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ABSTRACT

Ve

Low-temperature oxidation of CO to CO2 plays a key role in broad application prospects. In order to\
achieve the lowtemperature oxidation of CO, the gold catalyst was prepared using Fe2O3-modified SiO2
as support. The results showed that CO conversion was enhanced over the modified catalyst. At — 10 °C,
CO conversion of 95 % could be achieved. The catalysts were characterized by XRD and TEM, and the
results showed that the Fe2O3 was dispersed in the form of amorphous state. Attributed to the Au-Fe2O3
interaction, the modified catalyst exhibited excellent performance for the oxidation of CO.

Keywords: gold catalyst, CO oxidation, Si0O2, Fe203, interaction.
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1. INTRODUCTION

Low-temperature CO oxidation has broad application prospects, such as enclosed CO2 laser, gas
sensors, spacecraft and submarine, CO masks, automotive emissions, hydrogen fuel cells and
environmental protections. So, catalysts research for CO catalytic oxidation at low temperature have
attracted more and more attentions. In 1987, Haruta [1] reported that nano-gold supported on metal
oxide shows excellent catalytic oxidation performance at low temperature. After that, nanogold used as
catalyst for CO oxidation in lots of applications [2 — 7] was widely reported, and it showed great
potential for gold as catalysts. Nowadays, gold catalysts with high activity and low loading have been
extensively studied [2 — 7]. Meanwhile, people recognized that the factors affecting gold catalysts
activity include gold particle size, support properties, the interaction between support and gold. Among
them, the gold particle size is considered to be the key factor [3 — 7]. Gold particle size is mainly decided
by the support properties and catalyst preparation methods, and therefore, choosing suitable carrier and
preparation methods is important to obtain the gold catalysts with high activity.

Si02 i1s widely used as catalyst support because of its good chemical stability, thermal and mechanical
stability, and low price. The conventional deposition-precipitation method is a common method to
synthesize nano-gold catalysts with hydrogen tetrachloroaurate(Ill) (HAuCl4-4H20) as gold
precursor, but this method requires that the isoelectric point of support should be higher than 7.

Unfortunately, the isoelectric point of S1i02 is about 2, which is not suitable for nano-gold loading by the
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deposition precipitation method. When using SiO2 as support, the gold precursor should be Au
complexes, and the nano-gold catalyst is synthesized by grafting such complexes on SiO2 surface.
Notably, this grafting method is complicated, and these Au complexes are more expensive than
HAuCl4-4H20. So, it is necessary to develop a method to prepare nano-gold catalyst supported on
S102 with high efficiency.

Recently, Li et al. [8] reported that a mesoporous iron oxide-silica composite with a high silica content
was synthesized by hydrothermal method, and another composite with high iron content was obtained
by etching part of silica in alkaline solution. Then gold catalysts were loaded onto both composites by a
deposition-precipitation method, and used for CO oxidation. Owing to the significant progress in
nanosynthesis over the last 20 years, it is possible to synthesize the nanoparticles with uniform size,
morphology, and compositions [9]. For example, gold nanoparticles can be easily synthesized in a large
scale of about “kilogram” level through the octadecylamine (ODA) method [10]. In our study,
commercial Si02 was used as initial support, and impregnation-calcination method was used to modify
Si02 with Fe203. When Fe203 content was lower than 10 wt%, it prefers to form amorphous
dispersion on SiO2 surface, characterized by XRD. Firstly, gold nanoparticles (4 — 6 nm) were
synthesized through octadecylamine method, and then were supported on the modified support of
Fe203/S102, getting highly nano-gold catalyst (Au/Fe203/Si02). The experimental results showed
that the strong interactions between gold and amorphously dispersed Fe2O3, presenting excellent CO
catalytic oxidation performance at low temperature. When reaction temperature was — 10 °C, the CO
conversion reached to 95 %. Experiments at temperature range of — 10 ~ 100 °C, the prepared catalyst
could last for 200 hours with stable performance. It could be concluded that the prepared catalyst shows

a good catalytic activity and stability, and had a promising application prospective.

2. EXPERIMENTAL

2.1. Materials

Urea (NH2CONH2), chloroauric acid tetrahydrate (HAuCl14-4H20), iron (III) nitrate nonahydrate (Fe
(NO3)3-9H20), and Silica (Si0O2) were provided by the national medicine group chemical reagent
limited company, and all of them are analytic grade. Au content of the HAuCl4-4H20 is 47.8 wt.%.

2.2. Methods

Iron nitrate (Fe(NO3)3-9H20) was dissolved in distilled water with certain volume, and then was
supported onto SiO2 by the initial immersion method. After ultrasonic treatment for 10 minutes,
samples were dried at 100 °C for overnight, and then were calcined at 500 — 600 °C for 5 hours. Finally,
catalyst support of Fe203/Si02 was obtained. According to the reported method [10], gold

nanoparticles were synthesized and dispersed in cyclohexane. Fe203/Si02 support was impregnated in
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cyclohexane solution of gold nanoparticles, and was stirred and evaporated at room temperature to

obtain nano-gold catalyst. Catalyst was expressed as Au-x/Fe203-y/Si02 in paper, and "x" and "y"

were mass contents of Auand Fe20O3, respectively.

2.3. Characterization

The N2 adsorption/desorption isotherms at — 196 °C were obtained using a Autosorb-3B porosity
analyzer (Quantachrome USA.). Prior to analysis, samples (0.2 g) were degassed at 400 °C for 4 h, until
the pressure was less than 1 Pa. The specific surface area was deduced by applying a BET equation from
isotherm data. The BJH equation was used to determine the mesopore volume and size distribution. X
ray diffraction (XRD) was obtained using D8 type Advance (Bruker company, German), with Cu Ka (A
=0.154 nm) as radiation source, voltage of 40 k'V, current 40 mA, scan rate 0.1 °/min, and scan range 20
— 85°. Surface morphology and particle size of gold nanoparticles were analyzed by transmission
electron microscopy (TEM, Japan, JEOL-JEM-2010). Gold content was tested by inductively coupled
plasma (ICP-AES) method (Thermo Scient method iCAP 6300 ICP).

2.4. Catalytic testing

0.2 g gold catalyst with 200 — 300 mesh was put into reaction tube (U type), adjusting flow rate of feed
gas as required (Fig. 1). Feed gas was consisted of CO with volume content of 1 %, and air of 99 %.
Reaction temperature and pressure were set at — 10— 150 °C and 1.013 x 105 Pa respectively. The gas
hourly space velocity (GHSV) of 20000 or 30000 mL g—1 h—1 was used to examine the as-prepared
catalysts. Gas chromatography (Shanghai Kechuang chromatograph instrument production company
GC9800, N2000 workstation with Zhejiang University Zhida Information Engineering Co. Ltd,
Porapak-Q column) was used to measure the content of CO before and after the reaction in the gas

mixture.

mm—lil |t
I, o .
l' Furnace 7

Fig. 1. Experimental set-up for CO oxidation
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3.RESULTSAND DISCUSSION

3.1. Synthesis and catalytic performance of pure gold nanoparticles
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Fig. 2. TEM images: a — of the Au nanoparticles; b — the catalyst Au-3/S102
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Fig. 3. The performance of the catalyst Au/Si02 for CO oxidation. GHSV of 20000 mL g—1 h—1

Fig. 2 a shows the TEM image and particle size distribution of the as-synthesized gold nanoparticles
[10]. It can be seen that the particle size mainly distributed among 4 — 6 nm. The nano-gold catalyst of
Au-3/S102 using pristine SiO2 as support is presented in Fig. 2 b with almost unchanged Au size of 5—7
nm, and it was tested for the CO oxidation reaction. As indicated in Fig. 3, the Au-3/S102 catalyst gave
only 20 % CO conversion at 25 °C, which is much lower than the full CO conversion for the reported
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gold catalysts under similar conditions [3]. With the increase of gold content, the conversion of CO
increased gradually. At 50 °C, the CO conversion was 34 % for the Au-2/Si02 catalyst, 54 % for the Au-
3/Si102 catalyst, and 78 % for the Au-3/S102 catalyst. Obviously, it is difficult to obtain the high CO
conversion just viaraising the gold content. So, it is necessary to modify the S102 support to improve the

catalyst performance.

3.2.Si02 modification with Fe2O3 and its catalytic performance

[ ] Fe303
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Fig. 4. The XRD patterns of S102 and Fe203/S102 catalysts with different loadings.
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Fig. 5. The performance of the catalyst Fe203/Si02 for CO oxidation. GHSV of 20000 mL g—1
h—1
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Si02 modification with Fe203 by impregnationcalcination method was studied in this part. XRD
pattern shown in Fig. 4, when Fe2O3 content is lower than 15 wt.%, there is not characteristic peaks of
Fe203, likely referring to its low weight percentage; while Fe20O3 content is higher than 15 wt.%, the a-
Fe203 peaks were observed, indicating that crystal structure is formed. This means that the threshold
value for Fe203 amorphous dispersion is 15 wt.%. Then the catalytic reaction was analyzed, and Fig. 5
shows the performance of the Fe203/S102 catalyst in CO oxidation. At 50 °C, the Fe203/S102 sample
with 10 wt.% Fe203 delivers a CO conversion of 15 %, and when Fe203 content increases to 20 wt.%,
CO conversion is just increased to 23 %. These results indicated that it is also very difficult to obtain high

CO conversion only by increasing Fe2O3 content.

