote a N va-
cancy. For distal, alternating, and enzymatic mechanisms, 
sixe elementary hydrogenation steps are labelled.

3. Elemental Catalysts

3.1. Transition metal
Due to the concept of “accept and backdonate”, where the 
unoccupied d orbitals accept electrons from adsorbed 
N2 and the occupied d orbitals backdonate electrons 

to adsorbed N2 simultaneously, transition metal (TM) 
atoms usually have high eNRR activity. With the help of 
density functional theory (DFT) calculations, Skúlason 
et al. first explored the possibility of forming NH3 via 
eNRR on close-packed and stepped TM surfaces,[32] using 
the computational hydrogen electrode (CHE) model 
developed by Nørskov and coworkers.[33] According to 
the theoretical calculations, Mo, Fe, Rh, and Ru are the 
most active TM surfaces (Figure 2). However, the major 
competing reaction, HER, will significantly decrease the 
Faradaic efficiency of eNRR on these TM surfaces. In 
contrast, the bonding of N2 is more stronger than that of 
H adatom on early TM surfaces, such as Sc, Y, Ti, and Zr, 
suggesting that NH3 should be the main product rather 
than H2 on these TM surfaces. Moreover, in Skúlason’s 
work,[32] the linear scaling relations were proposed, 
which shows that binding energy of all the N2Hx and 
NHx species can be expressed on the basis of the binding 
energy of N adatom. After this pioneering theoretical 
work, Montoya et al. further highlighted that the linear 
scaling relations between *N2H and *NH2 can be used to 
predict the overpotential of the eNRR process.[34]

According to above theoretical studies,[32, 34] 
especially that Mo is one of the TM atoms on the top of the 
volcano diagrams, Yang et al. synthesized (110)-oriented 
Mo nanofilm to catalyze eNRR, and achieved a Faradaic 
efficiency of 0.72% at an overpotential of 0.14 V and a 
rate of NH3 formation of 3.09×10-11 mol s-1 cm-2 under 
an applied potential of -0.49 V vs reversible hydrogen 
electrode (RHE).[35] To reveal the origin of excellent 
performance of oriented Mo nanofilm, electrochemical 
tests were done in four Mo-based samples, including 
commercial Mo foil, Mo-A-R, Mo-D-R-1h, and Mo-D-R-
5h, where A is the electrochemical anodization, R is the 
reduction process, D is the electro-deposition, and 1h and 
5h are the time of electro-deposition. Among these four 
samples, Mo-D-R-5h shows the best catalytic performance, 
as shown in Figure 3. This is because Mo-D-R-5h possesses 
the highest (110) orientation and lowest (211) orientation, 
where Mo(110) plane can bind N adatom more strongly 
than H adatom while HER is the predominant reaction on 
Mo(211) plane.

In usual, noble metals have excellent activity to 
various reactions. Bao et al. synthesized tetrahexahedral 
gold nanorods (THH Au NRs), which are enclosed by 
stepped facet and composed of (210) and (310) sub-
facets, to endow the eNRR with a NH3 yield of 1.648 
μg h-1 cm-2.[8] According to DFT calculations, the PDS 
of Au(210) and Au(310) sub-facets are both the first 
hydrogenation of adsorbed N2. Similarly, taking Au as 
the raw materials, Nazemi et al. synthesized hollow gold 
nanocages (AuHNCs) to catalyze eNRR under ambient 
conditions,[36] and it obtained a Faradaic efficiency of 30.2% 
at - 0.4 V vs. RHE and a NH3 yield of 3.9 µg cm-2 h-1 at - 0.5 
V vs. RHE in 0.5 M LiClO4 aqueous solution (Figure 4). 
Moreover, the eNRR rate was also evaluated using solid Au 
nanoparticles of various shape with similar nanoparticle 
concentrations, including rods (NRs), spheres (NSs), and 
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cubes (NCs).[36] The NH3 yield rate and Faradaic efficiency 
of solid Au nanoparticles were significantly lower than 
those of AuHNCs, where Au NRs are the worst among solid 
nanoparticles. This is because the number of coordination 
unsaturated surface atoms increases for nanoparticles with 
sharper edges, where coordination unsaturated surface 
atoms are active for adsorbing and reducing N2. The 
authors concluded that the cavity can entrap N2 molecules, 
resulting in the high frequency collisions with the hollow 
Au cages and increasing residence time of N2 molecules on 
the nanoparticle inner surface, and AuHNCs thus shows 
excellent eNRR performance.[36] Besides Au, Ag also has 
proved its worth in eNRR. Huang et al. synthesized Ag 
nanosheet to act as high-performance eNRR catalysts 
at ambient conditions.[37] Electrochemical tests showed 
that a Faradaic efficiency of 4.8% and a NH3 yield rate of 
4.62×10-11 mol s-1 cm-2 at 0.60 V vs RHE were achieved on 
Ag nanosheet, and little changes in Faradaic efficiency 
and the NH3 yield rate can be seen after several times of 
recycling tests on this catalyst.
3.2. Nonmetal
Recently, Légaré et al. presented that N2 binding and 
reduction can be realized by a non-metal element, boron, 

because the empty sp2 and occupied p orbitals of boron 
atom can accept electrons from and backdonate electrons 
to N2,

[38] similar to the cases of TM atoms. Based on this 
observation, Liu et al. proposed that inorganic boron 
monolayer can catalyze eNRR with the help of DFT 
calculations.[39] Two types of boron monolayer were 
considered, α-sheet and β12-sheet, and the maximum free 
energies of eNRR were 0.77 eV and 1.22 eV for them, 
respectively. Moreover, the authors found that the catalytic 
performance will be improved if two boron-sheets are 
deposited on Ag and Cu surfaces. In experiments, Zhang et 
al. synthesized boron nanosheet (BNS) to catalyze eNRR. 
The corresponding DFT calculations suggested that the 
boron atoms of both oxidized and H-deactivated BNS can 
catalyze eNRR more effectively than the clean BNS.[40]

In addition, encouraged by the principle of “like 
dissolves like”, Zhang et al. synthesized well-exfoliated few-
layer black phosphorous nanosheets as metal-free eNRR 
catalysts. Such catalysts were efficient for eNRR, and a high 
NH3 yield of 31.37 μg h-1 mgcat

-1 under ambient conditions 
can be attained.[41] DFT calculations revealed that the 
selective reduction of N2 to NH3 occurs on the zigzag and 
diff-zigzag edges with the alternating mechanism due to 
the active orbitals and electrons.

Figure 2. Negative of the change of the free energy (-ΔG) is proportional to the onset potential, for all the charge 
transfer steps of ammonia synthesis as a function of the nitrogen binding energy at U = 0 V for (a) flat surfaces and (b) 
stepped surfaces via the Heyrovsky-type associative mechanism. Reproduced from Ref.[32] with permission from the 
PCCP Owner Societies.

Figure 3. The relationship among the (110) orientation, (211) orientation and maximum Faradaic efficiency of four 
Mo-based electrochemical catalysts. Reproduced from Ref. [35] with permission from The Royal Society of Chemistry.
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4. Compound Catalysts

4.1. Single–atom catalysts
Zhang et al. first proposed the single-atom catalyst in 
2011,[42] where a single-atom catalyst with atomically 
dispersed Pt atoms anchored on the surface of iron oxide 
was prepared to catalyze the CO oxidation. After this, 
single-atom catalysts have been fascinating systems in the 
field of catalysis owing to 100% active atomic utilization 
efficiency and uniform active centers with low atomic 
coordination number.[43-46] To expose the active centers as 
much as possible, 2D materials are the preferred supports. 
So, the following discussions are focused on single–atom 
catalysts towards eNRR with the supports of 2D materials.
4.1.1. Single-TM-atom catalysts
Owing to the concept of “accept and backdonate” as 
aforementioned, TM atoms are also welcomed active 
centers in single-atom catalysts. Since 2D materials 
are the popular supports, it is necessary to discuss the 
eNRR catalysts with graphene, the well-known 2D 
material, being the support. Inspired by the fact that Fe 
plays an important role in activating N2 in nitrogenases 
enzymes,[47] Li et al. proposed that the FeN3 active 
center supported on graphene was highly active for 

N2 reduction.[48] The FeN3 active center is highly spin-
polarized, contributing to the adsorption and activation 
of N2 molecule. After evaluating the three possible 
associative mechanisms, PDS of the FeN3-embedded 
graphene is *N2 + H+ + e- → *N2H or *NH2 + H+ + e- 
→ *NH3. Moreover, according to the charge population 
analysis, the FeN3 active center acts as an electrons 
transmitter between gaphene and adsorbed species.
[48] Similarly, with Fe being the active center, Wei et al. 
proposed that Fe-doped monolayer phosphorene as an 
eNRR catalyst using the spin-polarized DFT.[49]

As for the systematic study on the possibility of 
graphene as the support of eNRR catalysts, Choi et al. 
systematically studied the single-TM-atom catalysts 
with defective graphene being the support, where 30 
TM atoms with La being the representative of La-Gd 
were embedded into four models, including M@C3, 
M@C4 M@N3, and M@N.[50] Among 120 catalysts, Ti@
N4 and V@N4 have the best catalytic activity with the PDS 
of 0.69 and 0.87 eV (Figure 5a, c), respectively, which are 
lower than that of the Ru(0001) stepped surface (0.98 eV). 
Besides the high activity, significantly improved eNRR 
selectivity on these catalysts was also found, compared 
to the corresponding surface of bulk metal (Figure 5b). 

Figure 4. (a) UV–vis extinction spectra of AuNSs, AuNCs, and AuNRs. (b), (c), and (d) are the TEM images of AuNSs, 
AuNRs, and AuNCs, respectively. (e) Ammonia yield rate and Faradaic efficiency for nanoparticles of various types and 
shapes at the potential of - 0.4 V vs RHE in 0.5 M LiClO4 aqueous solution. Reproduced from Ref. [36] with permission 
from Elsevier B. V.
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Such an excellent selectivity is the result of resemble effect, 
where *H on top site is the most stable for single-TM-atom 
catalysts while bridge or hollow site is preferred for pure 
metal. Moreover, due to the metal-support interaction, 
electronic structure of TM atoms are quite different from 
those of bulk TM. Charge transfer is universally present 
between metal and support, resulting in that the anchored 
TM atoms usually carry positive charge, hindering H+ 
approaching the metal.[50]

Similar to Fe, Mo plays a key role in FeMo-cofactor 
of nitrogenases enzymes as well, and Mo-Nx complexes 
are promising eNRR molecular catalysts.[51, 52] So, 
incorporating Mo-Nx moiety into 2D heterogeneous 
catalysts seems to be a highly efficient strategy for 
eNRR catalysts. In this regard, Zhao et al. proposed an 
advanced eNRR catalyst with Mo atoms anchored on the 
boron-vacancy of monolayer BN.[53] Mo is the optimal 
one between Sc to Zn, Mo, Ru, Rh, Pd, and Ag, because 
of its abilities to adsorb N2, selectively stabilize *N2H 
and destabilize *NH2. According to DFT calculation, 
lying-on and standing-on adsorbed N2 were both stable 
on Mo-embedded BN, and eNRR can be processed 
on Mo-embedded BN at a potential of -0.35 V via the 
enzymatic mechanism. Similar to the FeN3-embedded 
graphene, central Mo atom in Mo-embedded BN is also 
spin-polarized, and Mo-N3 acts as a electron transmitter 
in the whole reduction process. In addition, Ling et 
al. proposed that Mo supported on N-doped graphene 
can catalyze eNRR with a overpotential of 0.24 V via 
the enzymatic mechanism,[54] and Ou et al. proposed 
that Mo supported on N-doped black phosphorus can 
catalyze eNRR with a potential of 0.18 V via the distal 
mechanism.[55]

Besides Fe and Mo, which are important elements in 
cofactors of nitrogenases enzymes, other TM atoms also 
act well in boosting eNRR. Single Pt atom embedded in 
monolayer g-C3N4 as efficient single-atom catalysts for 
NH3 synthesis was explored by Yin et al.[56] With DFT 
calculations, they found that Pt/g-C3N4 has excellent 
activity to catalyze eNRR with a low potential of -0.24 
V at ambient conditions. Moreover, Pt/g-C3N4 is stable, 
and it has excellent conductivity. It is believed that the 
excellent activity of Pt/g-C3N4 came from its significant 
deviation from the linear scaling. To further study the 
origin of this deviation, N2H and NH2 adsorptions 
on Pt(111), an isolated Pt atom, and Pt/g-C3N4 were 
comparatively studied.[56] In comparison with Pt(111) 
and an isolated Pt atom, embedding the isolated Pt atom in 
g-C3N4 completely cancels out the stability enhancement of 
*NH2, while maintaining the stability of *N2H. The single 
Pt atom and g-C3N4 work in concert to stabilize *N2H and 
destabilize *NH2, providing highly active sites for eNRR.

Embedding TM active centers into 2D materials 
has been extensive studied, and great progress has been 
made. Meanwhile, it is notable that discovering new 
materials is always attractive for new advances. In eNRR, 
by means of DFT calculations, Chen et al. designed a new 

cobweb-like 2D MoC6 structure (Figure 6a), and they 
found that MoC6 can efficiently realize the N2 to NH3 
process under ambient conditions.[57] They suggested a 
feasible pathway to synthesis the MoC6 structure, where 
two process are involved: the synthesis of graphyne, and 
the deposition of Mo atoms. For the catalytic process, 
N2 is adsorbed on the bridge site from the orientation 
relationship of the frontier molecular orbitals (Figure 
6b), and the following reduction of N2 to NH3 can be 
realized at a potential of -0.54 V via the enzymatic 
pathway (Figure 6c). Moreover, the adsorption energy 
of N2 is -0.36 eV, stronger than that of H atom (-0.15 
eV), showing that competing HER is inhibited.
4.1.2. Single-nonmetal-atom catalysts
The unique electronic structure of boron atom enables 
it to be alternative element for TM atoms as aforesaid, 
which means that single-nonmetal-atom catalysts and 
metal-free catalysts are possible for boosting eNRR. 
Yu et al. synthesized a boron-doped graphene as an 
efficient metal-free eNRR catalyst.[58] Electron density 
redistribution in the graphene support is realized by 
doping boron, and the electron-deficient doping boron 
increases the adsorption energy of N2 molecules. Among 
three boron-doped graphene structures, including 
BC3, BC2O, and BCO2, BC3 presents the lowest energy 
barrier of 0.43 eV for eNRR. After electrochemical tests, 
an excellent performance with a NH3 production rate of 
9.8 μg·hr-1·cm-2 and a Faradic efficiency of 10.8% at 0.5 V 
vs RHE was presented, while the performance of undoped 
graphene is poor.[58] As for theoretical explorations, 
Ling et al. proposed that N2 molecule can be efficiently 
adsorbed and reduced to NH3 on B/g-C3N4, and the whole 
reduction process can be proceeded at a low potential of 
0.20 V via the enzymatic mechanism. Meanwhile, B/g-
C3N4 can absorb visible light well, which renders it ideal 
for solar-driven reduction of N2.