3.3. Preparation of the Au/Fe203/Si0O2 catalyst and its catalytic performance
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Fig. 6. The influence of Fe203 loading on the catalytic performance. GHSV of 20000 mL g—1 h—1
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Fig. 6. The influence of gold loading on the catalytic performance. GHSV of 20000 mL g—1 h—1

The catalyst performance of Au/Fe203/Si02 with Au content of 3 wt.% is shown in Fig. 6. At 25 °C, the
CO conversion increases to 94 % for the Au-3/Fe203-5/Si02 catalyst (with 5 wt.% Fe203
modification), and then increases to 99 % for the Au-3/Fe203-10/S102 catalyst (with 10 wt.% Fe203
modification). After that, with continuous increase of Fe2O3 content to 20 wt.%, the CO conversion is
reduced to 94 %. Those results indicate that the Au/Fe203/S102 catalytic activity is greatly reinforced
by adding Fe203. In order to optimize the modification conditions, Fe203-10/Si02 was chosen as
support to investigate the influence of Au content. It can be observed in Fig. 6 that, at 25 °C, CO
conversion gradually grows up from 88 to 99 %, with gold content from 1 to 3 wt.%. After that, with gold
content increasing, CO conversion could remain at 99 — 100 %. Through the experiments as above, the
best modification conditions can be determined to be 10 wt.% Fe20O3 and 3 — 5 wt.% gold. Also, catalyst
stability of Au-3/Fe203-10/S102 was investigated at the GHSV of 20000 and 30000 mL g—1 h—1, and
illustrated in Fig. 7.
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Fig. 7. The stability testing of the Au-3/Fe203-10/Si102 catalyst. GHSV of 20000 and 30000 mL
g—1 h—1
When reaction temperature was — 10 °C and at 20000 mL g—1 h—1, CO conversion would stabilize
around 93 — 96 % for 50 h. Then, to investigate the high temperature stability of the as-synthesized
catalyst, reaction temperature rises to 50 °C and 100 °C, respectively, and both CO conversions could
stay at 99 — 100 % for 75 h. Particularly, according to the reported method [11], the GHSV is further
increased to 30000 mL g—1 h—1, and the CO conversion at 50 °C could be stably maintained at 91 —93 %
for at least 50 h, which indicates good stability for the Fe203 modified gold catalyst. Furthermore, the
CO oxidation was carried out at — 10 °C over the 250 h tested catalyst for another 50 h, and the CO
conversion is in the range of 93 — 95 % even after the 70 h testing at 100 °C, indicating a good
recoverability of this catalyst. By comparison, the Fe20O3 modified catalyst Au-3/Fe203-10/Si02
offers much higher catalytic performance for the CO oxidation than the unmodified counterpart of

Au/Si102.

3.4. Catalytic mechanism

It is interesting that Au-3/Fe203-10/S102 catalyst has so high activity for CO oxidation after Fe2O3-
modification. Some studies have reported that the catalyst structure can be changed during the reaction.
For example, the homogeneous nanoalloy of PdZnx was induced into the heterostructure of PdZny @) (x-
y)ZnO in the real methanol reforming process (CH30H + H20 = 3H2 + CO2) [12] and C0304-
nanorod supported single-site Pt catalyst was also in situ induced into PtnCom/CoQO1-x for the water-
gas shift reaction (CO + H20 = H2 + CO2) [13]. Moreover, the reference [14] reported that silver

nanoparticles supported on MnO remove into the pores of MnO and are transformed into silver
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monatomic chains during the CH20 oxidation reaction, which is the reason of the excellent catalytic
performance. Consequently, the silver nanoparticles can’t be detected by XRD after CH20 oxidation
reaction. We wonder whether the catalyst structure was changed during CO oxidation reaction, which
delivers the high CO oxidation activity.

According to the reported method to examine whether the catalyst structure was changed, we also
employed XRD to characterize the Au/Fe203-10/Si02 catalysts with gold content of 2 wt.%, 3 wt.%, 4
wt.% and 5 wt.%. Fig. 8 aillustrates that the characteristic peaks of gold did not disappear.

LY

T N—
Au-3Fe, 0105500,

2 .

~ s M \aA o w2
i-] oy | Au-5Fe, 0 - 10050,
2 =~ . g
ol = Au-4/Fe, 0 -10/500,
E I e ~

2

8

.\u-In’l"vl.'l)J-ll'I.f.‘dt:l:
30 40 50 60 70 80
Au Loading , wi% 2 theta , degree

a b

Fig. 8. The XRD patterns: a — of the used b — the intensity ratio of Au(111) over these catalysts:
Au2/Fe203-10/S102;Au-3/Fe203-10/S102; Au-4/Fe20310/Si02; Au-5/Fe203-10/Si02

In order to display this point more clearly, the Au (111) crystal plane intensity was correlated with gold
content. If some gold nanoparticles remove into the Fe203 and are transformed into gold monatomic
chains, the intensity ratios will be different from the ideal intensity ratios. The ideal intensity ratios
should be equal to the real gold content ratios for the Au/Fe203-10/S102 catalysts with gold content of 2
wt.%, 3 wt.%, 4 wt.% and 5 wt.%, which should be 1, 1.5, 2, and 2.5, respectively (with the reference
catalyst of Au-2/Fe203-10/S102). Clearly, the real diffraction intensity ratios of these catalysts are
almost equal to their ideal ratios (Fig. 8 b), indicating that the structure of Au nanoparticles did not

change during the CO oxidation.
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a b

Fig. 9. The images of the used catalyst Au-3/Fe203-10/SiO2 : a— TEM ; b— HRTEM
Also, gold particle size was investigated after the reaction. TEM image (Fig. 9 a) shows that the average
particle size of gold remains at 5 — 7 nm after reaction, in accordance with gold particle size of the fresh
Au/SiO2 in Fig. 1 b, which implies the particle size of gold didn’t change in reaction. Lots of results
demonstrate that the strong interaction between gold and oxides could promote catalytic performance in
oxidation reactions [4]. Fig. 9 b illustrates the lattice fringes of Au particles, and the Au (111) lattice
space is 0.235 nm, which is consistent with the reported results [ 13]. For Fe2O3, its lattice fringe is fuzzy
because of its amorphous dispersion. Since the big difference of contrast level between gold and Fe2O3,
the close contact of each other is clearly observed in Fig. 9 b. Combining the results in sections 3.1. —
3.3.,itis clear that gold and Fe2O3 both had certain catalytic activity for CO oxidation reaction. This is
caused by the synergistic effect between gold and Fe203, which endows the Au-3/Fe20310/Si02
catalyst with excellent catalytic activity. However, the specific synergistic effect mechanism between

them should be further investigated, and the works along this line is in progress.

4. CONCLUSIONS

In our study, gold catalyst supported on Fe203modified-SiO2 presents very good CO oxidation
catalytic performance. When reaction temperature is — 10 °C, the conversion of CO reaches to 95 %.
Fe203 is amorphously dispersed when its loading is lower than 10 wt.%, and the catalyst with such
Fe203 content possesses good catalytic performance attributed to gold and Fe2O3 interface active site.
Through Fe203 modification to SiO2, it could not only improve the catalytic performance of the
catalyst, but also greatly reduce the amount of gold using. In addition, the catalyst shows good stability

at different temperatures, which gives good catalyst application prospects.
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ABSTRACT

4 In this study, a novel octagonal shaped metamaterial based broadband absorber is proposed for energy
harvesting at WIMAX wireless communication band. The proposal has an absorption of 99.97 % at 5.5
GHz with a bandwidth of 1 GHz between 5 GHz and 6 GHz in Transverse Electric (TE) mode. Transverse
Electric (TE), Transverse Magnetic (TM) and Transverse Electromagnetic (TEM) modes are studied
numerically in this paper. In TM and TEM modes, proposed structure has absorption of nearly 96 % and 98
% respectively at 6 GHz. The proposed structure is polarization angle independent which is important for
energy harvesting applications. Energy harvesting application is realized by using resistive loads on the
design, simulations are parametrically studied on resistive loads and experimental study is realized for
reflection coefficient measurement and compared with simulated results. Both experimental and simulated
results are complying with each other. The proposed structure has different usage areas in stealth areas,
detection and imaging.

Keywords: metamaterial absorber, energy harvesting, wireless communication.

- J

1. INTRODUCTION

Metamaterials (MMs) are artificially engineered materials which show specific electromagnetic (EM)
properties that cannot be found inherently in the nature. After the proposal of the Victor Veselago in
1967 [1],1n 2000, first metamaterial was developed artificially with negative permeability and negative
permittivity [2] by using periodic metal resonators. MMs have potential applications in cloaking [3, 4],
super lensing [5], antennas [6 — 8], sensors [9 — 12], metamaterial based harvesters and absorbers [13 —
16]. In brief, varied kinds of metamaterials with many applications were analyzed for various
applications [17 — 20]. First metamaterial based absorber was introduced by Landy in [15] which is an
investigation of unity absorption by using two resonators to captive radiated electromagnetic field.
Perfect absorption can be accomplished by arranging the periodic structures in a way that by
modification of complex permittivity and permeability for fully absorb electromagnetic energy [21].