[59] Ji et al. proposed that 
a boron-interstitial-doped C2N layer can be an excellent 
metal-free eNRR catalyst. The doping boron is positive 
and magnetic, contributing to tis high activity and high 
selectivity. The eNRR process prefers to proceed via the 
enzymatic mechanism with a potential of 0.15 V.[60] Lv et 
al. proposed that B/g-CN can activate the adsorbed N2 and 
further convert it to NH3 with a overpotential of 0.15 V, and 
the activation barrier of PDS is 0.61 eV.[61] Furthermore, 
Liu et al. modeled 21 catalysts with boron atoms anchored 
on eight 2D materials, including graphene, boron nitride, 
boron sulfide, black phosphrous, S-triazine-based g-C3N4, 
tri-s-triazine-based g-C3N4, h-MoS2, and T-MoS2, as shown 
in Figure 7a.[62] Among these eNRR catalysts, single boron 
atoms supported on graphene or substituted into h-MoS2 
shows best catalytic activity towards eNRR. According to 
the charge analysis, the authors found that the catalytic 
activity is highly related to the charge transfer between 
the boron atom and the substrate. Boron site with more 
electrons has higher possibility to inject electron and 
activate N2, and boron site with positive charge is obviously 
beneficial to inhibit HER, as indicated in Figure 7b.[62]
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Figure 5. (a) Free energy (ΔG) of PDS on 120 single-atom catalysts, where single-atom catalysts filled with patterns 
represent thermodynamically unstable single-atom catalysts. (b) Difference between H adsorption free energy on the 
single-atom catalysts (ΔGSAC(*H)) and adsorption free energy on the surface (ΔGsurface(*H)) of the same metal atoms. (c) 
Calculated ΔG(*H) and ΔG(*N2) on single-atom catalysts that satisfy ΔGPDS ≤ 1.0 eV. Dashed line indicates ΔG(*H) = 
ΔG(*N2). Reproduced from Ref. [50] with permission from American Chemical Society.

Figure 6. (a) Top and side views of the 2D MoC6, where black balls denote C atoms and the other balls denotes Mo at-
oms.(b) Symmetry matching between the lowest unoccupied molecular orbitals (LUMOs) of N2 and the highest occupied 
molecular orbitals (HOMOs) of MoC6, including bridge site and top site. The yellow and blue shadows represent frontier 
molecular orbitals. (c) The enzymatic mechanism for eNRR on MoC6. The free energy profiles and the structures of inter-
mediates are shown in the reaction path. Reproduced from Ref. [57] with permission from The Royal Society of Chemistry.
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4.2. Transition metal nitrides
Abghoui et al. proposed that the transition metal 
mononitrides can act as cost-efficient catalysts to convert 
N2 molecule to NH3 under ambient conditions, where 
a low applied bias is only required.[63] By means of DFT 
calculations, the most promising catalysts are VN, ZrN, 
NbN and CrN among 25 considered TM mononitrides. 
Moreover, the competing HER is inhibited for above four 
mononitrides, which differs to the cases of pure metals. 
Since the structural particularity of TM mononitrides, the 
authors explored the poisoning and possible decomposition, 
and they pointed that, under operating conditions, ZrN, 
NbN and CrN should be single-crystal surfaces because 
polycrystalline surfaces may be decomposed, while 
polycrystalline surfaces of VN may be used.[63] Li et al. 
proposed that transition metal binitride nanosheet, MoN2, 
as an eNRR catalyst at ambient conditions with the scheme 
of DFT.[64] Different to transition metal mononitrides, 
MoN2 is a 2D layered material. According to calculations, 
MoN2 acts well in adsorbing and activating N2 molecule, 
but large energy is required to refresh the MoN2 surface. 
To improve the performance, Fe-doping was used, which 
can significantly improve it to proceed the whole reduction 
reaction with an overpotential of 0.47 V.

In experiments, Zhang et al. synthesized MoN 

nanosheets array grown on carbon cloth (MoN NA/CC) 
to catalyze eNRR.[65] This catalyst achieved a NH3 yield 
of 3.01×10-10 mol s-1 cm-2 and a Faradaic efficiency of 
1.15% at -0.3 V vs RHE in 0.1 M HCl under ambient 
conditions. After theoretical calculations of free energy 
profile, the PDS of MoN NA/CC to catalyze eNRR is the 
second protonation of the surface N.
4.3. Transition metal dichalcogenides
As emerging 2D materials, transition metal dichalcogenides 
have attracted worldwide interests because of the unique 
physical, chemical, and mechanical properties. Zhang et al. 
first explored the possibility of MoS2 as an eNRR catalyst.
[66] To evaluate the possibility of MoS2 to catalyze eNRR, 
the electronic structures of MoS2 and the energy profile of 
eNRR were explored using DFT calculations. The results 
showed that the basal plane is inert to absorb N2 molecule 
while the edge appeared to be active, and the energy profile 
indicted that the PDS is the first hydrogenation of *N2 with 
a barrier of 0.68 eV (Figure 8a). After this, the authors 
synthesized MoS2 nanosheet array grown on carbon cloth 
(MoS2/CC) to catalyze eNRR, and the NH3 yield rate and 
Faradaic efficiency can reach 8.08 × 10-11 mol s-1 cm-2 and 
1.17%, respectively. Moreover, Li et al. further improved the 
performance of MoS2 on eNRR by synthesizing defect-rich 
MoS2 nanoflowers, where the active centers are on the basal 

Figure 7. Proposed 2D materials and potential B-sites. The numbers indicate different bonding environments de-
scribed in the text. Black, blue, rose, yellow, purple, and cyan spheres represent C, N. B, S, P, and Mo, respectively. (b) 
Computational screening of 14 catalyst combinations in terms of ΔGmax

HER and ΔGmax
NRR vs Bader charge (δ, in units of 

e) of single boron in or on a 2D substrate. Reproduced from Ref. [62] with permission from American Chemical Society.

Figure 8. Free-energy profile for eNRR at MoS2 edge site. (b) Average NH3 yields and Faradaic efficiencies (FEs) of 
MoS2/CC at different potentials in 0.1 M Na2SO4 at room temperature and ambient pressure. Reproduced from Ref. [66] 
with permission from Wiley-VCH.



Research and Application of Materials Science | Vol. 1 | No.2 | 2019 17 

plane.[67] In 0.1 M Na2SO4, this catalyst attained a Faradic 
effciency of 8.34% and a NH3 yield of 29.28 µg h-1 mg-1

cat. 
at -0.40 V versus RHE, significantly higher than those of 
defect-free MoS2 nanosheet (2.18% and 13.41 µg h-1 mg-1

cat). 
The vacancy with one missing Mo atom and two missing 
S atoms was regarded as the active sites, and the PDS of 
the eNRR process was calculated to be *NH2→*NH3 with 
the PDS of 0.60 eV, which is less than the edge Mo atoms 
(0.68 eV).[66]

The edge Mo atoms and the defect in basal plane of MoS2 
can be active centers for eNRR, suggesting the potential 
of transition metal dichalcogenides as efficient eNRR 
catalysts. In addition, as a 2D material, MoS2 absolutely 
can act as support to anchor the active centers. Suryanto et 
al. synthesized Ru/MoS2 to catalyze eNRR, and a Faradaic 
efficiency of 17.6% and a NH3 yield rate of 1.14 × 10-10 mol 
cm-2 s-1 were obtained at 50 °C.[68] The corresponding 
DFT calculations carried out with a hcp Ru117 nanocluster 
on MoS2 suggested that PDS is *NH2→*NH3 with a barrier 
of 0.35 eV through the dissociative mechanism. In this 
model, the S-vacancies on MoS2 provides a fundamental 
role in eNRR process to provide H adatom, where the 
already formed *H can be transferred to nearby bound 
*N2 or *NHx.

[68]

Besides conventional MoS2, a new class of 2D materials 
called “Janus” MoSSe has been recently synthesized with 
Mo atomic layer being sandwiched between S and Se ones.
[69, 70] Similar to MoS2, MoSSe has shown good catalytic 
performances.[71, 72] As for its possible application in eNRR, 
Li et al. performed a theoretical screening of different TM 
atoms anchored on the S- or Se-vacancy of monolayer 
MoSSe as efficient eNRR catalysts.[73] According to the 
screening, Mo atom anchored on the S-vacancy presents 
the highest activity with a potential of -0.49 V, while HER 
is significantly inhibited due to larger free energy of *H 
adsorption.
4.4. Transition metal carbides
From the d orbital theory, transition metal carbides 
should have good adsorption ability for electron-enriched 
adsorbates because of the unoccupied d orbitals.[74] Among 
various transition metal carbides, Mo2C has exhibited 
a potential application in catalytic hydrogenation.[75, 76] 
Moreover, the Mo-based materials have shown excellent 
performance in eNRR as stated above. According to this, 
Cheng et al. synthesized Mo2C nanodots supported on 
ultrathin carbon nanosheets (Mo2C/C) to fix N2 molecule 
and catalyze the eNRR. The as-synthesized Mo2C/C 
nanosheets presented promising catalytic performance 
with a NH3 yield rate of 11.3 µg h-1 mg-1

cat. and a Faradic 
effciency of 7.8% under ambient conditions.[77] 

Outlook: Exploring highly-performance eNRR catalysts 
has emerged as a new research hotspot. In theoretical 
calculations, various catalysts show excellent catalytic 
activity, especially the single-atom catalysts. However, 
most practically synthesized catalysts towards eNRR 
are based on the active centers from the defects. Though 

several single-atom eNRR catalysts have been fabricated, 
the corresponding loading of active site is usually kept at 
a low level or the heteroatoms are usually aggregated to 
nanoclusters. On the other hand, theoretical calculations 
neglect some important respects, such as the electrode-
catalyst interface, the catalyst-electrolyte interface, 
and the mass and electron transportation. More 
instructive theoretical calculation should be developed, 
and consequently bridge the gap between theoretical 
calculations and experiments.
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Abstract: 
Product form has become an important communication medium between designers and consumers. Therefore, the collection and 
analysis of consumer evaluation of products can provide an important reference index for product form design. In this paper, purple-
clay teapot was taken as an example and comments of Tmall consumers were collected through web crawler, and the product image 
vocabulary was extracted to analyze the needs of users. Using the research method of Kansei Engineering, the semantic space of the 
modeling and image of purple-clay teapot was established, and the relationship between the modeling elements and the image of 
purple-clay teapot was searched, which could provide valuable reference for the modeling design of purple-clay teapot.
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1. Introduction
As a unique pottery and clay handicraft in China, purple-
clay teapot is a branch with distinct characteristics in 
Chinese ceramic culture. It combines the artistry of arts and 
crafts with the practicality of articles for daily use, which is 
closer to people's daily life. The unique shape of the purple-
clay teapot can show its different emotional experience. 
In this paper, consumers' emotional image of purple-clay 
teapot was acquired through web crawler to research 
the relationship between modeling elements and image 
semantics of purple-clay teapot. When the craftsmen and 
designers design the purple-clay teapot, certain theoretical 
guidance can be provided according to the research on 
consumer demand.

2. Theoretical Basis and Technical Route

2.1. Kansei engineering
Originated in Japan, Kansei Engineering (KE) is a set 
of theories and methods to quantify the emotional 
psychological factors of users, which was put forward 
in 1970 by Mitsuo Nagamachi [1], a scholar at Hiroshima 
University in Japan, and Kenichi Yamamoto, former 
chairman of Mazda automobile group. KE was initially put 
forward to better understand the needs of consumers and 

to express the subconscious requirements of consumers on 
product attributes in a more clear and objective way. It can 
quantify irrational and difficult to describe emotional and 
psychological factors into rational expression, and finally 
establish a set of new product research and development 
system oriented by consumer demand. Analysis of KE is 
often used to understand consumers' expectations on 
product modeling, color, texture, layout, etc., and to explore 
consumers' feelings and demands for products [2], so as to 
better guide the design.
2.2. Data-driven
Data-driven is a method to acquire, analyze and process 
massive data in time. Data-driven analysis combined 
with KE can enable designers to have many advantages in 
design analysis [3]. Data-driven method has the following 
advantages: perceptual words are derived from user's 
comment data for this kind of products, and the collected 
perceptual words are highly targeted; the online comment 
data-oriented perceptual evaluation method is adopted 
to ensure the authenticity of the comment data; and the 
crawler program is used to automatically collect data, which 
makes the data collection efficient and numerical [4]. In this 
paper, the first-hand evaluation data from consumers on 
purple-clay teapot can be directly obtained through data 
mining, which was not instructive, and the emotional words 
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collected are highly targeted to cases. A large number of 
online comment data were used for emotional evaluation, 
which can better ensure the authenticity and reliability 
of comment data. Moreover, the way of collecting data 
through web crawler is characterized by high efficiency, 
strong real-time performance and large amount of data 
collection.
2.3. Quantification-I theory
Quantification-I theory [5,6,7] is a method to establish the 
relationship between variables by using mathematical 

model. For the field of Kansei Engineering, by establishing 
a mathematical model based on Quantification-I theory, 
qualitative problems can be quantitatively analyzed, which 
can more intuitively and clearly analyze the relationship 
between the emotional image of consumers and the form 
elements of modeling design[8,9,10], and apply the analysis 
results to product design innovation. 

In this paper, form elements of purple-clay teapot were 
analyzed by combining KE, data-driven and quantitative 
theories, and the research technical route is shown in 
Figure 1.

Collection of sample 
photos

Collection of image 
words

Determination of 
design elements Filter sample images

Emotional image 
survey

Relationship between 
design elements and image

Data driven Quantitative-I theory

Figure 1. Research Technical Route

 Figure 2. 64 Classic purple-clay teapot

Table 1. Feature Coding Matrix for Design of Morphological Elements

Category Ci1 Category Ci2 Category Ci3 Category Ci4 Category Ci5 Category Ci6 Category Ci7 Category Ci8

Spherical C11
Elliptical

(vertical) C12
Elliptic

(transverse) C13
Cylindrical C14 Cylindrical C15 Inverted table C16 Square platform C17 Square C18

Curved spit 1, C21 Curved spit 2, C22 Curved spit 3, C23 Straight spit , C24
Short straight spit

, C25

Arc front ear handle
C31

Arc inverted ear
handle C32

Handle with straight
line C33

Round ear handle C34 Handle C34
Lifting beam handle

C36
Flying kettle handle

C37

Nested cover pot C41
Pressing cover pot

C42
Cutting cover pot

C43

Spherical C51 Cylindrical C52 Bridge shape C53 Ellipse C54
Transverse ellipse

C55

Bottomless C6l Add bottom C62 Nail foot C63

Kettle handle
modelling element

C3j

Kettle cover
modelling element

C4j

Kettle button
modelling element

C5j

Pott-foot modeling
element C6j

Kettle body
modelling element

C1j

Kettle spit
modelling element

C2j
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3. Study Process

3.1. Specimen collection
In this paper, the purple-clay teapot is taken as the research 
object. Through literature review[11], field visits and other 
ways to investigate the classic shapes of the purple-clay 
teapot, about 64 kinds of the classic shapes of the purple-clay 
teapot have been obtained. The form of 64 kinds of classic 
purple-clay teapots was analyzed. Tmall purple purple-
clay teapot were crawled with crawler tools and the front 
view of the classic purple-clay teapot was obtained through 
screening, which is convenient for product evaluation 
and feature extraction and induction in the later stage. In 
order to better exclude the influence of other factors, the 
background of the collected pictures of 64 kinds of classic 
purple-clay teapot was unified, as shown in Figure 2.
3.2. Analysis and extraction of modeling elements
After determining the classic modeling samples, 64 kinds 
of purple-clay teapot were decomposed. Focus group 
method was used to extract the modeling design elements 
of purple-clay teapot and subdivide its design categories. 
It is known that the purple-clay teapot can be divided 
into six morphological design elements, such as lid, body, 
spout, handle, knob and foot, and its morphological design 
elements can be subdivided into 30 design categories. The 
shape and form design elements of purple-clay teapot were 
digitally coded to ensure that each shape and form element 
and design category was significantly differentiated. Finally, 
the shape and form design feature coding matrix of purple-
clay teapot was formed as shown in Table 1.
3.3. Sample selection
64 pictures of purple-clay teapot were coded. The formula 
takes Xn to represent the sample and Cij to represent the 
design features, then the combination of the characteristic 
elements of the purple-clay teapot is:

In order to better screen out the appropriate samples, 
through cluster analysis, samples that can meet all the 
characteristics of 31 modeling elements were selected from 
64 classical purple sand pot models. A total of 12 samples 
were screened out. The modeling elements of these samples 
include all types of purple-clay teapot. Twelve samples were 
processed with gray level to exclude the influence of color 
on the perceptual image, as shown in Figure 3.

Figure 3. Screened samples

3.4. Collection of emotional image words
Tmall platform is a comprehensive shopping website[12], 
and its sales categories are complete, most of which are 
in the form of flagship stores. Therefore, we selected the 
review data of purple-clay teapot in Tmall e-commerce 
platform as the research object, and grabbed the sales 
data of June 7, 2019 through Python program, on which 
79,377 related products of purple-clay teapot were sold on 
Tmall platform. In order to better capture useful data, we 
only captured 18035 review data from the stores with the 
highest sales volume and review volume. The stores with 
the highest sales volume and review volume can reflect that 
these stores are more in line with users' needs.
3.5. Comment data preprocessing
Data directly obtained by web crawler usually have a lot of 
noise data, so it is necessary to preprocess the data. Due to 
the influence of word diversity, wrong words and network 
buzzwords, this paper adopts stuttering participle for word 
segmentation and part of speech tagging.

To extract adjectives, that is, after tagging the collected 
comments with part of speech, the adjectives described in 
the comments for purple clay pot are selected.

Inductive similar adjectives. Summarize the collected 
adjectives and delete those who do not conform to the 
actual situation, such as "cheap" and other adjectives that 
are not suitable for evaluating the shape. Similar adjectives 
such as "beautiful", "good-looking" and "beautiful" are 
classified by the same category.

Get image vocabulary. Make descending order of the 
inducted adjectives and select the top 30 adjectives. The 
purple-clay teapot was evaluated through focus groups 
using selected adjectives. The focus group consists of 20 
design students (male 11, female 9). Each member is limited 
to 10 words from 30 words, which can be used to evaluate 
purple sand teapots. Finally, the top 5 descriptive words 
were summarized, as shown in Table 2. And the negative 
words are summarized, cute - serious, soft - masculine, 
boring – fun, light – bulky, fragility – firmness.

Table 2. Frequency table of image vocabulary pairs

Pair of image words Number of times used

Cute - serious 18

Soft - masculine 17

Boring – fun 17

Light – bulky 15
Fragility – firmness 13

3.6. Establish the space of image meaning
Based on the selected samples and image vocabulary 
groups, the questionnaire was compiled to establish an 
image semantic space for the description of morphological 
elements of purple-clay teapot. Using SD method and 
combining 7-point Likert Scale to grade the shape of 
purple-clay teapot, a semantic axis of 1~7 was formed. 
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A total of 273 questionnaires were distributed, 269 were 
collected, and 260 were valid statistical data. The analysis of 
the results is shown in Table 3.

The statistical results are exported to SPSS statistical 
software for analysis, and the standard deviation of image 
word pairs is obtained, as shown in Table 4. As shown in 

Figure 4, the semantic axes of the images of samples were 
drawn. From the descriptive statistical analysis and the 
combination of the semantic axes of the samples, it can be 
concluded that the image vocabulary group of "masculinity 
-- softness" can better analyze the semantic space of the 
samples.

Table 3. Mean value of image evaluation

Sample Cute - serious Soft - masculine Boring - fun Lightweight - bulky Fragility - firmness Sample Cute - serious Soft - masculine Boring - fun Lightweight - bulky Fragility - firmness

-0.73 -1.54 -0.19 0.23 1.03 0.27 0.15 -0.09 0.49 -0.08

-0.63 -0.67 -0.41 0.95 0.79 -2.16 -1.83 1.49 -0.79 -0.39

-0.19 -0.32 1.03 0.47 0.51 1.46 1.36 0.45 0.45 0.09

2.25 2.46 -1.02 1.65 1.84 -0.59 -1.21 -0.55 0.41 0.13

-1.26 -2.02 1.21 -0.86 0.09 -1.31 -1.23 1.49 -0.59 -0.81

0.01 -0.26 -0.85 0.39 0.65 1.79 1.76 -0.19 1.43 1.58

Table 4. Statistical results

N Range Minimum Maximum Sum Std. Deviation Variance

Statistic Statistic Statistic Statistic Statistic Statistic Std. Error Statistic Statistic Statistic Std. Error Statistic Std. Error

Cute - serious 12 4.41 -2.16 2.25 -1.09 -0.090833333 0.385882417 1.336735905 1.786862879 0.477065707 0.637302005 -0.526223831 1.232246474

Soft - masculine 12 4.48 -2.02 2.46 -3.35 -0.279166667 0.421782757 1.461098331 2.134808333 0.726727726 0.637302005 -0.578306962 1.232246474

Boring - fun 12 2.51 -1.02 1.49 2.37 0.1975 0.261311161 0.905208414 0.819402273 0.32552934 0.637302005 -1.447423632 1.232246474

Lightweight - bulky 12 2.51 -0.86 1.65 4.23 0.3525 0.229082905 0.793566461 0.629747727 -0.100176 0.637302005 -0.471337322 1.232246474

Fragility - firmness 12 2.65 -0.81 1.84 5.43 0.4525 0.22428717 0.77695355 0.603656818 0.338034787 0.637302005 -0.306634471 1.232246474

Mean Skewness Kurtosis

Descriptive Statistics

Figure 4. semantic axis of image
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3.7. Construction of a theoretical model of quantifica-
tion
After the statistical analysis of image words, the relationship 
between the modeling design elements and image words 
is described quantitatively by constructing a quantitative 
theoretical model. Here, the modeling and morphological 
elements of purple-clay teapot are taken as independent 
variables, and its perceptual image vocabulary evaluation 
value is taken as dependent variables, and the objective 
analysis is conducted by means of multiple regression. The 
formula is as follows：

Where 

4. Experimental Results and Analysis
Combined with the Quantification-I theory, the analysis of 
the Masculine - soft quantitative model is carried out, and 
the results are shown in Table 5. 

According to the analysis of quantification-i theory[13], 
the order of partial correlation coefficient is: Pot handle 
(0.553) > lid (0.311) > foot (0.23) > knob (0.125). This 
shows that in the perceptual evaluation of purple-clay 
teapot, the body has the greatest influence on "masculinity 
- soft", the spout and handle are the second, while the 
foot and knob have the least influence on "masculinity - 
soft". In a word, in the process of analyzing the scores of 
various morphological elements in the purple-clay teapot, 
the larger the positive value is, the greater the influence of 
the morphological elements on the image of "softness"; on 
the contrary, the lower the score is, the more masculine the 
image is.

Similarly, this method can quantitatively analyze the 
correspondence between other modeling elements and 
other perceptual image vocabulary groups.

5. Conclusion
With the development of network technology, more and 
more consumers carry out shopping through network. By 
collecting a large amount of comment data from e-commerce 
platforms for analysis, it can better provide data sources for 
design. By crawling online comment data, a large amount 
of data can be obtained and the part of speech and word 
frequency can be quickly analyzed, which is more efficient 
than the traditional collection of emotional words through 
books, advertisements, newspapers and other means. A 
large number of samples can be obtained by crawling the 

e-commerce platform through the network crawler. The 
samples of the e-commerce platform are directly oriented to 
consumers, which is of great reference significance. In this 
paper, the purple-clay teapot was analyzed by combining 
Kansei Engineering and Quantification-I theory, which 
provides a new idea for product design research.

Table 5. Quantification-I theory analysis results

Design
elements

Form elements Category
score

Partial
correlation
coefficient

Spherical C11 0.593

Elliptical (vertical) C12 0.091

Elliptic (transverse) C13 0.213

Cylindrical C14 0.015

Cylindrical C15 -0.161

Inverted table C16 -0.015

Square platform C17 -0.203

Square C18 -0.352

Curved spit 1, C21 0.121

Curved spit 2, C22 0.201

Curved spit 3, C23 0.462

Straight spit , C24 -0.104

Short straight spit , C25 0.321

Arc front ear handle C31 0.201

Arc inverted ear handle C32 0.241

Handle with straight line C33 -0.218

Round ear handle C34 0.125

Handle C34 -0.103

Lifting beam handle C36 -0.315

Flying kettle handle C37 0.121

Nested cover pot C41 0.021

Pressing cover pot C42 0.102

Cutting cover pot C43 0.333

Spherical C51 0.012

Cylindrical C52 0.025

Bridge shape C53 -0.012

Ellipse C54 0.109

Transverse ellipse C55 0.033

Bottomless C6l 0.319

Add bottom C62 0.214

Nail foot C63 0.091

2.49

Kettle body
modelling
element

0.945

Kettle spit
modelling
element

0.566

Kettle handle
modelling
element

0.556

Constant term

Kettle cover
modelling
element

0.312

Kettle knob
modelling
element

0.121

Kettle foot
modelling
element

0.21
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1. Introduction
The continuous consumption of fossil fuels has caused severe 
globally environmental pollution and resource depletion. 
Thus, research and development of renewable energy has 
attracted world-wide attention [1-4]. Many clean energy 
resources such as solar energy, tidal energy, wind energy 
are readily available and inexhaustible. Still, they possess 
low conversion efficiency, unbalanced power output, and 
hard to move and storage, which limited their applications 
in vehicles, portable devices, and other areas dramatically. 
Therefore, developing clean energy storage devices is of 
vital importance to potentially solve the problems. Feature 
of high energy density and fast discharge/charge rate, 
supercapacitors, has attracted worldwide attention [7-14]. 
The carbon-based supercapacitors also can be called the 
double electric layer capacitor. Such a device is potentially 
applied in energy storage devices because the capacity is 
significantly higher than traditional capacitors, and the 
output voltage is more stable than pseudocapacitors [15, 16]. 
The mechanism of electric double-layer capacitors is mostly 
based on the Herm Holtz principle[17-19]. An ideal capacitor 
material often needs a specific surface area as large as 
possible to serve a high capacity and conductivity, such as 
carbon nanotubes, graphene, carbon-based aerogels, etc. 

In the industrial producing process, the cost of raw 
materials is an essential point for practical application. The 
raw materials from carbon nanotubes, graphene, carbon-
based aerogels are not economically friendly, which limited 
the mass production of the related products [20, 21]. This 
project selected agricultural wastes (biomass straw) as raw 
materials, produced high capacity and stability carbon-
based electrode materials via simple hydrothermal and 
subsequent KOH activation method. Such a template-free 
and the surfactant-free process are potentially applicable 
for industrial constructing.

2. Experimental Section

2.1. Materials synthesis
Selected the air-dried bio-straw, separated the skin and 
transferred the core into a 100 mL Teflon-lined stainless 
steel autoclave, raised the temperature to 200℃ and kept 
for 2 h. After cooled down to room temperature, the 
pre-carbonized materials were divided into five parts (2 
g per part, approximately), added into solid KOH with 
the proportion by mass in 1:0.0, 1:0.5, 1:1.0, 1:1.5, 1:2.0, 
respectively. Then mixed in agate mortars thoroughly, 
transfer the mixture into the tubular furnace at a heating 
rate of 5 ℃ min-1 to 900 ℃ in nitrogen atmosphere and 
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kept 2 h for activation. Cleaned the activated materials to 
neutral with deionized water and dried with air-dried oven 
to obtain the bio-straw-based carbon material. According 
to the proportion of activator, the five parts of materials are 
denoted as SCA-0, SCA-0.5, SCA-1.0, SCA-1.5, SCA-2.0, 
respectively. 
2.2. Physical characterization
The micromorphology of the material was characterized by 
SEM (JSM-7500f), and the specific surface area and pore 
diameter of the materials were detected by the surface area 
analyzer (NOVA 2200e).
2.3. Electrochemical Measurements
The capacitors were assembled by using active materials, 
carbon black and PVDF at a proportion of 8:1:1 (respectively, 
by mass), respectively. Mixed and separated those materials 
in agate mortars, then applied in nickel foams and dried 
the nickel foam in a bake oven at 80℃ for 2h. Cyclic 
voltammogram (CV) and discharge/charge measurements 
via a three-electrode system by electrochemical workstation 
were conducted to investigate the electrode activity. In the 
three-electrode system, saturated calomel electrode (SCE), 
carbon rod electrode, and 3 M KOH solution were served 
as reference electrode, counter electrode, and electrolyte, 
respectively.