Actually, there are several important works in the literature [22 — 25] that is related with perfect
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absorption. For example, Bilotti et al. [22] proposed split ring array resonator to absorb microwave
energy. Zu et al. [23] suggested that polarization insensitive metamaterial absorber and this study
includes fabrication. In another study [24], polarization and incident angle insensitive dualband
metamaterial absorber is investigated which is based on isotropic resonators. Cheng and Yang proposed
a metamaterial absorber composed of two resonators and a metal wire for increasing the absorption rate
in the microwave region in [25]. Yunsong, et al. [26] proposed a subwavelength resolution microwave
camera based on a metamaterial absorber and they investigated microwave imaging techniques. In this
paper, a novel octagonal shape metamaterial based absorber and energy harvester is designed for
Worldwide Interoperability for Microwave Access (WIMAX), wireless communication band with
wide band absorption nearly 1 GHz in the resonance region have been proposed. Absorption has been
verified by simulation and experimentally and results are compliant with each other. Simulation part of
study have been realised by Finite Integration Technique (FIT) based Simulator that supports under
Transverse Electric (TE), Transverse Magnetic (TM), and Transverse Electromagnetic (TEM) modes.

The proposed structure provides a wide bandwidth and has polarization angle independency.

2.DESIGNAND NUMERICALSETUP

Design of the proposed structure have been realised by CST Microwave Studio and experimental study
results by using parametric and genetic algorithm tools. For the TE and TM mode simulations,
boundaries are chosen as unit cell in both X, Y directions and open (add space) in the Z direction. For
TEM mode simulation, boundary condition of simulation program has been set to Electric, Magnetic
and open add space in simulation. Design details of the proposed structure is given in Fig. 1 a and Table
1. In Fig. 1 b., unit cell of view of the proposed structure is seen. Back side of the proposed design is
covered by couple layer to prevent transmission and reduce reflection coefficient level. Proposed
structure is placed on FR4 substrate which is 24 mm x 24 mm in X and Y dimensions and it has a
thickness of 3.2 mm to increase absorption and bandwidth. Resonator is made up of copper that has a

conductivity of 5.8 - 107 S/m and it has a thickness 0f0.035 mm.
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Fig. 1. A novel octagonal metamaterial based absorber design with resistive loads with incident

angle phi (¢) 90 deg: a — unit cell structure; b — metamaterial full structure

Table 1. Parameters of the proposed structure

Load Kmm | Lmm | mmm [ n,mm | g, mm
325 ohm 105 7.6 6 4 1.2

The absorption [ [])term can be defined according to equation [ [1)=1 [1[]) [J []), where R(w) and
T(w) indicates reflection and transmission coefficients of the proposed structure. The absorption
formula can be minimized by using a metal back plate to prevent transmission, so [ [1)= [121|2=0. As
aresult of using metal back plate, absorption formula revised to [1 [1)=1—1[] [1)=1-[]11|2. From the
revised formula, when the reflection is minimum so the absorption will be maximum and transmission
coefficient is assumed to be zero in this study. In order to explain design properties of the proposed
structure, first of all effect of the resistive load which is used as a lumped element on absorption have
been investigated. Absorption versus frequency between 3 GHZ and 7 Ghz when resistor is not used on
the structure has been given in Fig. 2. In this usage, simulation results show that the structure has low

absorptivity nearly 33 % between 5 Ghz and 6 GHz band in the TE mode.
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Fig. 2. Absorption of the octagonal metamaterial absorber without resistive loads
In order to find proper resistive load values a parametric study have been realised by simulation program
as shown in Fig. 3. According to simulation study results, best bandwidth has been obtained in 325 ohm
lumped element resistance value. As shown in Fig. 3, lumped element resistive load values have been
analysed between 200 ohm and 1000 ohm values at 10 different values. Since perfect absorption
together with desired bands have been supplied when 325 ohm resistive load, this value becomes the

design input of the proposed structure.
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Fig. 3. Parametric study for the resistive load between 200 ohm and 1000 ohm at 6 different points

between 3 GHz and 7 Ghz

Another simulation study has been realized to give more information about design parameters of the
proposed structure that absorption value according to K and L values of the proposed structure is

studied. Obtained simulation results are presented in Fig. 4. and Fig. 5. First of all, L value and resistive
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load values have been fixed to 10.5 mm and 325 ohm to see effects of L parameter in absorption. L

parameter is now adjusted between 6.8 mm and 8.4 mm in 5 different values as will be presented in Fig.

4.

Absorption

3 35 4 45 5 55 6 6.5 7
Frequency GHz

Fig. 4. Parametric result for the K value, L = 10.5 mm, R =325 ohm

According to simulation study results, K value is decided to be 7.6 mm due to perfect absorption and
desired frequency bands. After simulating K parameters, L value in the proposed structure has been
shown in Fig. 5. when lumped element resistor value is fixed to 325 ohm and K value is fixed to 7.6 mm.

After these pre adjustments, L value is simulated between 9.5 and 11.5 mm in 5 different values and
obtained results are given in Fig. 5. As shown in Fig. 5., absorption frequency has been shifted from 4.9
GHzto 6 GHz when L value is increase from 9.5 mm to 11 mm. This value is acting an important role on
absorption frequency since 1 mm in change result with 1 GHz shift in the resonance frequency which is

good tuning option for changing absorption frequency.

Absorption

3 35 4 45 5 55 6 65 7
Frequency GHz

Fig. 5. Parametric result for the L value, K = 7.6 mm, R =325 ohm
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Another parameter has been studied by simulation to give more information about design details that is
gap value. In this part of study, resistive loads and the dimensions of outer octagonal ring were chosen as
R =325 ohm, K=7.6 mm and L = 10.5 mm and gap value is changed between 0.4 mm to 2 mm in the
same frequency band. As presented in Fig. 6., gap values have been changed from 0.4 mm to 2 mm and
this change in the gap value results with an absorption frequency shift from 5 GHz to 5.7 GHz. After
giving information about design details in the proposed structure’ usage for WIMAX frequency band
operations, In the next section, microwave energy harvesting applications of the proposed structure is

discussed.

1
= gap=0.4 i i
09 —gap=0.8 [y
0.8 = =gap=12
0.7 =—gap=16] :  JEEF it Wt W NN

Absorption

35 35 4 45 5 55 6 65 7
Frequency GHz

Fig. 6. Parametric results for the gap (mm) with 325 ohm resistive loads

3.TE,TMAND TEM MODE ANALYSIS

In this section, the behavior of the proposed octagonal shape metamaterial absorber is investigated in
TE, TM and TEM modes. First of all, S11 value is investigated when TE polarization is applied to the
proposed structure. As shown in Fig. 7., wideband perfect absorption is seen between 5 GHz and 6 GHz
which is also WIM A X operation frequency. Absorption value increases to 99.97 % value at 5.5 GHz in
TE mode. In order to show the absorption properties of the proposed structure in other modes as TM and
TEM modes, these modes have been simulated by simulation program and obtained results are given in
Fig. 8. As shown in Fig. 8., wideband property of the proposed structure under TEM and TM modes
cannot be seen between 3 GHz and 7 Ghz. Single resonance points occur at 6 GHz at 97 % absorption
with a bandwidth of 100 Mhz.
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Fig. 7. Absorption and scattering parameter S11 of the proposed structure under TE mode wave
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Fig. 8. Absorption of the proposed structure under both TM and TEM modes

Polarization angle independence is another important factor for metamaterial absorber in different
polarization angle applications. In order to show the polarization angle effects on absorption, following
simulation studies have been realized in TE, TM and TEM mode applications. Obtained results are

presented in Fig. 9, Fig. 10 and Fig. 11, respectively.
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Fig. 9. Absorption under various polarization angle phi for TE mode
When we look at these graphs, we see that phi angle has been adjusted between 0° and 90° in 7 different
points and absorption value is simulated between 3 GHz and 7 GHz.These change in phi angle under the
TE, TM and TEM mode applications, do not result with a change in absorption that is a wanted situation
for absorber studies.According to Fig. 9, Fig. 10 and Fig. 11, it is clear now that the proposed structure,
polarization angle independent under TE, TM and TEM modes.
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Fig. 10. Absorption under various polarization angle phi for TM mode
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Fig. 11. Absorption under various polarization angle phi for TEM mode
In addition to the polarization angle independency, wide band absorption in TE mode is still protected.
These simulation results prove that the proposed structure is a good choice to use in WIMAX frequency

portion of microwave spectrum.

4. ELECTRICFIELD AND SURFACE CURRENT DISTRIBUTIONS

In this part of the study, electric field and surface current distributions have been simulated in TE, TM
and TEM mode operations. Obtained results are presented in Fig. 12 and Fig. 13. In Fig. 12, electric
field distribution is shown under TE mode at 5.5 GHz which has the maximum absorption nearly 99.97
% absorptivity at that frequency. Then, Fig. 12 b and Fig. 12 c, electric field distributions are shown in
TM and TEM modes respectively. All graphics are shown in the same scale (130-190 dB-1uV/m) to see
the differences.

When we look at the Fig. 12 a, electric field is concentrated around the splits of the proposed structure
which is complying with the direction of electric field electric field is weakening as getting away from

centre.
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Fig. 12. a — electric field distribution for TE mode; b — electric field distribution for TM mode; ¢ —
electric field distribution for TEM mode

In TM and TEM modes, electric field distribution is concentrated at left and right side of the structure
according to the dimension of the electric and magnetic field. Surface current distributions of the
proposed structure at the resonance frequency of 5.5 GHz, is given in Fig. 13 a,b and ¢, respectively for
TE, TM and TEM mode operations.