3. Results and discussion

3.1. Structure and morphology analysis
Figure 1 presents the SEM image of SCA-0 and SCA-1.5. 
Without KOH activation, the smooth lamellar structure 
of SCA-0 (Figure 1a-b) can provide a large specific surface 
area. After KOH activated, the smooth surface turns rough, 
which indicates the active region was enlarged, the porous 
microstructure (Figure 1c-d) makes the electrolyte access 
into the pores easier. According to the discussion above, the 
KOH activator does not change the micromorphology of 
the materials significantly; thus, the activation process will 
not cast down the electrochemical stability as well.

Figure 2 exhibits the nitrogen adsorption-desorption 
curves (BET) of materials with different activator 
proportions. All four materials have hysteresis rings in the 
range of P/P0=0.5~0.8. Among them, SCA-1.5 is the most 
obvious, indicates the material has an excellent mesoporous 
structure. Table 1 shows the specific surface area and pore 
size distribution of the four materials from the BET test, in 
which SCA-1.5 has the highest specific surface area (177.0 
m2 g-1), much higher than the other three materials. The 
relative lower specific surface area of SCA-0.5 and SCA-
1.0 may be attributed to insufficient KOH activator. SCA-
2.0 loses the original structure, perhaps attributed to the 
excessive KOH activator caused over-activation. From the 
pore size distribution, the average pore size of SCA-1.5 is 
3.1 nm, which is smaller than the other three materials. 
It indicates that the KOH activator constructed micro-
holes successfully in the lamellar carbon materials, which 
is consistent with the conclusion of SEM analysis. The 
detailed KOH activation mechanism is as follows[22, 23]:

6KOH + 2C → 2K + 3H2 + 2K2CO3                                   (1)
K2CO3 → K2O + CO2                                                     (2)
CO2 + C → 2CO                                                             (3)
K2CO3 + 2C → 2K + 3CO                                             (4)
K2O + C → 2K + CO                                                     (5)

Figure 1 (a-b) SEM images of SCA-0 with step-by-step 
magnify; (c) SEM image of SCA-1.5 and the magnification 
image.
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Figure 2 The N2 desorption curves of the four activat-
ed materials.

Table1 Surface area and pore size distribution of the 
four different active materials.

Samples S
(m2 g-1)

Pore
Size (nm)

SCA-0.5 33.7 3.5
SCA-1.0 44.0 3.5
SCA-1.5 177.0 3.1
SCA-2.0 73.3 3.5
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3.2. Electrochemical Performance
Figure 3a exhibits the CV curves of each activated electrode 
material in a 3 M KOH solution with a scanning rate at 50 
mV s-1. The electrode of SCA-1.5 material has the largest 
double electric layer capacity, and the CV curves exhibit 
a rectangular shape in the voltage of -1.0-0.2 V, which is 
close to the shape of ideal double electric layer capacitors. 
In comparison, the electrode of SCA-0 material has a lower 
double layer capacity in the potential range of -0.4-0.2 V, 
indicating that the activation process significantly enlarged 
the materials’ surface area. The electrode of SCA-0, SCA-
0.5, SCA-1.0, SCA-1.5 and SCA-2.0 materials contains 
36.0, 100.2, 128.4, 141.0 and 83.8 F g-1, respectively (Figure 
3b). Therefore, the electrode of SCA-1.5 material has the 
optimal activator proportion for the biomass carbon-based 
materials. The CV curves with different scanning rates were 
exhibited in Figure 3c. When the scanning rate above 200 
mV s-1, the material almost remains a regular rectangular 
shape, which indicates the material has a good rate capability. 
The capacitance line chart (Figure 3d) processed from the 
CV curve showed that with the scanning rate increases, the 
capacitance of SCA-1.5 material decreased significantly but 
remains 120.0 F g-1 at a scan rate of 200 mV s-1, primarily 

indicates the excellent capacitance performance.
Figure 4a exhibits the discharge/charge performance 

of four electrode materials with different activator 
proportions. SAC-1.5 has the best discharge duration with 
a 1.2 V potential window. The corresponding line chart of 
capacity (Figure 4b) demonstrates that SAC-1.5 material 
possesses a capacity of 311 F g-1, which is much higher than 
SAC-0.5 (212 f g-1), SAC-1.0 (247 F g-1) and SAC-2.0 (183 F 
g-1) and consistent with the CV curve analysis.

Considering the electrochemical behavior is often 
different from the ideal conditions, we assembled a 
symmetrical double-layer capacitor based on SAC-1.5 
material and tested the electrochemical performance. 
Figure 4c exhibits the initial capacitance of the capacitor 
is 65 F g-1 at the discharge/charge rate of 1 A g-1. After 
2000 cycles activation, the capacity increased to 77 F g-1. 
After 18000 cycles, the capacity remains stable, indicates 
that the SCA-1.5 based double-layer capacitor possesses 
excellent discharge/charge stability. Besides, this biomass-
based supercapacitor lighted up a 2.2 V LED series, which 
combined with 28 bulbs successfully, proves the bio-straw 
based carbon materials are potentially applicable in the 
energy storage devices.

Figure 3 (a) CV curves of different activated materials, 
scan rate at 50 mV s-1 and the corresponding line chart of 
capacity (b); (c) CV curves of SAC-1.5 material at different 
scan rates and the corresponding line chart of capacity (d)

Figure 4 (a) Discharge/charge curves of different ac-
tivated materials at current density of 1 A g-1 and the cor-
responding line chart of capacity (b); (c) Discharge/charge 
curves of SAC-1.5 based supercapacitor device at 1 A g-1; 
(d) Lighting LED series powered by SAC-1.5 based super-
capacitor device.

4. Conclusions
This project adopted the hydrothermal method-KOH 
activation process, for a biomass-based carbon material 
with a lamellar porous microstructure. The optimized 
activation process was conducted by adjusts the activator 
proportion. SCA-1.5 has the best electrochemical 
performance, the specific capacitance at 250.0 F g-1, with 

the current density at 1.0 A g-1. Besides, such electrode 
remained stable even after 18000 cycles at a high cycling 
rate of 1.0 A g-1e. The raw material of this project is cheap 
and easy to access, which potentially applied in the energy 
storage devices and for mass production. With an excellent 
electrochemical activity and stability, proves that the bio-
straw based supercapacitors have a promising prospective 
application.
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Abstract: 
In this paper, a Fe-based Mn-Ni–Cr–Mo high strength low alloy (HSLA) steel was prepared by using Vacuum melting, following by 
hot rolling with 78% deformation and various heat treatment processes. Microstructure were characterized by optical microscope 
(OM), scanning electron microscope (SEM) equipped with energy dispersive spectrometer. Tensile tests were performed. After direct 
quenching (Q) from 860℃, the samples were subjected to secondary quenching (L) at different intercritical temperatures within the 
two-phase region and various tempering temperatures (T). Results show that QLT treatment increases elongation and decreases yield 
ratio compared with conventional quenching and tempering process (QT). The optimum QLT heat treatment parameter in terms of 
temperature are determined as Q: 860℃, L: 700℃, and T: 600℃, resulting in the better combined properties with yield strength of 
756MPa, tensile strength of 820MPa, tensile elongation of 16.76% and yield ratio of 0.923.

Keywords: high strength low alloy (HSLA) steel; QLT heat treatment; tempering; microstructures; mechanical properties

1. Introduction
In order to meet the development of large-scale, high-speed 
and multi-sea operations of high strength low alloy (HSLA) 
steel, a steel system with high strength, high toughness 
and good weldability to allow reliable operation must be 
assured for extreme severe environments and service 
conditions [1]. This indicate an increasing requirement for 
HSLA steel. In the decades, researchers have done a lot of 
works in the field of HSLA steel, for example, widely-used 
high yield (HY) series high-strength steel in the United 
States, Japanese NS series steel, and Russian Ab-series 
steel [2-8]. Above mentioned traditional HSLA steels are 
based on low-carbon and low-alloys [9,10], and their high 
strength and high toughness is attained based on the low-
carbon tempered martensite structure obtained through 
the “quenching and tempering” heat treatment process. 
The high strength of steel required higher alloy element 
content, which simultaneously results enhanced in carbon 
equivalent and thus the deteriorating welding performance. 
Therefore, how to balance strength, toughness and welding 
performance of steel has become a key factor in the 
development of high strength steel.

New ideas have been provided to achieve strength-
toughness-welding performance balance. The United States 
first proposed a new generation of copper-containing easy-
welded high strength submarine steel plan to develop 
the same strength and toughness index as HY 80 steel 
[11,12], with better weldability in comparison with HSLA 
80 structural steel. HSLA 80[13] is a low-carbon, copper-
precipitated reinforced steel. The ε-Cu precipitation and 
ultra-fine bainite structure with high density dislocation 
in the steel yield excellent comprehensive mechanical 
properties. Through dispersion strengthening of ε-Cu 
phase formed in the aging process, the strength loss caused 
by C is compensated, and the welding crack sensitivity is 
reduced [14].

At present, high strength steel systems of 390MPa, 
440MPa, 590MPa and 785MPa have been formed [15], 
which all use the Mn-Ni-Cr-Mo component system 
mostly treated with quenching and tempering. The Mn-
Ni-Cr-Mo component system treated with quenching 
and tempering can meet the requirements of technical 
indicators, but also has some shortcomings. First of all, 
after heat treatment of quenching and tempering process 
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[16-18], yield ratio is relatively high, generally up to 0.93 or 
more, sometimes even as high as about 0.97, which greatly 
reduces the safe using performance. Secondly, tempering 
temperature range is narrower during the quenching 
and tempering process, which increases the difficulty of 
industrial production. In this paper, we employed a special 
heat treatment procedure, named QLT treatment [19] which 
consists of direct quenching (Q), relatively low temperature 
(intercritical) quenching (L) and tempering (T) to improve 
the mechanical properties and modify the microstructure 
of HSLA steel, respectively [20]. The microstructure is 
refined and ferrite is introduced on the basis of the 
strengthened phase (tempered martensite) during this heat 
treatment process. Recently, it has been recognized that the 
multi-phase microstructure which consists of “soft” ferrite/
pearlite and “hard” bainite/martensite would improve the 
impact property of the steel [21,22]. The combination of soft 
ferrite and relatively hard secondary tempering martensite 
reduces the yield ratio and improves elongation. In this 
paper, a low carbon alloy steel containing alloying elements 
Ni, Cr, Mo, etc. in hot-rolled state was experienced QT and 
QLT treatments in sequence. The effects of conventional 
quenching and tempering heat treatment process (QT) 
and two-phase zone secondary quenching heat treatment 
process (QLT) on the microstructure and mechanical 
properties of the steel were investigated and compared. The 
results show that QLT heat treatment process improves the 
elongation and reduces yield ratio obviously.

2. Experimental Procedures

2.1. Preparation of samples
The steel sample with chemical compositions (see Table 1) 
similar to Mn-Ni-Cr-Mo HLSA steel was prepared. Steel 
ingot of 150 mm length, 70 mm width and 80 mm thickness 
was obtained by melting the mixture of all base metals 
in a corundum crucible in a vacuum furnace [23]. Before 
melting, degreasing, rust removal and drying treatment 

were applied to reduce the introduced inclusions and gas. 
Vacuum deaeration was adopted and the system vacuum 
degree is 6×10−4Pa. Oxygen level was controlled in a 
reasonable range of 40–60 ppm in the melt and nitrogen 
level in a range of 10–20 ppm. Finally, the melt was poured 
and cooled down inside the crucible in air. Fabrication 
process has been presented in detail in our former paper [24].

Then, as-cast ingots were heated at 1200℃ for 2 h 
and subjected to hot-rolling into 18 mm thick plates with 
a total cumulative reduction of 78% given in five passes, 
followed by air cooling to room temperature. By using far-
infrared instrument, initial and final rolling temperatures 
were measured to be 1150 ± 10℃ and 850 ± 10℃, 
respectively. Hot-rolled sample of 510 mm length, 105 
mm width and 18 mm thickness was then cut into blocks 
by wire cut electrical discharge machining (WEDM). The 
sample after hot rolling is divided into two groups named 
Ⅰ and Ⅱ. Group Ⅰ blocks of rolled-steel with size of 
110 mm length, 30 mm width and 10 mm thickness were 
kept at 880℃, 860℃ and 840℃ for 1 h quenched in water 
and subsequently tempered at temperatures of 600℃ for 
1h. Group Ⅱ are after direct quenching from 860℃, the 
samples were subjected to secondary quenching (L) at 
different intercritical temperatures within the two-phase 
region and various tempering temperatures (T). The QLT 
treatment includes two step quenching and tempering. 
Table 2 illustrates the treatment processes used in this 
paper. The QLT process adds a two-phase zone quenching 
process between the QT processes. The measured AC1 
temperature is 706°C, and the AC3 temperature is 
767°C. For the QLT processing here, the selected heated 
temperature is set between 680℃-760℃, which is actually 
high tempering temperature. But the water quenching is 
chosen as the cooling method, instead of air cooling or 
furnace cooling. So we called this special processing as a 
kind of secondary quenching. Therefore, the secondary 
quenching temperature range is 680-760 °C.

Table 1. Actual chemical compositions of steels (wt.%).

Composition C Si Mn P S Cr Ni Cu Mo V Nb Al

Content 0.06 0.04 1.03 0.02 0.02 0.97 4.66 0.02 0.54 0.003 0.05 0.002

Table 2. The treatment processes of steel.