The electric field component of incident wave excites free electrons as a surface current, surface charge
oscillates along the external electric field and this field causes magnetic dipole moment and the dipole
moment creates resonance absorption. As it seen from Fig. 13 a, for TE mode, there are parallel and anti-
parallel surface currents on the structure. While parallel currents induce electric field, anti-parallel
currents result in magnetic field. These responses couple with E and H components of the incident
electromagnetic wave and produces strong localized electromagnetic field at the resonance frequency.
Similar simulation results for TM and TEM mode are also obtained with TE mode operations.

According to simulated electric and surface current distributions strong magnetic fields can be seen at
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the resonance frequencies which is important for energy harvesting applications. In the next sections,
energy harvesting performance of the proposed structure and experimental study for reflection
coefficientis given.

Resistive elements that have been used as a lumped network element can be used for energy harvesting.
For simulation, power on the 325 ohm resistor is chosen as example in TE mode and results are

presented in Fig. 14.

Fig. 13. a — surface current distribution for TE mode; b — surface current distribution for TM mode;

¢ — surface current distribution for TEM mode at 5.5 GHz

Journal Of Materials Science (Volume - 13, Issue - 1, Jan - Apr 2025) Page No. 23



0.5 : ; ; : ¢ y :
035 —— ............ ............. .......... ............ ............
0.2

015} SN U DU SN SN S
01 : : : | =w=| 0ss in Lumped Elements

i ] i | | == Power Stimulated

Power in Watt

3 3.5 4 4.5 5 5.5 6 6.5 7
Frequency, GHz

Fig. 14. Simulated power input and energy harvesting efficiency of the proposed structure between 3
and 7 GHz under the

TE mode

Asitseen from the figure, while 0.5 W power applied by simulation program between 3 and 7 GHz, 0.45
W of the applied signal is harvested again across the lumped element resistor at the frequency of 5.5
GHz. Simulated energy harvesting efficiency is found as 90 % at the resonance frequency of 5.5 GHz
and it is more than 80 % between 5 and 6 GHz. This value decreases to minimum 5 % at 4 Ghz. Thus, the
power on the resistive elements can be used in the harvesting system in microwave frequency region
such as, WIMAX bands. In addition to the energy harvesting efficiency between 5 and 6 GHz, this
values are not affected by polarization change of the applied signal which is also important for energy
harvesting applications. In order to support the energy harvesting application of the proposed structure,
we have experimentally tested the proposed structure for reflection coefficient measurements. Results of
the experimental study can be used for checking the accuracy of the simulations of the proposed
octagonal shape metamaterial absorber. The fabricated structure has 49 unit cells in 7 x 7 array shown in
the Fig. 15. Promat LPKF E33 CNC controlled PCB production machine is used for the fabrication of

the sample which is given in Fig. 15.
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Fig. 15. Fabricated structure
In order to measure reflection coefficient, fabricated sample is placed in front of a horn antenna as shown

in Fig. 16 and vector network analyser.

Fig. 16. Experimental setup for TEM mode wave

The free space measurements are obtained by using a horn antenna and a Vector Network Analyzer
(VNA). The distance is set to 12.5 mm which is about 2.5 [ at 6 GHz. Since back side of the structure is
covered by copper no transmission occurs on the proposed model. For this reason, measurement of the
reflection (S11) is enough for the calculation of the absorptivity of the structure. In the experimental
setup, only TEM mode measurements have been completed because of the laboratory capabilities.
While measured and simulated reflection coefficient is presented in Fig. 17, absorption values [ [1) is
givenin Fig. 18.

The simulated and measured reflection coefficient resonance frequency have been observed at 6 Ghz.
Simulation and experimental study results are complying with each other and similar results have been

obtained. While simulated reflection coefficient in dB is -17 dB in simulation, the measured reflection
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coefficient level is defined as -16 dB at 6 GHz as expected. In that frequency, € € [1) term is calculated
as 0.98 which means that 98 % of the incident wave have been absorbed. The simulated and
experimental study results show that the proposed structure can be used for energy harvesting

application in WIMAX frequency band.
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Fig. 17. Reflection (S11 in dB) of the simulation and experiment in TEM mode wave
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Fig. 18. Absorption of the simulation and the experiment in TEM mode wave

5.CONCLUSIONS

Nested octagonal shape metamaterial absorber model is numerically and experimentally designed and
investigated in a wide perspective. Design details according to Resistor value, K, L, and gap parameter
have been explained by simulation. Simulation results show that it is possible to tune the proposed
structure with 1mm change in the dimension of L. Also simulation study results show that, maximum
energy harvesting occurs when 3250hm resistor value usage in TE mode. Absorption mechanism is
explained by giving electric field and surface current distributions. Energy harvesting efficiency of the
proposed structure has been as 80 % between 5 and 6 GHz. These results show that the proposed

structure can effectively be used as an energy harvester in these bands. Experimental study for
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supporting the simulated study results have been given for reflection coefficient measurement in TEM
mode. The fabricated sample is tested in the facility by using horn antenna and vector network analyser.
Obtained results in reflection coefficient measurement show good agreement. According to simulation
and experimental study results, the proposed structure can be used as energy harvester in the WIMAX
communication band and this has a potential application in the area of absorption and energy harvesting
applications. For the future works, this design can be developed for better performance in all application

modes as well as sensor applications may be offered.
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ABSTRACT

The ash was removed before or after carbonization of potassium humate to investigate the effect of ash A
removal methods on pore structure and electrochemical performance of activated carbons for
supercapacitors. The activated carbons were prepared by direct carbonization of potassium humate at 700
°C for 1 hour under N2 atmosphere with different de-ashing strategies. It was found that ash removal
before carbonization was an effective strategy to reduce the ash content of the corresponding activated
carbon. When de-ashing treatment was adopted after carbonization, part of the ash in activated carbon
was coated with carbon and could not be removed through acid soaking. Moreover, ash removal before
carbonization could better contribute to creating the micropores and the ash removed after carbonization
performed as templates to mainly generate mesopores. The activated carbon with ash removed before
carbonization as electrodes delivered a specific capacitance of 164.84 F/g at a current density of 50 mA/g,
and exhibited typical electric double layer capacitive performance as well as lower leakage current of
15.3 uA.

Keywords: ash removal, activated carbon, potassium humate, template, mesopores.

- J

1. INTRODUCTION

Electric double layer capacitors (EDLCs), also known as supercapacitors, have been extensively
investigated due to their excellent properties such as high power density, high coulombic efficiency,
Ishort charging time and long cycle life [1, 2]. EDLCs currently fill the gap between batteries and
conventional capacitors [3 — 8], and have widespread applications in hybrid vehicles, memory backup —
system [6, 7], elevator, locomotives [9], and so on. EDLCs store charges in the double layer formed at
the electrolyteelectrode interface [3, 7, 10, 11], and their electrochemical performances strongly depend
on the properties of the electrode materials, including specific surface area, pore size distribution,

surface chemistry and electronic conductivity [12]. Activated carbon is considered as one of the most
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promising electrode materials for EDLCs because of'its high specific surface area, well-developed and
adjustable porous structure, high conductivity, excellent chemical stability and low cost[4, 13].

Ash in activated carbon has negative impacts on the electrochemical properties of the corresponding
EDLC:s, including increase in leakage current and decrease in electrochemical cycling stability [12].
Fortunately, the mineral matter in precursors can function as templates for porosity formation of the
resultant activated carbons [9]. Activated carbon prepared from rice husk, was basically mesoporous,
which was obtained from leaching of the mineral component of silica, and exhibited a considerable
specific capacitance of 120 F/g in EMIm.BF4 [14]. Qu [15] prepared corncob residues based porous
carbon with high capacitance of 314 F/g and superb cycling stability in 6 M KOH electrolyte, and found
that the process of ash removal was efficient for pore-forming, especially so for welldeveloped
micropores. However, to the best of my knowledge, there are few studies available regarding the effects
of the de-ashing strategies on the surface area and pore size distribution of the resulting activated

carbons, which play a crucial role in determining their electrochemical performances.

Activated carbons for supercapacitors have been prepared from different precursors, including coal [3],
coal tar pitch [16] and biomass [17]. Humic acid (HA), a kind of biomasses, consisting of a skeleton of
aromatic units crosslinked by oxygen-containing functional groups [18, 19], has been becoming a
promising precursor for activated carbon preparation. Oxygen-rich and hierarchical porous carbons
were prepared from humic acid through KOH or ZnCI2 activation method, delivering high specific
capacitance, high rate capabilities and excellent cycling stabilities [19 — 21]. Potassium humate, a
neutralized product of KOH and HA with a KOH/H A mass ratio of about 0.12, can be used as precursor
to synthesize highly porous carbons by single-step carbonization, which exhibited a high specific
capacitance of 232 F/g (26.1 [JF/cm2) at a constant charge/discharge current of 0.5 A/g [22]. Obviously,
the ash content of as-prepared porous carbons greatly depends on that of potassium humate due to the
relatively weak activation with small amount of potassium. In other words, potassium humate is an
appropriate precursor for preparing activated carbons as EDLCs electrodes and, more importantly, for

studying the effects of de-ashing strategies on their pore structure simultaneously.

In this paper, the commercial potassium humate with high ash content is adopted as precursor to prepare
activated carbons by direct carbonization with ash removed before or after carbonization, respectively.
The effects of ash removal strategies on the specific surface area and pore size distribution of as-
prepared activated carbons are studied, and their electrochemical properties are also investigated in

detail.
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2. EXPERIMENTAL

2.1. Preparation of activated carbons

The commercial potassium humate with ash content of 20 % was purchased from Shuanglong Co., Ltd
(Xinjiang, China) and its ultimate analysis is shown in Table 1. The activated carbons were prepared by
direct carbonization of potassium humate at 700 ° for 1 hour with a heating rate of 5 °C/min under N2
flow. The ash was removed before or after carbonization of commercial potassium humate through
hydrochloric acid and hydrofluoric acid soaking with a volume ratio of 1:1. The carbonized materials
were washed with diluted hydrochloric acid and deionized water, and dried at 120 ° for 2 hours. The
obtained activated carbons with ash removed before or after carbonization were referred as AC1 and

AC3, respectively. Meanwhile, activated carbon prepared without ash removed was nominated as Ac2.