Name 1 2 3 4 5 6 7 8

Primary
quenching temperature 860℃ ×1h 860℃ ×1h 860℃ ×1h 860℃ ×1h 860℃ ×1h 860℃ ×1h 860℃ ×1h 860℃ ×1h

Secondary quenching 
temperature 760℃ ×1h 730℃ ×1h 700℃ ×1h 680℃ ×1h 700℃ ×1h 700℃ ×1h 700℃ ×1h 700℃ ×1h

Tempering tempera-
ture 600℃ ×1h 600℃ ×1h 600℃ ×1h 600℃ ×1h 640℃ ×1h 620℃ ×1h 600℃ ×1h 580℃ ×1h

2.2. Material characterization and mechanical property 
test
Optical microscopy (OM), scanning electron microscopy 
(SEM), equipped with energy dispersive spectrometer 

were performed to characterize the microstructures. The 
spot resolution for the energy dispersive spectrometer 
(EDS) analysis is 0.205 nm. Metallographic specimens 
were ground with silicon carbide paper and subsequently 
polished followed by etching with 4% alcohol nitric acid 
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solution. Tensile test specimens were cut from hot-rolled 
samples and tempered samples with WEDM, respectively. 
Tensile tests were conducted on dog-bone shaped 
specimens with a gage size of 30mm length, 12.5mm width 
and 2mm thickness at room temperature with a strain rate 
of 10−3s−1 using an FPZ 100 machine. The hardness test 
is conducted on the WHR-80D total Rockwell Hardness 
tester. The hardness of the experimental steel in rolled and 
heat-treated state is measured according to the GB/T 2850-
1992. 6 points were measured at different positions on the 
metallographic samples with 10mm×10mm×10mm, and 
then the average value was obtained as the hardness for the 
tested samples.

3. Results and Discussion

3.1. Effect of QT process on microstructure and mechan-
ical properties
Figure 1 and Figure 2 show the optical microscope images 
and scanning electron micrographs of the microstructure 
at different quenching temperatures. The steel in QT state 
exhibited a tempered troostite structure in temper state, with 
quenching at 840°C, 860°C, 880°C and tempering at 600°C.
Most of the martensite structure in the troostite structure 
remained in slat-like shape as shown in SEM images of 
these QT steels. Numerous carbides were precipitated 
between martensite slats and at grain boundaries of original 
austenite. The tempering stability is improved due to the 
presence of strong carbide forming elements such as Mo, 
V, Nb, etc. Therefore, most of tempering microstructure 

maintains the form of slat, accompanied with high strength. 
Quenching temperature influences directly the grain 

size of austenite structure and correspondingly affects 
the distribution of quenching structure, leading to the 
variation of tempering structure (see Fig. 2). Specifically, 
the higher quenching temperature, the coarser structure 
in austenitizing (austenite grain), quenching (lath 
martensite) and tempering (tempering troostite) states. 
The final tempering structure causes the difference in 
mechanical properties (see Table 3). On the other hand, 
the experimental steel contains alloying elements including 
Ni, V, Cr, and Mo. As the quenching temperature increases, 
the solid solution contents of the alloying elements increase 
in the quenching state, which facilitate the precipitation of 
carbides and nitrides during tempering process. This makes 
a great contribution on the improvement of strength. The 
mechanical testing results in Table 3 demonstrate that 
increase of quenching temperature has the greatest impact 
on the decline of the yield and tensile strengths of steel. 
With quenching temperature increasing, specifically, 
tensile strength decreased from 1055MPa to 908MPa, and 
yield strength decreased from 882MPa to 878MPa. Tensile 
elongation and yield ratio at different QT states exhibit 
similar values around 13% and 0.96, respectively. Therefore, 
considering several mechanical properties parameters, we 
conclude that the steel quenched at 860°C and tempered 
at 600°C obtain the optimized comprehensive mechanical 
properties, with the yield strength of 881MPa, tensile 
strength of 909MPa, elongation after fracture of 13.92 %, 
and yield ratio of 0.969.

Figure 1. Low magnification optical micrographs of tempered samples at different quenching temperature. Quench-
ing temperature: (a) 840℃; (b) 840℃; (c) 860℃; (d) 860℃; (e) 880℃; (f) 880℃. Tempering temperature: 600°C.
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Figure 2. SEM images of at different quenching for 1h and tempering at 600°C, (a) 840℃; (b) 860℃; (c) 880℃

Table 3. Mechanical performance of QT state steel

number
quenching

 (℃)
temper 

(℃)
Yield Strength
（MPa）

tensile strength
（MPa）

Elongation
 (%)

hardness（HR） Yield ratio

A Rolled state 600 0 1055.514 12.16 29.7 0

B 880 600 878.813 908.8632 13.6 28.7 0.967

C 860 600 881.063 909.2028 13.92 26.9 0.969

D 840 600 882.121 910.853 13.84 27.3 0.968

Figure 3. Evolution of mechanical properties with different quenching temperatures: (a) Yield strength; (b) Tensile 
strength; (c) Elongation; (d) Yield ratio

3.2. Effect of QLT process on microstructure and me-
chanical properties
In the previous stage, the effects of different quenching 
temperatures on the microstructure and properties of 

steel were investigated. The optimum QT heat treatment 
parameter in terms of temperature are determined as 
Q: 860℃ and L: 600℃, resulting in the better combined 
properties with yield strength of 881MPa, tensile strength 
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of 909MPa, tensile elongation of 13.92% and yield ratio of 
0.969. The secondary quenching process was conducted to 
further verify the relevant properties of the experimental steel.

The secondary quenching produces the continuous 
distribution of the mixed structure of the secondary 
tempered martensite and ferrite, similar as the dual-phase 
steel structure. The combination of the soft ferrite and 
the hard secondary tempered martensite has the greatest 
impact on the decline of the yield ratio and the increase 
of the elongation. Table 4 gives detailed parameters 
of mechanical properties under different secondary 
quenching processes (i.e. QLT states). With the secondary 
quenching temperature increasing, specifically, tensile 
strength increased from 802 MPa to 912MPa, and yield 
strength increased from 740MPa to 887MPa. At different 
QLT states, tensile elongation exhibit similar values around 
16%, and yield ratio is higher than 0.89.

Considering the mechanical properties in Table 
4, processed in sequence by the quenching at 860°C, 
secondary quenching at 680-760°C and tempering at 
600°C, the steel under 700°C secondary quenching obtain 

the optimized comprehensive mechanical properties, with 
the yield strength of 756MPa, tensile strength of 820MPa, 
elongation after fracture of 16.96 %, and yield ratio of 0.923.

Then under the constant secondary quenching 
temperature of 700°C, tempering processes at 580°C, 
600°C, 620°C, 640°C for 1 h were carried out to determine 
the best tempering temperature for the steel. After the 
secondary quenching and high temperature tempering 
(>500℃), the obtained microstructure displayed a 
ferrite+ secondary tempered martensite. When residual 
austenite is present in the quenched steel, it can even be 
transformed into pearlite or bainite during tempering and 
then martensitic transformation occurs. The austenite does 
not decompose in the tempering heat preservation. In the 
subsequent cooling, due to the catalysis (anti-stabilization) 
effect, it is likely to undergo martensitic transformation. 
This phenomenon is called secondary quenching. Then the 
structure obtained when tempering is secondary tempered 
martensite. As the tempering temperature increases, the 
ferrite content increases and the distribution areas becomes 
wider (see Fig. 4).

Table 4. Mechanical performance of QLT state steel

Secondary
quenching

temperature（℃）

Temper 
temperature（℃）

Yield 
Strength（MPa）

tensile 
strength（MPa）

Elongation（%） Yield ratio

760 600 887.212 912.152 15.20 0.972

730 600 861.354 907.652 16.40 0.949

700 600 756.862 820.498 16.96 0.923

680 600 740.251 802.513 17.20 0.893

Figure 4. SEM images of at Secondary quenching 700°C for 1h and different tempering (a) 580℃; (b) 600℃, (c) 
620℃, (d) 640℃

With the temper temperature increasing, specifically, 
tensile strength decreased from 846MPa to 787MPa, 
and yield strength decreased from 785MPa to 700MPa. 
At different QLT states, tensile elongation decreased 

first and then rose, between 16.96-19.60, and yield ratio 
exhibited similar values around 0.93 (in Table 5 and Fig. 
5). Considering the mechanical properties processed in 
sequence by the quenching at 860°C, secondary quenching 
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at 700℃ and tempering at 580-640°C, the steel tempering at 
600°C obtained the optimized comprehensive mechanical 
properties.

The tensile fracture surfaces of the experimental steel 
after the QT and QLT process are shown in Figs. 6 and 7. The 
number density and depth of dimples in fracture surface 
of steel sample quenching at 840 are less and smaller than 
those at 860°C, respectively. Besides, the number density 

and depth of dimples in fracture surface of steel sample 
tempered at 580℃ are less and smaller than those at 600°C, 
respectively. The toughness of steel sample quenching at 
860°C (during QT process) and tempered at 600°C (during 
QLT process) respectively present higher values compared 
to their counterparts, which is consistent with the previous 
reports that dense and deep dimples during tensile fracture 
induce higher toughness [26,27].

Table 5. Mechanical properties of QLT Process steel

Secondary
quenching

temperature (℃)

Temper
temperature (℃)

Yield 
Strength (MPa)

tensile 
strength (MPa)

Elongation
（%）

hardness（HR） Yield ratio

1 700 640 700.43 787.020 19.60 22.2 0.890

2 700 620 765.16 814.232 19.28 23.4 0.940

3 700 600 756.86 820.498 16.96 23.1 0.923

4 700 580 785.10 846.560 18.16 22.9 0.928

Figure 5. Mechanical properties of different tempering temperatures at 700 °C secondary quenching (a) Yield strength 
(b) Tensile strength (c) Elongation (d) Yield ratio
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Figure 6. Fracture surface of steel sample quenched at 840 and 860 °C

  

  

Figure 7. Fracture surface of steel sample tempered at 580 and 600 °C, following secondary quenching at 700 °C

4 . Conclusion
(1) Metallographic structure under QT state is mainly 
consisted of tempered troostite in slat form. The steel 
under QT state (quenching at 860°C and tempering at 
600°C) obtains the optimized comprehensive mechanical 
properties, with the yield strength of 881 MPa, tensile 
strength of 909MPa, elongation after fracture of 13.92 %, 
and yield ratio of 0.969.

(2) The QLT treatment gives the best elongation 
values compared with QT process, and the optimum QLT 
heat treatment parameters are determined as Q: 860 ℃, L: 
700 ℃ and T: 600 ℃, with the yield strength of 756MPa, 
tensile strength of 820MPa, elongation after fracture of 
16.76 %, and yield ratio of 0.923. After QLT treatment, 
the two-phase structure is formed with soft ferrite and 
hard tempered martensite, which degrades yield ratio and 
improves elongation.

(3) The tensile fracture surfaces of the QT and QLT 

steels show that the number density and depth of dimples 
quenching at 840°C (during QT process) and tempered at 
580°C (during QLT process) are less and smaller than those 
of their counterparts, respectively. The dense and deep 
dimples during tensile fracture induce higher toughness in 
the former steels.
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Abstract: 
The aim is collecting uranium from groundwater in which uranium mainly exists in negative species, the amidoxime-functionalized 
hydrothermal carbon (AO-HTC) was synthesized. From the results of N2 adsorption-desorption and SEM, AO-HTC is a small 
spherical surface; FT-IR and Elemental analysis showed that the amidoxime group was successfully grafted onto the surface of the 
material; Zeta-potential measurement showed that the amino nitrogen atom is protonated in the oxime group. The optimum pH value 
of AO-HTC for uranium adsorption is 6.0, and the adsorption equilibrium is reached within 80 min, which is in accordance with 
the pseudo-second order adsorption kinetic model. The adsorption of uranium by AO-HTC accords with the Langmuir isotherm 
adsorption model, and the single-layer saturated adsorption capacity is 254.13mg•g-1. The thermodynamic parameters calculated 
by the adsorption isotherm indicate that AO-HTC adsorption of uranium is a spontaneous endothermic chemical process and 
Carbonate ion, calcium ion and humic acid concentration have great influence on uranium adsorption. The experiments results show 
that AO-HTC has the potential to elimination of U(VI) from groundwater.

Keywords: uranium; amidoxime; hydrothermal carbon; adsorption; Ca-U(VI)-CO3 complexes

1.Introduction
Nowadays, the soil has been polluted to varying degrees 
around the uranium smelter and the tailings pond, causing 
serious damage to the surrounding environment, and 
the groundwater has been seriously threatened with the 
migration of nuclide in the soil[1, 2]. Groundwater is an 
important resource for human being survival, it is a limited 
ecological resource that only accounts for a small part of the 
total water resources. The contribution of groundwater is 
crucial perhaps as many as 2 billion people rely directly on 
aquifers for drinking water[3]. In China, some of the regions 
like arid zones of Northwest China are entirely dependent 
on groundwater[4]. If it is not well managed, groundwater 
resources are highly vulnerable to widespread pollution.

There are some differences in the presence of uranium 
under aerobic and anaerobic conditions[5]. Under aerobic 
conditions, uranium mainly exists in the oxidation state 
of U(VI). For example, uranium form is UO2

2+ (uranyl) 
in acidic water with pH<2.5. Under anaerobic conditions, 
U(VI) is easily reduced to insoluble U(IV), and the 
solubility of the reduced state is only one ten-thousandth 
of the oxidation state[6]. Therefore, the reduced state U(IV) 

is not easy to migrate in the environment, the pollution 
source is not easily diffused, and as not as possible 
widespread contamination. The existence of U(VI) in soil 
and groundwater is the key point of current research[7].

The difference in morphology is the main reason 
for the low removal efficiency. In the complex natural 
environment, many factors affect the morphology of 
uranium, mainly two points. First, soluble organic carbon, 
which is mainly humic acid in soil and groundwater, humic 
acid is one a mixture rich in oxygen-containing functional 
groups (hydroxyl, carboxyl, etc.). humic acid reacts with 
U(VI) to form soluble salt in natural water (alkaline), thus 
changing the existing form of uranium. In groundwater, 
uranium does not precipitate with anions such as 
(UO2)2(OH)2

2+, but one or several soluble complexes ions 
are easy to migrate such as UO2(CO3)2

2−, UO2(CO3)3
4−, 

UO2CO3 (aq), etc[8-10]. Second, calcium and alkaline 
earth metal ions in the environment, rocks and soil rich 
in carbonate minerals, after the erosion of rainwater and 
river water, some carbonate minerals will be washed into 
small particles, the surface portion will dissolve at the same 
time[11]. Therefore, natural water contains a certain amount 
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of alkaline earth metal ions such as Ca2+ and Mg2+. The pH 
of water in nature is close to neutral, which is conducive 
to the dissolution of carbon dioxide gas in the air, further 
increasing the concentration of carbonate ions in water[12, 

13]. It has been reported that the main forms of uranium are 
Ca2UO2(CO3)3(aq), CaUO2(CO3)

2- and MgUO2(CO3)3
2- in 

the natural waters[14].