Table 1. Ultimate analysis of potassium humate

Caaf, %0 Haar, % (O + S)*qar, % Ndar, %0
4498 3.26 50.85 0.91
Notes: ad — air dried basis; d — dry basis; daf—dry ash free basis;
* _ difference method.

2.2. Characterization

The elemental composition of porous carbons was analyzed by an elemental analyzer (Vario Macro
Cube, Germany). A silica crucible and a muffle furnace were used to estimate ash content. X-ray
diffraction (XRD) patterns were collected on a Rigaku Smart-Lab X-ray diffractometer at a scan rate of
10 °C/min. N2 adsorption/desorption isotherms were measured using a Quantachrome AutosorbiQ-MP
analyzer at 77 K. The specific surface area (SBET) was calculated from the isotherms using Brunauer-
EmmettTeller method. The total pore volume (Vt) was estimated from the single point adsorption (P/P0
= 0.99) and pore size distributions (PSD) were derived from density functional theory (DFT). The
micropore volume (Vmic) was determined by the t-plot method and the mesopore volume (Vmes) was
calculated by the difference of total pore volume and micropore volume. Prior to test, the samples were
degassed at 200 °C for 10 hours to remove the water vapor and other foreign gas matters. The
morphology of the samples was observed by scanning electron microscope (SEM, JSM 6390LYV,
JEOL). X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250Xi) was used to investigate

the surface chemical composition.

2.3. Electrodes preparation and electrochemical measurements
A two-electrode cell was used for electrochemical tests with a3 M KOH solution as the electrolyte. The

electrodes were fabricated by mixing 85 wt.% activated carbon powders with 10wt% of acetylene black
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and 5wt% of polytetrafluorene ethylene (PTFE) binder. The galvanostatic charge-discharge (GCD),
cyclic voltammetry (CV) and Leakage current (LC) were performed on an Arbin SCTS Instrument
(CSCT, Arbin, USA). The gravimetric capacitances (F/g) were calculated from the discharge curves

according to:

C=2(1 AD/(m AV, (1)

where I, [1t, m and [V are the discharge current, A; discharge time, s; the mass, g of the active materials

inthe single electrode and the discharge voltage, respectively.

3.RESULTSAND DISCUSSION

3.1. Characterization of pore structure

The ash contents of the three activated carbons are listed in Table 2. The commercial potassium humate
precursor has high ash content of 20 %, resulting in relatively high ash content (11.6 %) of the

corresponding activated carbon (A C2) without ash removal in the preparation process.

Table 2. Ash contents of the activated carbons

Samples AC1 AC2 AC3
Ash, % 6.3 11.6 9.4

The three carbons have an order of AC1 < AC3 <Ac2 in terms of ash content. The result indicates that
ash removal before rather than after carbonization is an effective strategy to reduce the ash content of the
corresponding activated carbons, and also suggests that part of the ash in AC2 is coated with carbon and
cannot be removed through acid soaking.

As shown in Fig. 1, activated carbons all exhibit two broad peaks at around 211 =22° and 43°, which are
attributed to the reflection in the (002) plane and (100) plane of aromatic layers respectively, indicating a

porous structure with a relatively low degree of graphitization [23].

Intensity,a.u.
WE
o2 w

20 10 60 80
2Theta,degree

Fig. 1. XRD patterns of activated carbons
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For AC2 and AC3, there are some sharp peaks, which is assigned to the mineral matters.

Fig. 2 a shows the N2 adsorption/desorption isotherms of activated carbons. The isotherms of AC1 and
AC3 exhibit characteristics of type IV curve, showing a sharp increase in adsorptive volumes at low
relative pressures while a relatively smooth increase at high relative pressure, and exhibiting
pronounced hysteresis loops. The results above demonstrate the presence of certain amount of
micropores and mesopores in AC1 and AC3. The N2 adsorption/desorption isotherm of AC2 exhibits
combined characteristics of type I/IV curve. The obvious hysteresis loop indicates the existence of a
relatively large percentage of mesopores, and the almost vertical tail at a relative pressure near to 0.95

denotes the presence of macroporosity [12, 13,20].
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Fig. 2. a — N2 adsorption-desorption isotherms of activated carbons; b — pore size distribution of
activated carbons The PSD curves are shown in Fig. 2 b and demonstrate activated carbons possess
hierarchical pore structure with micropores less than 1.8 nm and mesopores in the range of 2.3 to 6 nm. It
1s well known that the micropores can accommodate electrolyte ions to achieve high capacitance,
mesopores act as channels to facilitate ion transportation within the carbon framework, and macropores
serve as ionbuffering reservoirs to reduce diffusion distance for electrolyte ions diffusing into the

interior surface [9, 10]. Therefore, the as-prepared activated carbons used as electrodematerials for the
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supercapacitors may exhibit excellent performance [6—8, 23].

The pore structure parameters of the activated carbons are summarized in Table 3. AC1 exhibits higher
specific surface area and micropore volume while smaller mesopore volume and mesoporosity than
AC2, indicating that the mineral matter in precursor facilitates the mesopores formation, however,
suppresses the micropores formation that is tightly associated with specific surface area.

Compared to AC2, AC3 shows approximately equal value of micropore volume, slight increase of
specific surface area but significant increase in mesopore volume (nearly doubled), which suggest that
the ash removal of activated carbon mainly influence the mesopore rather than micropore formation. In
summary, among the three activated carbons, AC1 possesses the largest specific surface area of 492
m2/g and micropore volume of 0.2279 cm3/g, AC3 possesses the largest total pore volume, mesopore
volume and mesoporosity, and AC2 possesses the smallest specific surface area, total pore volume and

micropore volume.

Potassium humate is a neutralized product of KOH and HA with a KOH/HA mass ratio of about 0.12.
During carbonization of potassium humate, the small amount of potassium prefers to react with mineral
matter to form mesopores, thus, the reaction between potassium and organic matter to create micropores
1s weakened. That is, the ash in potassium humate may suppress the formation of micropores and benefit
the formation of mesopores. Obviously, the degree of reaction to make mesopores in commercial
potassium humate is higher than that in pure potassium humate, which is contrary in terms of the
reaction of forming micropores. AC3 exhibits more remarkable increment of mesopore volume than

AC2,which s due to the micropore wall collapsing and template effect based on ash removal from Ac2.

Table 3. Specific surface area and pore structure parameters of activated carbons

Samples ‘E]B;g Vi, em’/g C’;S;’g cﬁn;;,g (V‘"”;zw"
ACl1 492 0.2498 0.2279 0.0217 8.7
AC2 421 0.2270 | 0.1916 0.0353 15.6
AC3 451 0.2599 | 0.1928 0.0670 25.8

The surface morphologies of the samples are presented in Fig. 3. AC1 displays blocky structure with
plenty of pores on its rough surface, which originates from the properties of potassium humate, i.e.,
certain order degree and relatively low ash content. AC2 exhibits three-dimensionally loose and
amorphous structure with interconnected pores. Ac3 shows the thick lamellar structure derived from
aromatic units and these individual sheets associate with each other to form a continuous network.

The surface chemical compositions of activated carbons were analyzed by XPS measurements. As
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shown in Fig. 4, activated carbons all possess two main peaks located at the binding energy of about 285
and 533 eV, which correspond to the C1s and O1s, respectively. The C1s spectrum can be approximately
fitted into four main peaks located at the binding energy of 284.5 eV, 285.2 eV, 286 eV and 289 eV,
which is related to the sp2 hybridized carbon (Cp1), sp3 hybridized carbon (Cp2), C-O (Cp3) as well as
C =0 (Cp4) functional groups, respectively. The presence of oxygen containing functional groups can

improve the wettability of activated carbons, and facilitate the penetration of electrolytes to pores.

3.2. Electrochemical properties

The carbon and oxygen contents of activated carbons are all in the range of 82.2 —83.8 wt.%, 12.2 - 13.8

wt.%,

Fig. 3. SEM images of activated carbons: a— AC1; b—Ac2; ¢—Ac3
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Thus, the electrochemical properties of the samples may mainly depend on their pore structures and ash
contents. The GCD curves of the activated carbons as electrodes presented in Fig. 5 a exhibit typical
triangular shapes without obvious voltage drop at the beginning of discharge, indicating the electrodes
have the typical capacitive behaviors [21]. Moreover, the specific capacitances calculated from Eq. 1 are
164 F/g for AC1, 110 F/g for AC2 and 127 F/g for AC3, respectively. It is known that micropores can
provide electrode materials with a high accessible surface area for double layer capacitance. The three
carbons have an order of AC1>AC3 > AC2 in terms of the specific capacitance, which agrees well with
the order of the specific surface areas.