The form of uranium in soil or groundwater 
(such as UO2(CO3)2

2−, UO2(CO3)3
4−, UO2CO3(aq) 

Ca2UO2(CO3)3(aq) and CaUO2(CO3)
2-, etc.) is similar 

to that in seawater (UO2(CO3)3
4−, CaUO2(CO3)

2- and 
MgUO2(CO3)3

2-, etc.)[15, 16]. The terrible ability to identify 
interacting species of oxygen-containing functional group, 
which limits the application of HTC functional materials 
in certain fields. However, the amidoxime group has 
attracted much attention for the high chelation affinity 
and selectivity of uranium by the reaction of nitrile groups 
with hydroxylamine, which has been supported on various 
materials (such as polymeric fibers, porous polymers, 
metal organic framework) exhibit superiority to uranium 
adsorption[17, 18]. In groundwater, uranyl was contacted with 
amidoxime in the form of UO2(CO3)2

2− or UO2(CO3)3
4−, and 

then the chelating uranyl was coordinated with amidoxime 
group and absorbed by the amidoxime-based adsorbent[19, 

20]. Therefore, the feasibility and abundance of amidoxime 
are two key points determining the adsorption capacity of 
uranium.

In this work, an amidoxime functionalized 
hydrothermal carbon adsorption material was prepared 
as an adsorbent for treatment of uranium-containing 
groundwater. The amidoxime group can be obtained by 
reduction of a nitrile group, and the reaction conditions 
are were no longer various conventional modification 
processes. The acrylonitrile can be grafted onto the starch by 
a polymerization grafting method[21]. The grafted starch is 
further hydrolyzed to obtain a nitrile-grafted hydrothermal 
carbon intermediate. Finally, the nitrile group is reduced 
to an amidoxime group in a hydroxylamine hydrochloride 
solution to obtain a desired hydrothermal carbon adsorbent. 
The effects of amidoxime-functionalized hydrothermal 
carbon adsorbent on the removal of uranium from water 
were studied by batch experiments. The effects of pH value, 
carbonate, calcium and humic acid content on the removal 
efficiency were investigated. 

2. Experimental 

2.1 Synthesis of amidoxime-functionalized hydrother-
mal carbon (AO-HTC) 
The preparation process of AO-HTC is shown in Scheme 
1. Generally, 10 g soluble starch was dissolved in 100 mL 
of deionized water, then, the reaction system was heated 
at 35℃ for 2 h and stirred under a nitrogen atmosphere, 
added to ceric ammonium nitrate solution to react for 30 
min, 2 mL acrylonitrile was added into and reacted 80 
°C for 2 h. It was observed that the starch remained solid 
and not gelatinized, the product was washed 3 times with 
absolute ethanol, and finally the product was washed twice 
with deionized water and dried. An acrylonitrile grafted 
starch (AN-Starch) was obtained. The prepared 6.67 g 
of AN-starch was dissolved in 50 mL of distilled water, 
uniformly stirred for 30 min, and then transferred to a 100 
mL Teflon-lined stainless steel autoclave, followed by 
heating at 180 °C for 18 h. The intermediate product was 
washed thoroughly with deionized water and ethanol, and 

then dried in a vacuum oven at 60 ℃ for 24 hours. Finally, 
1.0 g intermediate product was added to 40 mL of 40 g·L-1 
hydroxylamine hydrochloride solution and stirred at 78 ℃ 
for 3 h. Then, the mixture was filtered; the resultant was 
thoroughly washed with deionized water and ethanol, and 
then dried under vacuum at 60 ℃ overnight.
2.2 Results and discussion Characterization
SEM
The scanning electron microscope was used to characterize 
the micro-morphology and particle size of carbon 
microspheres. The images of the as-synthesized samples 
displayed in Fig. 1(a) clearly show that large number of 
spherical nanoparticles after hydrothermal carbonization, 
moreover, the surface is regular, and no significant 
morphological change is observed for AO-HTC and 
the particle size of the AO-HTC is in the range of about 
2 to 7 μm. It is found in that the AO-HTC particles are 
decentralized with each other.
FT-IR 
The FT-IR spectra were analyzed to investigate the surface 

Scheme 1. Schematic of processes for AO-HTC
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functional groups of AO-HTC (Fig. 1(b)). The AO-HTC 
shows the common stretching bands at 1604 and 3248 
cm−1, which are associated with C=O carboxylate and 
O–H groups, respectively[22]. After being modified with 
AO, three peaks appear at 1631 cm-1, 1272 cm-1 and 927 
cm-1, belonging to C=N or C=C, C-N and N-O stretching 
vibrations , respectively[21]. It is clearly indicating that the 
nitrile group have been converted to the amidoxime group 
in the presence of hydroxylamine hydrochloride[23]. 

Zeta potential 
Fig. 1(c) shows the zeta potential curve of AO-HTC, 
indicating that the zeta potential of AO-HTC is positive at 
pH < 4.76, due to the protonation of the N atom of -NH2 
in the amidoxime groups, this is favorable for adsorption 
of positively uranyl ions. Moreover, with the pH value 
increasing, the potential of the AO-HTC becomes negative 
value, the reason is that the deprotonation of -NH2 in 
the amidoxime groups and increased the dissociation 
of oxime hydroxyl groups[24]. After pH> 4.76, due to the 
deprotonation of the amidoxime group, the dissociation of 
the oxime hydroxyl group is increase, and the zeta potential 
of the AO-HTC becomes negative, which is favorable for 
binding to the positive radionuclide ion. Moreover, the 
point of zero charges of AO-HTC was 4.76 mV, which 
is beneficial to reduce the surface of AO-HTC adsorbent 
Electrostatic repulsion of uranium in solution. The property 
of the amidoxime group is of great importance for the 
removal of uranium in the environment.
N2-BET 
The N2 adsorption-desorption isotherm and pore size 
distribution of AO-HTC are shown in Fig. 1(d) and Table 
1. It can be observed that type IV isotherm curves with 

H2 hysteresis loops at relative pressures (P/P0 = 0.5), 
which is typical for mesoporous structures and also 
indicates that the mesostructure of AO-HTC. However, 
the average pore diameter was 7.93 nm indicating that the 
polyacrylamidoxime groups distribution on the surface 
of the material and limited the pore size. This amidoxime 
surface of the AO-HTC was good for binding the uranium 
and allowing the uranium to adsorb on the adsorption sites 
on the surface of the material.

Table 1. Structural and textural properties of AO-HTC.

Material
Surface 

area SBET 
(m2·g-1)

Pore volume 
(cm3·g-1)

Average pore 
diameter (nm)

AO-HTC 2.75 0.02 7.93

2.3 Elemental analysis
Elemental analysis was used to calculate the exact number 
of amidoxime group in AO-HTC. Table 2 shows the content 
of carbon, nitrogen and hydrogen by modifying HTC, the 
nitrogen content of AO-HTC is 7.15%, indicating that the 
amidoxime group is grafted onto the surface of the HTC, 
as supporting by the previous FT- IR. The number of 
amidoxime group was calculated to be about 2.55 mmol·g-1 
based on the increase in nitrogen content.

Table 2. The element analysis of AO-HTC.

Samples C% H% N%

AO-HTC 50.82 4.62 7.15

Figure 1. SEM images of AO-HTC (a), FT-IR spectra of AO-HTC ( b), Zeta potentials of AO-HTC as a function of pH 
(c), Nitrogen adsorption-desorption isotherms and pore-size distribution for AO-HTC (d).
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2.4 Batch sorption experiments
Effect of pH 
The pH was regard as one of the most important 
environmental factors effect the speciation of uranium 
ions[25]. The influence of pH on the adsorption among AO-
HTC and uranium ions was displayed in Fig. 2(a). With 
the increase of pH, the adsorption capacity of U(VI) was 
increased on AO-HTC, the maximum adsorption capacity 
was 254.13 mg·g-1 at pH =6.0, it can be seen that the 
adsorption capacity of AO-HTC was better than other 
situations. Comparison of U(VI) adsorption of AO-HTC 
with other related adsorbents is listed in table 3. The AO-
HTC has excellent performance under different adsorption 
conditions, which indicates that AO-HTC is an excellent 
choice for actual environmental pollution groundwater. 
U(VI) was mainly present in the form of UO2

2+ in this 
absorption reaction. The morphological distribution of 
uranium (VI) was simulated by Visual MINTEQ 3.1, as 
shown in Fig. 2(b), the morphology of uranium (VI) is 
UO2

2+, UO2OH+ and (UO2)CO3(aq) at 3.0<pH<5.0 and 
Ca2(UO2)(CO3)2 (aq),Ca(UO2)(CO3)3

2- at pH>6, combined 
with the Zeta potential, the calcium-uranium-carbonate 
complex Ca2UO2(CO3)3 and UO2(CO3)3

2−are increasing 
with pH, the amount of positively charged uranyl ion 
species gradually decreases, Which have a great influence 
for adsorption of uranium (VI).
2.5 Effect of carbonate
Uranium is usually present in the natural water environment 
as the form of uranyl carbonate, because uranium carbonate 
is a strong ligand[34]. The effect of carbonate ions on the 
adsorption of uranium by AO-HTC was shown in Fig. 2(c). 
The adsorption capacity of AO-HTC for uranium gradually 
decreased from 214.54 mg·g-1 to 103.32 mg·g-1 by 

increasing the carbonate ion concentration. It is observed 
from Fig. 2(d) that the carbonate concentration increased 
from 0 to 4.0 mmol·L-1, the ions such as (UO2)3(OH)5

+, 
UO2

2+ and (UO2)4(OH)7+ decreased to an extremely 
low level and neutral Ca2UO2(CO3)3 (aq) and negative 
(UO2)2CO3(OH)3

-, CaUO2(CO3)3
2− species were obviously 

increased . In addition, the increase of the concentration of 
carbonate ions was lead to decrease potential value on the 
surface of the AO-HTC, and the formation of electrostatic 
repulsion between the uranium-carbonate and calcium-
uranium-carbonate complex anions, which will impact 
the adsorption of uranium in the solution by the material, 
further reducing the AO-HTC adsorption capacity.
2.6 Effect of calcium 
Calcium plays a key role in the adsorption of uranium in 
groundwater, Which forming a dikaryon or multikaryon 
complex such as Ca2UO2(CO3)3 (aq) and CaUO2(CO3)3

2− 
[35]. The effect of calcium ions on the adsorption of uranium 
by AO-HTC was shown in Fig. 2(e). With the increasing 
of calcium ions concentration, the adsorption capacity 
of AO-HTC to uranium gradually decreased from the 
original 201.34 mg·g-1 to 107.12 mg·g-1. Combined with 
the distribution pattern of uranyl ions in the aqueous 
phase, the morphological distribution at different calcium 
concentrations was calculated by Visual MINTEQ 3.1 
software as shown in Fig. 2(f). With the increase of Ca2+ 
concentration from 0 to 2.0 mmol·L-1, the negatively 
charged UO2(CO3)3

4-, UO2(CO3)2
2- and (UO2)2CO3(OH)3

- 
were almost disappeared, which are forming a calcium-
uranium-carbonate complex Ca2UO2(CO3)3 and 
CaUO2(CO3)3

2- that declined the ability of materials to 
adsorb uranium.

Table 3. Comparison of adsorption capacities of various adsorbents for uranium(VI)

Sorbents Experimental con-
ditions

Adsorption capacities
(mg·g−1) References

Mesoporous Carbon PH=6.5 178.6 [26]

PANI/CMK-3 PH=6.0 118.3 [27]

AO-CMK-3 PH=5.0 238.7 [28]

AO-OMC PH=5.0 322.6 [22]

Activated Carbon pH=3.0 28.3 [29]

AO-Polyethylene Fibers PH=4.0 176.1 [30]

Fe3O4 PH=5.5 228.2 [31]

CMK-5 PH=4.0 65.4 [32]

CMK-3-COOH PH=6.5 250.0 [26]

HTC-COOH PH=6.0 205.8 [33]

AO-HTC PH=6.0 254.1 This Work
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Figure 2.  Effect of (a) pH on the adsorption of uranium on AO-HTC and (b) the distribution of uranium in in differ-
ent pH solution (C0 = 50 mg·L-1, m = 10 mg, C[Ca2+]=2.0 mmol·L-1, C[CO3

2+] = 4.0 mmol·L-1, t = 180 min, T = 298.15K), 
Effect of (c) CO3

2− concentration on the adsorption of uranium on AO-HTC and (d) the distribution of uranium in in 
different concentration of CO3

2− solution (pH = 6.0, m = 10 mg, C0 = 50 mg·L-1, C[Ca2+] =2.0 mmol·L-1, t = 180 min, T = 
298.15 K), Effects of (e) Ca2+ concentration on the adsorption of uranium on AO-HTC and (f) the distribution of uranium 
in different concentration of Ca2+ solution (pH = 6.0, C0 = 50 mg·L-1, m = 10 mg, C[CO3

2-] =4.0 mmol·L-1, t = 180 min, T 
= 298.15 K)

2.7 Effect of humic acid 
Humic acid has a strong affinity for environmental 

substances in various natural water systems, which possibly 
have an impact on uranium adsorption[36, 37]. The effect of 
humic acid on the adsorption of uranium by AO-HTC is 
shown in Fig. 3(a). The adsorption capacity of AO-HTC 
for uranium decreased from 109.92 mg·g-1 to 39.78 mg·g-1 
with the increase of humic acid concentration. The reason 
is that humic acid is rich in affinity of adsorption groups 
such as carbonyl, carboxyl, and hydroxyl groups, which 

can occupy the adsorption sites of the adsorbents, resulting 
in a decrease in the adsorption amount of uranium. humic 
acid in the solution easily combines with free uranium 
to generate a U(Ⅵ)-humic acid complex, which has a 
tight colloidal structure and is not easily adsorbed by 
AO-HTC[17]. Meanwhile, humic acid will compete with 
uranium to adsorb on the surface of AO-HTC[38]. The 
adsorbed humic acid is not easy to combine with uranium 
in the solution, further reducing the adsorption of uranium 
on AO-HTC.
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Figure 3. (a) Effects of humic acid concentration on the uranium adsorption on AO-HTC (C0 = 50 mg·L-1, m = 10 mg, 
C[Ca2+] =2.0 mmol·L-1, C[CO3

2+] =4.0 mmol·L-1, t = 180 min, T = 298.15 K). (b) The adsorption kinetics of U(VI) on AO-
HTC (C0 = 50 mg·L-1, m = 10 mg, pH = 6.0, T = 298.15 K). (c) The adsorption isotherms of U(VI) on AO-HTC at 298.15 
K and 308.15 K (pH = 6.0, m = 10 mg, t = 180 min, T = 298.15 K). (d) The thermodynamic fitting (C0 = 50 mg·L-1, m = 10 
mg, pH = 6.0, t = 180 min)
2.8 Kinetic studies

The contact time has a great influence on the mass 
transfer rate of metal ions in aqueous solution. The result 
shown in Fig. 3(b), it is seen that the adsorption quantity of 
AO-HTC increases with the contact time, and reaches the 
adsorption equilibrium at 80 min. When the equilibrium 
time is exceeded, since the active site on the surface of 
the adsorbent material has been occupied, the amount of 
adsorption no longer changes significantly. It was attributed 
to the synergy of the rich oxygen-containing functional 
groups with the C-N bond, providing sufficient active sites 
for the immobilization and binding of U(VI).