The CV curves of activated carbons at the scan rate of 1 mV/s (Fig. 5 b) exhibit a quasi-rectangular
shape without visible distortion, indicating the double layer capacitive behavior and excellent

electrochemical reversibility, which is consistent with the results of GCD curves.
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Fig. 4. a — full-range XPS spectrum of activated carbons; b — Cls XPS spectrum of ACI; ¢ — Cls
XPS spectrum of AC2; d. Cls XPS spectrum of Ac3
Leakage current is a main parameter on practical applications of the EDLCs. As shown in Fig. 5 ¢, the
leakage currents of AC1 and AC3 drop significantly from 0.906 mA to 0.104 mA at the beginning 17
min, while that of AC2 is from 0.886 mA to 0.106 mA after 34 min. Then they all gradually become
smaller and more stable (finally to only 15.3 pA for AC1,25.0 pAfor AC2 and 17.3 pA for AC3 after 5.4
hours, respectively). The leakage current behavior is related to the ash content, the values of leakage

current and ash contents follow the same sequence of AC1 <AC3 <AC2. The smaller values of leakage
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current mean less shuttle reactions caused by the ashes in the activated carbons [21]. The less ash

content, the smaller leakage current, which is in according to the results in the literature [ 12].
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Fig. 5. a— GCD curves of activated carbons at 50 mA/g; b — CV curves of activated carbons at 1

mV/s; ¢ — leakage current curves of activated carbons

4. Conclusions

The ash removal methods have an important effect on ash content, pore structure and electrochemical
performance of corresponding activated carbons for electric double layer capacitors. The process of ash
removal before carbonization can better contribute to creating the micropores and ash removed after
carbonization performs as templates to mainly generate mesopores. The activated carbons possess large
specific surface area of 492 m2/g, total pore volume of 0.2599 cm3/g, and micropore volume of 0.2279
cm3/g, respectively. The activated carbon (AC1) with ash removed before carbonization as electrodes
delivers a specific capacitance of 164.84 F/g at a current density of 50 mA/g, v and exhibits typical

electric double layer capacitive performance as well as lower leakage current of 15.3 pA.
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ABSTRACT

Microwave assisted and molten salts synthesis were extended for preparation of ceria (10 mol%; 15
mol%) stabilized zirconia and their parameters and sinterability were compared with that of particles
prepared by the sol-gel combustion method. As-prepared powders by using microwave assisted and sol-gel
combustion synthesis contained single tetragonal ZrO2 phase but powders prepared by molten salts
combustion method contained two ceria-stabilized tetragonal phases with different content of ceria. The
crystallite size of the as-prepared zirconia phases was in the range of 3.2 — 9.4 nm and the average
particles size is in the range of 7.6 — 24.6 nm depending on the synthesis method. Additional calcination of
the powders up to 1000 °C led to increase of crystallite size in the range of 19 — 25 nm and decrease of
specific surface area in the range of 18— 21 m2/g and partial formation of monoclinic phase of ZrO2. Bulk
materials with fine-grained microstructure (0.8 — 1.6 um) and density in the range of 95.2 — 97.2 % were
obtained by spark plasma sintering at 1280— 1310 °C during 3 min. Nanoparticles prepared by microwave
assisted synthesis showed better sinterability and higher density.

Keywords: zirconia, ceria, synthesis of nanoparticles, spark plasma sintering.

. J

1. INTRODUCTION

Ceria stabilized zirconia polycrystalline ceramics have been investigated extensively due to their better
stability relate to yttria-stabilized zirconia in the moist environment [1] and the thermal expansion
coefficient matching that of the iron-alloys [2]. However, mechanical characteristics of ceria-stabilized
zirconia depend on its density, grain-size and presence of the transformable tetragonal phase [2, 3]
which depends on the used preparation route of powders and their sintering method. Nanosized powders
with a high specific surface area with definite phase composition and fast their sintering methods are
required for manufacturing of dense fine-grained zirconia based ceramic. Several chemical methods
such as spray-drying [2], hydrothermal [4], sol-gel [5, 6], sol-gel-combustion [6, 7, 8], coprecipitation
[8] have been developed for preparation of nanosized stabilized zirconia nanopowders.

Each preparation method of ceria stabilized zirconia nanoparticles has its characteristic advantages and

disadvantages that relate mainly to complexity of the process, expensive precursors, production rate and
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cost as well as to size distribution of the particles and presence of agglomerates. Present trends in
technology are directed to development of effective and environmentally friendly preparation methods
of nanoparticles. From this point of view, fast microwave assisted and solvent free molten salt synthesis
[9], which has been successful applied for producing several nanoparticles, is a promising preparation

method of ceria stabilized zirconia.

The aim of the present work was extension of microwave assisted and molten salt preparation methods
for the synthesis of ceria stabilized zirconia nanoparticles and comparison of the characteristics and
sinterability of the obtained powders with that of the particles produced by the sol-gel combustion
method.

2. EXPERIMENTAL

Synthesis was performed by using the following analytical reagent grade chemicals: ZrOCI2.8H20,
Ce(NO3)2.6H20, urea CH4N20, glycine C2H5NO3, NaCINaNO3.

For molten salts (MS) synthesis, the zirconium and cerium salts were mixed and grounded with a
definite amount of NaCl and NaNO3. The mixture of the zirconium and cerium salts contained 10 or 15
mol% of CeO2. The molar ratio of Zr and Ce to Na salts was in the range of 0.12 —0.25. A crucible with
precursors was put into the furnace and heated at 400 — 800 °C high temperature during 2 h. The melting
temperature of Na salts was changed by varying the ratio of sodium salts. The obtained ZrO2
nanoparticles were extracted from the cooled products by dissolving sodium salts in distilled water and
washing with ethanol, followed by filtration. The microwave assisted synthesis (MW) of ZrO2 was
performed by using the Masterwave BTR (Anton Paar) reactor. The zirconium and cerium salts were
dissolved in distilled water (0.25 mol/L) and stirred for 30 min. Then glycine water solution was added
(molar concentration of glycine/metal atoms was 4:1). The prepared mixture was heated in the
microwave reactor at 160 — 180 °C during 20 min with continuous stirring. The obtained particles were
extracted by filtration and washed with distilled water and ethanol.

For sol-gel combustion (SG) synthesis [6] ZrOCI2.8H20 was dissolved in distilled water and HNO3
was added to replace ClI- ions. Mixture was stirred for 30 min at 80 °C and then a definite amount of
Ce(NO3)2.6H20 water solution was added. Concentration of the solution was 0.25 mol/L.
Additionally solution of glycine and HNO3 was added in order to reach the molar ratio metals/glycine =
0.5 and glycine/NO3-=0.7. The prepared solution was calcinated up to 120 — 130 °C on a hot plate until
a dark viscous gel was formed and finally burned. The reaction product was calcinated at 400 °C for 2 h.
All prepared samples of ceria-stabilized zirconia were calcinated up to 1000 °C temperature in order to
examine their thermal stability and phase transition. The nanocrystalline powders were pressed into

graphite dies with diameter of 20 mm and densified in vacuum at 1200 — 1500 °C and pressure of 30 MPa
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using the spark plasma sintering (SPS) technique (SPS-825.CE). The phase composition of the
powders was determined by the X-ray diffraction (XRD) analysis (Advanced D8, Bruker AXS).
Crystallite size D was calculated by using X-ray diffraction software Eval2 based on the Scherrer
formula. The specific surface area (SSA) of the powders was determined by the argon absorption-
desorption method. The average particle size d was calculated from SSA; agglomeration degree of the
particles was evaluated from ratio d/D [6]. Density of the bulk materials was determined by using the
Archimede’s method. Microstructure of the materials was examined by scanning electron microscopy

(SEM) LYRA3. Vickers hardness was determined by the identation technique.
3.RESULTSAND DISCUSSION
Typical temperature of the microwave, molten salts and sol-gel combustion synthesis and

characteristics of the prepared ceria-stabilized zirconia are shown in Table 1.

Table 1. Characteristics of as-prepared ZrO2-10 mol% CeO2 nanoparticles

Syn- | Synthesis Crystallite Ave::age .

5 g particle | Ratio
thesis tempe- | SSA, m/g size 1, .
R size d, /D
method | rature, °C nm
1nimn

MW 170 120,2+06| 3.2+04 | 78+05 | 24
MW 180 92.1+05| 36+04 (102+05| 2.8

MS 400 123.1+06| 5.3+04 | 76+05| 14

MS 600 109.0+0.5| 58+04 | 85+05 | 1.5

SG 200 482 =03 | 8.2+03 [195+04| 2.1
SG 600 39203 94+03 [246+04| 26

The nanoparticles prepared by MW and MS synthesis had higher SSA and lower crystallite size with
respect to the powders obtained by the SG process. The SSA for all processes depended on the
temperature. However, nanoparticles prepared by the molten salt synthesis method had highest SSA
despite the higher temperature of synthesis as that of the microwave assisted process. It indicated that
liquid salts prevented growth of the ceria-zirconia nanoparticles.

The dependence of SSA of the nanoparticles prepared The nanoparticles prepared by MW and MS
synthesis had higher SSA and lower crystallite size with respect to the powders obtained by the SG
process. The SSA for all processes depended on the temperature. However, nanoparticles prepared by
the molten salt synthesis method had highest SSA despite the higher temperature of synthesis as that of
the microwave assisted process. It indicated that liquid salts prevented growth of the ceria-zirconia
nanoparticles. The dependence of SSA of the nanoparticles prepared by MS synthesis on ratio

metals/salts (Fig. 1) confirmed influence of salts. Decrease of oxide content in mixture remarkably
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increased the SSA of nanoparticles prepared by the MS method.

The crystallite size of as-prepared by the MW and MS methods nanoparticles were in the range of 3.2 —
5.8 nm but the crystallite size of nanoparticles prepared by SG method was in the range of 8.2 —9.4 nm.
These data indicated that the crystallite size of the particles depended on synthesis method, synthesis
temperature and time. Low temperature and short duration of the MW process (20 min) promoted

formation of smaller crystallites.

Ch
L=

Specific surface area, m%/g
s S
o (=
i /

40

400 500 600
Temperature, °C
== Me/salts = 0,12 == Me/salts = 0,16 =& Me/salts = 0.25

Fig. 1. Dependence of the SSA of the samples produced by MS synthesis on the calcination

temperature for different ratio metal/salts (Me/salts)

Values of the average particle size d calculated from SSA exceeded the determined crystallite size D 1.4
— 2.6 times. The ratio d/D that indicated degree of agglomeration [6] was smaller for nanoparticles
prepared by the M'S method because liquid salts as well as repeated washing of the products with water
and ethanol prevented agglomeration and decreased its degree. XRD patterns of as-prepared
nanoparticles showed broad diffraction patterns of the ceria-stabilized tetragonal phase of zirconia (Fig.

2).
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Fig. 2. XRD patterns of the as-prepared ZrO2 nanoparticles stabilized with 10 mol% of ceria using
sol-gel (1), microwave (2), and molten salts (3) synthesis.

However, the XRD patterns of MS nanoparticles indicated presence of two ceria-stabilized zirconia
phases with different content of ceria. Obviously, the presence of salts in the MS process inhibited
interaction of zirconia and ceria. Similar XRD patterns showed zirconia nanoparticles stabilized with
15 mol% ceria. Additional calcination of the as-prepared nanoparticles led to narrowing diffraction
maxima of XRD patterns and minimal transformation of tetragonal phase of zirconia to monoclinic
(Fig. 3) for nanopowders prepared by MW and MS synthesis indicating the presence of transformable
tetragonal zirconia phase in as-prepared particles. The noticeable formation of monoclinic zirconia
phase in nanopowders prepared by SG synthesis started at 850 — 900 °C. Content of monoclinic phase

ofzirconiareached 6 % at calcination temperature 1000 °C.

® - (Zr0,9Ce0,1)02
+ - Zr02, monocl.
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Fig. 3. XRD patterns of calcinated at 800 °C for 2 h stabilized with 10 mol% of ceria using sol-gel

(1), microwave (2), and molten salts (3) synthesis

Besides phase composition of the nanoparticles, additional calcination strongly affected the SSA and

crystallite size of nanoparticles (Fig. 4).

140 30

o
(=]
Crystallie size, nm

Specific surface area, m?/g
.
=

20.’!“

200 400 600 800 1000
Temperature, °C

Fig. 4. Dependence of the specific surface area (SSA-MW, SSAMS, SSA-SG) and crystallite size
(MW-D, MS-D, SG-D) prepared by MW, MS, SG synthesis on synthesis temperature

Dependence of SSA and crystallite size on calcination temperature was similar for all samples. At
temperature of 1000 °C the SSA of all nanoparticles was in the range of 18 —21 m2/g, and the crystallite
size was in the range of 20 — 26 nm; powders prepared by SG synthesis had the higher crystallite size.
Using spark plasma sintering densification of well crystalline ceria-stabilized zirconia nanoparticles
calcinated at temperature 400 °C, 600 °C and 800 °C started at 850 — 880 °C and final shrinkage was
observedat 1260— 1310 °C (Table 2) depending on the specific surface area and synthesis method.
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Table 2. Temperature of shrinkage and relative density of ceria stabilized zirconia samples during

SPS process
Syn- Catlcination SSA. Terr{peraturi of Relal.ive
thesis empe- m2/g shrinkage, °C density,
rature, °C starting final %
MW 400 71.2 860 1280 97.2
MW 800 41.0 870 1290 97.0
MS 400 81.0 850 1300 96.4
MS 800 40.0 880 1310 96.0
SG 600 39.0 850 1260 95.8
SG 800 31.0 860 1280 95.2

Characteristic feature of sintering behavior and density of the samples prepared by each method were
dependence of the specific surface area determined by calcination temperature of precursors. However,
sintering of the samples prepared by microwave assisted, molten salts and sol-gel combustion method
with very close specific surface area —41.0; 40.0; 39.0 m2/g respectively — showed different density of
the bulk materials. Obviously, the sintering was influenced also by different phase composition (Fig. 3)
and particle size distribution, degree of agglomeration. The increase of sintering temperature up to 1500
°C and holding time from 3 to 6 min had insignificant influence on the sintering process and density of
the samples. The relative density of the samples was in the range of 95.2 — 97.2 % depending on
synthesis method and the SSA. The lower density of materials sintered from MS synthesis nanoparticles
can be explained by presence solid solution of Zr-Ce-O and reduced content of t-ZrO2 (6 %) due to
reduction of oxides [10]. The sintered MW and SG samples contained m-ZrO2 and t-ZrO2 (34 —42 %)
depending on the content of CeO2. The density of SG materials was influenced by the lower specific
surface of area of the powders. The microstructure of the sintered bulk materials showed well shaped
grains with the size in the range 0f0.44 —1.10 um (Fig. 5) independently on method of the nanoparticles.
The obtained grain size of sintered materials was smaller than that obtained by pressureless sintering of
ceriastabilized zirconia at temperature 1400 °C for 2 h (2 um) prepared by the spray-drying techniques
[2]. The relative high grain-size of the manufactured bulk materials despite of low particle size of the
precursors could be explained by presence of particle aggregates that accelerated growth of the grains
during sintering. Vickers hardness of bulk ceria-stabilized zirconia materials sintered from
nanoparticles prepared by MW, MS and SG was 7.8, 6.6, and 7.0 GPa, respectively. The low hardness of
material obtained from MS synthesis is related to low density of nanoparticles. From results followed
that all applied synthesis methods allowed to prepare ceria stabilized zirconia nanoparticles. However,
MS synthesis led to formation of Zr-Ce-O solid solution as extra phase. Presence of this phase

influenced sintering final density of materials and reduced strongly content of t-ZrO?2.
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Fig. 5. Fracture surface micrographs of the sintered nanoparticles prepared by: a— MW; b — SG
synthesis; ¢ — MS synthesis
Fast spark plasma sintering of MW and SG samples containing t-ZrO2 phase at relatively low
temperature limited reduction of oxides [10] and insured good sinterability and density of the bulk

materials.

4.CONCLUSIONS

The developed microwave assisted and molten salts synthesis methods allow to prepare ceria-stabilized
zirconia nanoparticles with crystallite size in the range of 3.2—5.8 nm what is smaller than that (8.2-9.4
nm) obtained by sol-gel combustion synthesis. Molten salts synthesis promotes formation of cubic solid

solution of Zr-Ce-O.

The spark plasma sintering of obtained nanoparticles at 1280-1310 oC allows produce fine-grained
materials. Materials obtained from nanoparticles prepared by microwave assisted synthesis have better
sinterability and higher density.

The main advantages of the microwave preparation method of ceria-stabilized zirconia are simplicity,

low temperature (170—180 oC) and duration (20 min) of the process.
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ABSTRACT

( The metal-support electronic interaction of dispersed Pt, Pd and Au layers on y-AI1203 is studied by\
density functional theory (DFT) calculations. The results indicate that electrons transfer significantly

between the contacting layers of Au, Pt or Pd and the y-AI1203. Fukui function calculation results exhibit

the electrophilicity of Al and O atoms on the Pt-supported surface is the greatest, while their

nucleophilicity is the weakest. DOS calculation results demonstrate that the metal d orbital and O 2p

orbital participate in the interactions, and the interaction between Pt 5d orbital and O 2p orbital is the

strongest.

Keywords: y-alumina; noble metal layer; electronic interactions.

. J

INTRODUCTION

y-alumina (y-A1203) is commonly used as a support in catalysis due to its porousness, high dispersity
and large specific surface area. y-Al203 is an activated alumina and has many industrial applications.
Transition metals, such as rhodium (Rh), platinum (Pt), and palladium (Pd), can be finely dispersed on
this type of ceramic porous support. Many efforts have been made to understand the catalytic activity,
spectroscopic properties, and electronic properties of this type of catalyst[1 —7].

The change of the electronic properties of metal particles after metal-support interaction is very critical
for the catalytic activity of materials, and their influence on catalytic properties has garnered
considerable attention. The occurrence of electronic effects between metal-support has been
established [8 — 11]. Various interaction models have been proposed. Treesukol et al. found that the Pt
atom interacts with a Bronsted proton and a nearby framework oxygen, and electrons transferred from
the zeolite to the Pt atom, while the Bronsted proton withdrew excess electron density from the Pt atom,
causing a zero net charge on the Pt atom [12]. Mallmann et al. [13, 14] proposed that electron transfer

between the support oxygen atoms and the nearby metal particles. Using a combination of experimental
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measurements and theoretical DFT calculations, Mei et al [3] observed that pentacoordinated Al13+ sites
on the y-A1203 (100) surface can inhibit Pt sintering both thermodynamically and kinetically because
of their strong interactions with atomic Pt or Pt oxide species. This suggests that the cations on the
support may participate in the electronic transfer process. However, Mojet et al [15] proposed that the
primary interaction is a Coulomb attraction between the metal particle and support oxygen ions, and this
metal-support interaction model does not need electron transfer. These researchers suggested that the
decrease in activity of metal clusters with increasing support alkalinity can be ascribed to a decrease in
1onization potential of the metal particles directly induced by the Coulomb potential of the support. The
metal-support interaction is very important for the use of the catalyst because the desired catalytic
reactivity of the supported metal can be obtained if the interaction is well-understood. However, the
detailed charge transfer may not be detected by experimental technology due to the effects of the metal
particle size and other difficult-tocontrol factors. Gao [16] has performed DFT calculations with the
Dmol3 program on the single Pt, Pd, Ag, Sn and In adsorption on the O-terminatedand Al-terminatedy-
Al203 (110) surfaces and analysed the adsorption energy, atomic density of states and Mulliken
charges. The present study focuses on the electronic interaction between metal layer (Pt, Auand Pd) and
v-Al203 support using density functional theory. Based on the calculations, the detailed electronic
transfer and interaction can be clearly shown. The results will help to characterize the nature of the

metalsupport interaction.