The contact time can reflect adsorption kinetics, and 
the experimental data can be used to calculate whether 
the pseudo-first-order and pseudo-second-order kinetic 
equations are analyze the adsorption process.[39, 40], which 
were exhibited as follows:

 (1)

 (2)
Where qe and qt were the amounts of absorbed U(VI) 

after equilibrium at a time “t”, k1 and k2 were the constant 
for the pseudo-first-order and pseudo-second-order kinetic 
rat, respectively. These values can be obtained from the 
linear graph of ln(qe-qt) vs t as shown in Fig. 3(b), and these 
parameters were tabulated in table 4. The higher correlation 
coefficient indicated that the adsorption kinetics of U(VI) on 
AO-HTC fitted well with the pseudo-second-order kinetic 
model. Meanwhile, the theoretical calculated q2 (234.74 
mg·g-1) of the pseudo-second-order kinetic model is very 
close to the experimental qe (207.06 mg·g-1) at 298.15 K. 
Therefore, adsorption behavior was mainly controlled by 
chemical reaction rather than physical process. In addition, 
this is also based on the assumption that the rate-limiting 
step may be chemical adsorption, involving valence electron 
forces through electron sharing or exchange between the 
surface groups of AO-HTC and uranium.

Table 4. Parameters for Kinetic models of U(VI) adsorption by AO-HTC and HTC

Absorbent
qe,exp

(mg·g-1)

pseudo-first-order kinetic model pseudo-second-order kinetic model
q1,cal

(mg·g-1)
k1

(min-1)
R2 q2,cal

(mg·g-1)
k2

(g·mg-1·min-1)
R2

HTC 50.02 17.97 1.42×10-2 0.908 50.99 2.21×10-3 0.997

AO-HTC 207.06 125.22 2.75×10-2 0.906 234.74 2.32×10-3 0.991
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2.9 Adsorption Isotherms Studies
To explore the adsorption behavior and reaction mechanism 
of uranium ionic, two typical isotherm models, i.e., the 
Langmuir isotherm models and Freundlich isotherm 
models[41], were studied under the condition of T = 298.15 
K and T = 308.15 K. The adsorption isotherms of U(VI) 
were shown in Fig. 3(c). It can be seen that the adsorption 
reacting reach equilibrium rapidly. The adsorption capacity 
of U(VI) on AO-HTC was improved with increasing 
equilibrium concentration of U(VI). Langmuir and 
Freundlich's models were applied to fit the experimental 
data and analyze the adsorption mechanism of uranium 
on AO-HTC. The two adsorption isotherms models were 
expressed as Eqs. (3) and (4): 

 (3)

 (4)
Where qe was regarded as the sorption capacity 

of U(VI) on AO-HTC at equilibrium time. KL and KF 
considered as constants of Langmuir and Freundlich 
separately, n was the factor of Freundlich related to the 
sorption intensity. Ce was the equilibrium concentration of 
U(VI), qm was the maximum saturated sorption capacity 
between AO-HTC and uranyl ions. 

Langmuir isotherm model used to extensively 
describe monolayer adsorption which occurs between 
the homogeneous active sites on the surface of adsorbent 
and target ions. Freundlich isotherm model assumes a 
multilayer sorption reaction was present among absorbent 
with heterogeneous active sits and adsorbate. The relative 
parameters were obtained from the two isotherms models 
simulation curves Fig. 3(c) and table 5, which illustrated 
that the experimental data was fitted the Langmuir 
isotherm models well (R2 > 0.99). Demonstrating the 
absorption behaver was monolayer sorption process. 
Compared with HTC, the maximum saturated adsorption 
capacity of U(VI) on AO-HTC (244.11 mg·g-1) increased 
significantly. Which was attributed to the enhanced active 
sits and abundant amidoxime groups were distributed on 
the surface of HTC.
2.10 Thermodynamic studies
The thermodynamic indices were introduced to investigate 

the effort of temperature on absorption reaction and 
analysis absorption mechanism. Various thermodynamic 
parameters i.e., ΔS (J·K−1·mol−1), ΔG (kJ·mol−1) and ΔH 
(kJ·mol−1), were based on the equations (5)-(6) which 
were employed to calculate the feasibility of the sorption 
process[42].

 (5)
 (6)

Where the Kd was the constant of the thermodynamic 
equilibrium, and R = 8.314 J·mol-1·K-1 was the ideal gas 
constant. T represented the absolute temperature. 

The thermodynamic experimental data were listed in 
table 6 which under the condition of T=288.15 K, T=293.15 
K, T=298.15 K, T=303.15 K and T=308.15 K. the ΔH value 
and ΔS value for the sorption process were obtained by 
simulating the slope and intercept of the curves as shown 
in Fig. 3(d). The values of ΔG were regraded to describe 
the thermodynamic properties of the sorption process. The 
positive ΔS values and the positive ΔH values indicating 
that the adsorption reactive was an endothermic process 
with entropy increased, and under the condition of the 
increasing temperature the values of negative ΔG were 
decreased. It was demonstrated that higher temperature has 
positive effect on the spontaneous sorption behaver, and 
more active groups catch uranium ions by complexation 
reaction. This result superimposed revealing that the 
adsorption behaver was controlled by chemisorption.
2.11 Desorption and reusability
Regeneration-reusability is very important for economic 
value and environment friendly in practical application. 
desorption experiments of U(VI) were performed with 1 
mol/L Na2CO3 solution, 1 mol/L HCl solution and 1 mol/L 
HNO3 solution, As can be seen from Fig. 4(a), 1 mol/L 
HNO3 solution was best eluent for desorption of U(VI) on 
AO-HTC. The results were shown in Fig. 4(b), the sorption 
capacity of U(VI) decreased slightly from 231.8 mg∙g-1 to 
220.2 mg∙g-1 after five consecutive sorption-desorption 
cycles, which indicates that the surface groups of material 
exhibits high structural stability in HTC, and revealing 
the AO-HTC presented excellent reusability that is great 
importance for the groundwater remediation of U(VI).

Table 5. Parameters for Langmuir, Freundlich isotherm models

Absorbent
Langmuir isotherm Freundlich isotherm

KL qm (mg·g-1) R2 KF n R2

HTC 0.025 128.58 0.957 13.33 2.29 0.939
AO-HTC 0.048 244.11 0.991 22.01 1.80 0.933

Table 6. Thermodynamic parameters of U(VI) adsorption on AO-HTC and HTC

Absorbent
ΔH

( k J · m o l - 1)
ΔS

(J·mol-1·K-1)

ΔG (kJ·mol-1)
288.15 293.15 298.15 303.15 308.15

(K) (K) (K) (K) (K)
HTC 25.39 143.04 -15.82 -16.54 -17.25 -17.97 -18.68

AO-HTC 18.04 128.29 -18.92 -19.56 -20.21 -20.85 -21.49
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Figure 4. Desorption of uranium with various eluent (a), regenerated use of AO-HTC (b).

2.12 Post-sorption characterization
FT-IR and SEM were used to further observed the changes 
in the microstructure and morphology of the AO-HTC after 
adsorption of U (VI). In the FT-IR spectrum of Fig. 5(a), 
the characteristic stretching vibration of [O=U(VI)=O]2+ 

at 919 cm-1 to 968 cm-1 was overlapped by the stretching 
vibration of C-O or N-O[43]. In addition, the characteristic 
peaks of other groups obviously displacements among the 
amidoxime, carboxylic and hydroxylic or amidogen groups 
(766 cm-1 to 1056 cm-1,1506 cm-1 to 1788 cm-1,3390 cm-1 

to 3448 cm-1), which could be amidoxime and carboxylic 
groups banding with uranyl ion on the surface of AO-HTC, 
and reduced the band intensity of functional groups[44]. The 
SEM images confirmed that the morphology of AO-HTC 
was well preserved after adsorption (Fig. 5(b-c)), and the 
surface of AO-HTC showed abundant pores, which was 
helpful to improve the grafting rate of amidoxime groups 
on HTC. In Fig. 5(d), The SEM elemental mapping images 
further proves that the radionuclide was anchored onto the 
surface of AO-HTC during the adsorption process.

Figure 5. The FT-IR spectra (a), SEM images (b-c) and elemental mapping (d) of the post-sorption of U(VI) on AO-HTC.

Conclusion
In this study, a novel adsorbent is synthesized by amidoxime-
functionalized HTC using a common, commercially 
available, inexpensive raw material and a simple, mild 
preparation process. It was characterized by SEM, FT-
IR, BET and Elemental analysis. The results of AO-
HTC adsorption of uranium showed that the adsorption 
was negatively correlated with pH, total carbonic acid 
concentration, calcium ion concentration and humic acid 

concentration. The results of influencing factors such as 
contact time, initial uranium concentration and temperature 
indicate that the adsorption of U(VI) on AO-HTC is a pH-
dependent, endothermic, spontaneous and pseudo second-
order process. The AO-HTC adsorbent exhibited excellent 
reusability without significant changes in the adsorption 
capacity and structural stability after five cycles. The 
novel AO-HTC adsorbent has broad application prospects 
in uranium separation from radioactive groundwater and 
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other related water sources.
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Preparation of cobalt ferrite nanoparticles using fulvic acid as a 
capping agent and its effect on catalytic activity

Jinxing LI1, Abdelrahman A. Badawy2, Guanben DU1, Xiaojian ZHOU1*, Hisham A. Essawy3*

1 Yunnan Provincial Key Laboratory of Wood Adhesives and Glued Products, Southwest Forestry University, China. 
2 Physical Chemistry Department, National Research Centre, 33 El Behooth St., Dokki Giza, Egypt.
3 Department of Polymers and Pigments, National Research Centre, Dokki 12622, Cairo, Egypt.

*Corresponding Author: Xiaojian ZHOU, No. 300, Panlong District, Kunming, 650224, China, email: xiaojianzhou@hotmail.com;Hish-
am Essawy, Egypt Research Center, Cairo, Egypt, email: hishamessawy@yahoo.com

Abstract: 
Cobalt ferrite was prepared by co-precipitation from cobalt and iron soluble precursors in presence of fulvic acid at different pH 
values, namely, 6 and 8 and compared with the same preparation in absence of fulvic acid. The presence of fulvic acid is expected to 
bind metal ions through bridging before co-precipitation and mineralization. The extent of binding is determined according to the 
pH of the process. This influences the mineralization of the resulting cobalt ferrite and the crystallization/ordering of its lattice. In 
addition, the extent of residual ferric oxide is also a function of the efficiency of binding process. This route of modification for the co-
precipitation process was found to be accompanied by enhanced surface area and total pore volume for most of the prepared samples. 
The involvement of these oxides as catalysts in the photo-catalytic degradation of phenol from wastewater was found to contribute 
very efficiently and the removal reached about 88% in some cases, which can be attributed to olation and oxolation process of the 
formed nanoparticles.

Keywords: nanostructured materials; precipitation; oxidation; X-ray diffraction 

1. Introduction
The surface and catalytic activity of mixed metal oxides 
are mainly dominated by the methods of preparation and 
calcination conditions [1-4]. Mixed oxides are mostly prepared 
to merge some properties that cannot be gained from single 
oxide. The development of new active compounds that can 
contribute to several fields of applications is a direct result 
for this merge of properties.  

The very attractive properties of nanometric structures 
derived from metal oxides made them receiving great 
attention as promising materials for fields such as catalysis 
and adsorption [4-8]. Some reports in the open literature 
dealt with the adsorption of different dyes to surfaces such 
as iron oxides [9, 10]. 

Fabrication of adsorbents with controlled features 
like the size and crystallinity is a  challenging task. Thus, 
the preparation procedure can have a major influence in 
terms of the chemical composition and microstructure. 
Co-precipitation is a facile method among those that 
have been employed for preparation of catalysts. It is 
favored because it leads to homogenous catalysts from the 

chemical point of view thereby both the surface and bulk 
of the prepared catalysts can contribute to catalytic course. 
These advantages made this method widely applicable to 
catalysts dedicated for performance under high pressure 
and moderate temperature [11-14]. As an example, the 
ferrites fabricated via the co-precipitation route acquired 
a non-aggregated and uniform structure [11-20]. Many 
studies explored the consequence of using some organic 
compounds on the coprecipitation process of metal ferrites 
[21-25]. Among them, polyvinyl pyrrolidone (PVP) was added 
as capping agent during the course of coprecipitation of 
cobalt ferrite [21]. Essawy and co-workers [26-28] used fulvic 
acid in the preparation of polymeric superabsorbents to 
pass on reinforcement and functionalization to the resulting 
structures. This provoked elevation of the chemical activity 
especially the chelation potential [26]. The high functionality 
and elevated binding capacity of fulvic acid to metal ions 
allowed their role as templates through the synthesis of metal 
oxides starting from nitrate precursors via coprecipitation 
[7,8]. This progresses via initial coprecipitation in the form 
of metal hydroxides in existence of fulvic acid and the 
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desired oxides are finally obtainedby calcination at high 
temperatures. Grouping a number of precursors of metal 
ions in presence of fulvic acid would be expected to result 
in homogenous metal oxides exhibiting variation in their 
composition and characteristics [26-28].