2.COMPUTATIONALMETHODS

In this study, the properties of y-Al203 coated with Au, Pt and Pd metals were studied by density
functional theory (DFT) calculations using CASTEP code with GGA-PW91 exchange-correlation
potentials. The energy cut off is set to 400 eV and SCF tolerance 1x10-5 eV atom—1. The surface of y-
Al203 (101) was cleaved from the optimized bulk state. Vaarkamp et al. have shown that the
morphology of the Pt particles was similar to a Pt plane during high temperature reduction, and the Pt-O
distance was 2.2 A on the metalsupport interface [1]. In our study, the metal layer and YA1203 layer
were built together with a small interval (approximately 2.2 A) between these two layers, as shown in
Fig. 1. In order to eliminate the mirror effect, a vacuum layer was placed at the other end in contrast to the

metal/yAl203 contact end.
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Metal layer

Fig. 1. Calculated model of y-Al203 surface supported metals. The atoms lying on the same plane is
labelled as layer 1, layer 2 or layer 3

3.RESULTS AND DISCUSSION

3.1. Charge transfer between metal/y-A1203 interface

The Mulliken charge population of the three layers of Al and O atoms contacting with metals were
calculated, and the charges of Al or O atoms on the same layer were added. The results are shown in
Table 1. It is shown that the charges of Al or O atoms on layer 1 change significantly after contacting
with metals, whereas charges on layer 2 and layer 3 have not changed much. This indicates that Au, Pt
and Pd metals have great influence on the charge states of the outer surface atoms of y-A1203. On pure
surface, the positive charges of Al atoms are less than the negative charges of O atoms, resulting in the
negatively charged outer surface. The positive charge of Al atoms and negative charge of O atoms on the
v-Al203 supported Au, Pt and Pd metals decrease compared with that on pure y-A1203. However, the
decrease of positive charge of Al atoms is more than the negative charge of O atoms, resulting in the
increase of the negative charge of the outer surface. The above results suggest that the interfacial Al
takes part in the interaction of metal with support, which is consistent with the study by Mojetetal. [15].
Electron loss of Au, Pt or Pd to the surface was observed. We calculated the total charges of metals on
metal layer 1. Itis observed that the Pt on metal layer 1 loses the most electrons to the surface, i.e., the Pt

atoms on layer 1 have the most positive charges (+1.94 e) followed by Pd (+1.09 e) and Au (+0.55 e).
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This finding suggests that the electronic interaction of Pt metal with the y-A1203 surface is the greatest
after contact with the surface. It is noted that the outer electronic structures of Au, Ptand Pd are 5d106s1,
5d96s1 and 4d10, respectively. The Pt 5d orbital is not fully filled, while Au 4d and Pd 5d orbitals are
fully filled. This finding causes the stronger activity of Pt 5d orbital than either Au 4d or Pd 5d orbitals,
and consequently, Pt loses more electrons. In addition, Pd atom has an outer orbital of 6s1, while Au

doesnot have an unfilled s orbital; hence, Pd loses more electrons than Au.

3.2. Electrophilicity and nucleophilicity of surface atoms

Itis known that frontier molecular orbital theory (FMO) can be used to predict the chemical reactivity of
molecules. Fukui functions (f®) are the analogue of frontier orbitals, both of which are important
reactivity criteria [17 — 20]. The function f has different values at different points in the species. It is
assumed that the preferred direction is the one with largest f® at the reaction site. Two Fukui indices,
f+(r) and f-®, control the nucleophilic attack and electrophilic attack, respectively. The f+® and fl1(r)
are the electrophilic value and nucleophilic value of the r atom, respectively, and the Fukui indices were

calculated by Eq. 1 and Eq. 2:

oy L _
' (r)= AN (P (1) pN(r)); "

() =L _
f (r)—AN (oy (1) PN_A(r))’ 2

where the p(r) means the charge density of r atom. The r means the atom which was calculated.
Moreover, the larger the f+® value, the more susceptible to nucleophilic attack. Similarly, the larger the
fl(r) value, the more susceptible to electrophilic attack. We calculated the f+® and f-(r) values of
surface Al and O atoms, as shown in Table 2. It is found that the Al atom on the y-AI203 surface
supported Pt has the largest f+® value followed by that on the surface supported Au and, next, that on the
surface supported Pd. The f+® value of O atoms has the same order as Al atom on these three supported
metal surfaces. For the f-® index, the Al atom on the surface supported Au is the largest followed by that
the surface supported Pd and, next, that on the surface supported Pt. The f-® index of O atom is notably
small. There results suggest that the electrophilicity of Al and O atoms on the surface supported Pt is the

greatest, while their nucleophilicity is the weakest.
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Table 1. Total charges of the three layers atoms contacting with metals (in ¢)

Al atoms of layer | | O atoms of layer 1 | Al atoms of layer 2 Al atoms of layer 3 | O atoms of layer 3
Pure y-Al:0z + 4.80 —6.62 + 3.56 +7.95 —-11.97
Au/y-Al203 +3.49 —5.59 +3.33 +7.90 —11.68
Pt/y-AlO3 + 3.40 —5.39 +3.31 +7.85 —11.69
Pd/y-Al2O3 + 3.40 —5.57 +3.26 +7.77 —11.74
Table 2. Fukui indices of surface atoms
Al
£ I(1) £ f(n)

Aufy-Al:03 0.013 0.012 0.005 0.004

Pt/y-AlO3 0.018 0.006 0.011 0
Pd/y-Al:O3 0.011 0.010 0.004 0.004

In addition, it is clearly observed from the specified f+® and f-® values that the nucleophilicity and

electrophilicity of Al and O atoms on the surfaces supported Au and Pd are close. Based on the above

results, it can be predicted that the Pt-supported y-Al1203 surface is the most susceptible to nucleophilic

attack. In other words, the electrophilicity of y-Al203 surface supported Pt is the greatest. Hence, the

Ptsupported y-A1203 may have a better performance of oxidation of organic matters than Au- and Pd-
supported y-Al203.

3.3.DOS of surface atoms

Density of states (DOS) can give clear orbital interactions between atoms and the internal orbital

interactions of an atom. Fig. 2 — Fig. 4 show the densities of states (DOSs) of Al, O, and metal atoms,

respectively. The Fermi level (EF) is set at zero energy.
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Fig. 4. DOS of metal atoms
It is shown that on pure surface, the valence bands and conduction bands of Al and O atoms are discrete
on the two sides of Fermi level. The valence band and conduction band of Al is consisted with 3s and 3p
states, and 2p is the main contributor to the DOS of O atom. Although metal interacts with the surface O
atom, the DOS of surface Al atom is also significantly influenced. It is found that the 3p orbital of Al
atom is continuously connected together across the Fermi level. This situation also occurred for O 2p

orbital but not for Al 3s orbital. This suggests that the electronic activity of Al 3p and O 2p orbitals is
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enhanced due to the presence of metals. The d orbital of metal is involved in the reaction with O p
orbital. It is found that the interaction range between O 2p and Pt d states are the widest (from —9 to 3
eV). In addition, the width of Al 3p orbital on Pt-supported surface are also the largest (— 10 to 3.5 eV).
These results suggest that Al 3p and O 2p electrons on Pt-supported surface have the largest activity
compared to the other two metal-supported surfaces This finding indicates that the Pt-supported y-

Al1203 surface is the most susceptible to nucleophilic attack.

4. CONCLUSIONS

Our theoretical calculations confirm the electronic transfer between Au, Pt or Pd and the y-Al1203
interface. Strong electronic interactions occur at the contacting layers of metal and y-A1203 support. It
is observed that Al atom obtained clectrons after the interaction of metal and O atom, while the metal
atom and O atom lost electrons. As per the role of metals, the electrophilicity and nucleophilicity
interfacial Al and O atoms are changed. The electrophilicity of Al and O atoms on the Pt-supported
surface is the greatest, while their nucleophilicity is the weakest. Furthermore, the nucleophilicity and
electrophilicity of Al and O atoms on the surfaces supported Au and Pd are close. Through the calculated
results, it is determined that the Ptsupported y-Al203 is the most susceptible to nucleophilic attack,
which may have a better performance of oxidation on organic matters in comparison to Au- or Pd-
supported YAI203. It is found the metal d orbital and O 2p orbital participate in the interactions.
Moreover, the interaction between Pt 5d orbital and O 2p orbital is the strongest. The electronic structure
of Al 3p is also significantly changed. Only the interface interaction of metal-support was considered in
the present study; however, as noted in the introduction, the metal particle size, as well as other difficult-
to-control factors, may have great effects on the electronic state of the particle. These aspects warrant

further investigation using theoretical calculation methods in future research.
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