Phenol is commonly used as a raw material for the 
preparation of many products. This includes pesticides, 
pharmaceutics, resins and many others. Nevertheless, it is 
toxic, carcinogenic, and non-biodegradable [29-32].

Pollution of water sources became a parallel fact to the 
numerous industrial activities. This necessitates the great 
need to take care of these pollutants prior to their transport 
into plants of wastewater treatment. Highly developed 
oxidation techniques are suggested deal with the organic 
contaminants present in water [33, 34]. Rigorous efforts are 
devoted to improve these technologies by changing the 
catalytic system or the oxidizing agent. Nevertheless, using 
catalysts that belong to oxidizing reagents in liquid phase 
may elevate this contamination.

The ongoing study is an effort to obtain nanometric 
mixed metal oxides incorporating iron and cobalt while 
revealing a wide range of surface characteristics and 
chemical composition following modified co-precipitation 
method of nitrate precursors in solution by employing 
sodium hydroxide in existence of fulvic acid at pH 6 and 
8. This is expected to provide control over the rates of co-
precipitation and hence changeable mineralization and 
ordering of the prepared mixed oxides. The use of such 
metal oxides as advanced oxidants in the solid form to 
stop any further contamination to the water through their 
catalytic cycle is also among the purposes of this study. 
The work will be also extended to their application in the 
photocatalytic removal of phenol from wastewater.

2. Experimental

2.1 Materials and methods
Fulvic acid was supplied from Changsha Xian Shan 
Yuan Agriculture Technology Co., China. Cobalt nitrate 
and ferric nitrate were purchased from Sigma-Aldrich, 
Germany. Phenol aqueous solution (80%, w/w) was 
obtained from BDH Chemicals, England. Otherwise, the 
rest were analytical grade chemicals that were used with no 
further purification.
2.2 Preparation of metal oxide nanoparticles via copre-
cipitation process
The wet chemical co-precipitation procedure was involved 
in the preparation of Cobalt ferrite (CoFe2O4)

[12]. Nitrates of 
cobalt and iron were dissolved in distilled water at a certain 
molar ratio (Fe/Co=2) while sodium hydroxide solution 
(1M) was used for the precipitation. The nitrate solutions 
and sodium hydroxide were mixed in existence of fulvic 
acid. The mixing was accomplished via drop wise addition 
from 3 different burettes into a collective vessel containing 
1000 mL distilled water while continuous stirring was 
kept running. The dropping rate was managed in such a 
way to keep the pH (6 or 8) and the temperature (70 ºC) 

unchanged during the co-precipitation. The precipitate 
was rinsed with  distilled water several times to get rid of 
NO3- and Na+ ions. Filtration was undertaken followed by 
overnight drying at 100 ºC. Lattice formation of the oxides 
was targeted by calcination at 700 ºC for 4h. Thus, for 
simplicity, the sample prepared at pH 6 in absence of fulvic 
acid is denoted as P6 while F6 designates the same when 
fulvic acid was included in the recipe. Similarly, P8 reveals 
the coprecipitation performed at pH 8 in absence of fulvic 
acid whereas F8 indicates the equivalent sample prepared 
in existence of fulvic acid F8.
2.3 Measurements
X-ray diffractograms of the solids obtained by calcination 
at 700 °C were collected using Bruker diffractometer (D 8 
advance target) with CuKα secondly monochromator (λ = 
1.5405 Å), operated at 40 kV and 40 mA, at a scanning rate 
of 0.8o 2θ min-1for phase identification and line broadening. 
The crystallite size of each phase calculated by Scherrer 
equation (Eq. 1):

d = K λ / β1/2 cos θ                                                        (1)
Where d represents the mean crystalline diameter, λ is 

the wavelength of x–rays, K is the Scherrer constant (0.89), 
β1/2 is the full width at half maximum (FWHM) of the main 
peaks of diffraction and θ is the angle of diffraction.

The morphology and surface structure of the oxides 
were imaged by JEOL JEM-1230 transmission electron 
microscope (TEM) coupled with JEOL-SEM scanning 
electron microscope (SEM) operated at acceleration voltage 
of 80 kV.

The properties of the surface were investigated by 
undertaking adsorption of nitrogen gas at 350 °C using 
Quantochrome AS1WinTM- automated gas-sorption 
apparatus (USA). The samples were degassed at 200 °C 
for 2 h prior to the adsorption processes then the specific 
surface area (SBET) was estimated by applying Brunauer–
Emmett–Teller (BET) equation. On the hand, the pore size 
distribution was evaluated from the desorption part of the 
isotherm using the standard method.

The catalytic removal of phenol from wastewater 
was undertaken by suspending 1 g of mixed oxide in a 
glass reactor containing 100 mL of distilled water and 
100 ppm of phenol and immersed in water bath fitted 
with temperature controller. Shaking on the solution was 
applied continuously at 150 rpm and 25 °C for up to 4 h. 

For evaluation of the concentrations of residual 
phenol in wastewater, 5 mL suspension was withdrawn 
from the reactor and centrifuged for 10 min before 
recording the absorbance was performed at 270 nm using a 
calibrated UV‐VIS spectrophotometer (UV‐VIS‐NIR‐3101 
PC, Shimadzu) [35]. The removal efficiency of phenol was 
assessed as average of three readings and applying Eq. 2:

Removal, % = ((A° – A)) / (A°) x 100                        (2)
Where A° and A are the absorbance of the blank and 

sample, respectively. According to Beer-Lambert’s law, A° 
and A are proportional to C° and C, which refer to the 
concentrations of the blank and sample at time t [35].
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3. Results and discussion
The X-ray diffractograms of mixed oxides prepared in 
presence and absence of fulvic acid before calcination at 
700 ºC are displayed in Figure 1 and summarized in Table 1.

Table 1. The effect of fulvic acid on the peak intensity 
of the main diffraction lines of  Fe2O3 and CoFe2O4 along 
with their crystallite size  .

Sample

Intensity (a.u.) of 
diffraction peaks for Fe2O3 

and CoFe2O4 

size of Fe2O3 and 
CoFe2O4 Crystallites 

(nm)

Fe2O3 CoFe2O4 Fe2O3 CoFe2O4 

P6 130 106 93.3 72.8

P8 - 95.6 - 26.5

F6 - 66.8 - 23.4

F8 85.4 74.6 70.5 55.2

It is obvious from Figure 1 that the coprecipitation 
achieved at pH 6 in absence of fulvic acid (P6) took place 
with a portion of Fe2O3 not taking part in the reaction 
(2θ =33º) whereas cobalt ferrite (2θ =35º) was the major 
phase. When fulvic acid was involved in the process (F6), 
it propagated without formation of Fe2O3 while at pH 8, 
in absence of fulvic acid (P8), CoFe2O4, was born as a sole 
phase with high crystallinity (95.6 a.u.). Interestingly, at pH 
8 the presence of fulvic acid (F8) led to birth of both Fe2O3 
and CoFe2O4. 

Table 1 signifies that the existence of fulvic acid at pH 
8 (F8) gave rise to formation of nanometric Fe2O3 as a main 
component along with CoFe2O4 that underwent a two-fold 
increase in the crystallite size (55.2 nm) in comparison to 
the same procedure in absence of fulvic acid (26.5 nm, P8). 
The increase was accompanied by a visible decline in the   
crystallinity of CoFe2O4 (74.6 a.u.). 
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Figure 1.X-ray diffractionprofiles for products of co-
precipitations undertaken with and without fulvic acid 
after calcination at 700 ºC; 1 indicates Fe2O3, 2 indicates 
CoFe2O4.

The observed significant high crystallite size 
of CoFe2O4 in case of F6 might have resulted from a 
considerable decline in the degree of dispersion of CoFe2O4 
in its crystal lattice [1]. As so, CoFe2O4 is known with its 
catalytic activity while in this case the lack of distribution 
over its crystal lattice is expected to bring about a major 
drop in its catalytic activity, which was actually the case as 
will be shown in the next parts. 

This could be better understood by the illustration 
presented in scheme 1 which shows that at pH 6, the fulvic 
acid present in a protonated form. Thus, the conditions 
are not appropriate for coordination of Fe3+ and Co2+ by 
fulvic acid. Opposite trend was encountered at pH 8 in 
which strong interaction developed between Fe3+ ions and 
the oxygenated and carboxylate sites. This suggests that 
this process might be dominated by the tendency of ferric 
hydroxide to precipitate first, which is harmonizing with 
the considerable variation in the solubility product values 
of the hydroxide precursors; 5.92 x 10-15 and 2.79 x 10-39 for 
cobalt and ferric ions, respectively. Accordingly, the fulvic 
acid is thought to have capped the ferric ions while another 
portion of ferric ions was involved in the construction of the 
uniformly distributed solid phase ofcobalt ferriteas a result 
of calcination. During this process the organic material 
(fulvic acid) has been totally removed by calcination 
whereas Fe2O3 developed progressively phase. From Table 
1, we can notice that particle size of Fe2O3 increases by the 
presence of fulvic acid. This may be ascribed to many close 
particles combine together and contribute to the particle 
size increase by melting of their surfaces [36].

       

Scheme 1. A suggested mechanism of involving inter-
actions between fulvic acid and ferric ions at pH 6 and 8 
prior to calcinations.
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These findings were supported from high resolution 
transmission electron microscopy images (Figure 2 a-d). 
Figure 2a indicates the presence of two different groups of 
particles; one exhibits a size of 69-85 nm while the other one 
acquired a size between 22-28 nm. The inset of this image 
confirms that the heterogeneity of the electron diffraction 
is high which indicates incomplete mineralization of 
CoFe2O4 (XRD of P6, Figure 1). On the other hand, Figure 
2 c ensures that the presence of fulvic acid (F6) caused 
drop in the overall crystallinity of the formed CoFe2O4 
despite the complete coprecipitation reaction which leads 
to effective mineralization. Further, the electron diffraction 
shows no obvious change in the heterogeneity feature (inset 
of Figure 2 c).

Figure 2 b, d gives rise to the interesting feature 

induced by existence of fulvic acid in the coprecipitation 
course whereupon the overall ordering became more 
homogenous (inset of Figure 2d) as compared to the same 
product in absence of the fulvic acid (inset of Figure 2b). 
In addition all the formed crystals were in the nanometric 
scale. 

Therefore, it is noticeable that the size of crystallites 
and of crystallinity degree are very much dependent on the 
pH of the medium during precipitation and the presence a 
capping agent such as fulvic acid. This is in full accordance 
with earlier studies, which showed that fulvic acid can be 
involved in different ways during  the coprecipitation due 
to its variable binding potential to metal ions at different 
pH values [35, 37]. 

Figure 2. High resolution transmission electron microscopy (HRTEM) imaging of , a: P6, b: P8, c: F6 and d: F8 after 
calcination at 700 ºC.

Table 2. Surface properties of the solids emerged from the various recipes after calcination at 700 ºC.

Sample SBET (m2/g) total pore volume Vp (cc/g) mean pore radius r- (nm)

P6 7.3 0.06 164.4

P8 20.7 0.03 29.0

F6 11.4 0.01 17.5

F8 13.9 0.02 28.8
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Investigation of the surface properties for the prepared 
solids were accomplished by nitrogen gas adsorption-
desorption as clear from Figure 3 and Table 2. It can be 
easily recognized that the involvement of fulvic acid at pH 6 
(F6) caused a substantial increase in SBET (56%) as compared 
to P6. This can be accounted for by the associated drop in r- 

(Table 2). On the other hand, the practical decrease of SBET 
in existence of fulvic at pH 8 (F8) in comparison with P8, 
in which the fulvic acid was absent, can be justified by the 
domination of the increase in the crystallite size of CoFe2O4 
(Table 1)

Figure 3. Corresponding nitrogen gas adsorption-desorption isotherms for the solids  obtained bycalcination at 700 
oC; a:P6, b: P8, c:F6 and d: F8.

This was motivating for us to carry out a preliminary 
photocatalytic study and employ the prepared metal oxides 
as catalysts during  the photocatalytic degradation of phenol 
present in wastewater. Fig. 4 demonstrates an interesting 
catalytic action that increases progressively with the time 
and reaches 88% and 75% after 3h in case of F8 and P6, 
respectively. The catalytic efficiency can be arranged in 
the following order: F8>P6>P8>F6. The elevated catalytic 
activity of F8 and P6 with respect to the other formulations 
(P8 and F6) can be explained by a joint catalytic action of 
CoFe2O4 and Fe2O3, which was not the case for P8 and F6. 
This may refer to enhancement of the catalytic power of 
CoFe2O4 by Fe2O3. This behavior might be attributed to 
olation of both metal ions in the form of hydroxides that 
could be survived during the calcination process. The 
olation-based structure exhibited oxolation during their 
employment in photocatalytic reactions which provides 
hydrogen ions that are able to combine with the phenol and 
causes its degradable  as shown in scheme 2 [38-41]. 
[M(H2O)5OH]2+ + [M(H2O)6]

3+ ⇌ {M(H2O)5(μ-OH)M(H2O)5}
5+ + H2O

{[M(H2O)5]2(μ-OH)}5+ ⇌ {[M(H2O)5]2(μ-O)}4+ + H+

Scheme 2. Chemical reactions illustrating the forma-
tion of olation-oxolation structure.
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Figure 4. Photocatalytic removal efficiency of phenol 
using metal oxides prepared by calcination at 700ºC.

4. Conclusions
Highly ordered cobalt ferrite can be prepared by modified 
coprecipitation process starting from cobalt nitrate and 
ferric nitrate in existence of fulvic acid at different pH 
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values. Fulvic acid exhibits high coordination potential to 
the starting metal ions during the co-precipitation process. 
This provides control over the extent of mineralization and 
the crystallization/ordering of the resulting cobalt ferrite 
lattice. The control over the co-precipitation can contribute 
efficiently to the surface area and porosity which made these 
mixed oxides liable for catalytic applications. The use of the 
different forms of these oxides as catalysts in the photo-
catalytic degradation of phenol present in wastewater gives 
pronouncing levels of removal which reached 88%. This 
can be accounted for by enhancement of the photocatalytic 
activity as a result of combination of cobalt ferrite and 
ferric oxide in a structure exhibiting olation and oxolation. 
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