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# # 5972868523 : MAJOR MATERIALS SCIENCE
KEYWORD: g-C3N4/Ag-TiO2, Photocatalysts, Composite, Heterostructure, UV/Visible
light irradiation
Tanaporn Narkbuakaew : PREPARATION AND PHOTOCATALYTIC
EFFICIENCY OF GRAPHITIC CARBON NITRIDE/SILVER-TITANIUM
DIOXIDE COMPOSITE. Advisor: Assoc. Prof. Dr. PORNAPA
SUJARIDWORAKUN

This research aimed to synthesize high efficiency UV-visible light responsive g-
CsN4/Ag-TiO, composite photocatalysts. The photocatalysts preparation method was
classified into 3 parts. The first part was to study the influence of calcination
temperature, %Ag loading content, and types of reducing agent on the photocatalytic
performance of achieved Ag-TiO.. The second part, effect of calcination temperatures and
soaking time on preparation of high performance g-CsN4 photocatalysts under visible light
irradiation were studied. Finally, the g-CsN4/Ag-TiO, composite was synthesized. Then, the
photocatalytic performance of prepared photocalysts were investigated through cationic and
anionic dye degradation under both UV and visible light irradiation. The photocatalyst’s
characteristics such as crystallinity, morphology, optoelectronic properties, and surface
properties were well characterized. Likewise, the oxidation state of Ag existing in the
prepared composites were clearly investigated by using the X-ray absorption near edge
structure (XANES). Moreover, the X-ray photoelectron spectroscopy (XPS) was applied for
further confirmation of chemical surface properties. The result showed that the optimal
condition for preparation of Ag-TiO; was 2 wt.% of Ag loading by using NaBHj, as reducing
agent without calcination, while a high performance g-CsN4 was achieved by calcining urea
at 600 °C for 4 hours. It was obtained that the optimal ratio of g-CsN4to Ag-TiO; in g-
CsN4/Ag-TiO, composite was 2 to 1 which possessed the highest photocatalytic performance
in anionic/cationic dye degradation under both UV and visible light irradiation. It could
degrade 10 mg/L of rhodamine B dye under UV and visible light irradiation for 95.01 %
within 60 min and 99.74 % within 15 min, respectively, by using 0.05 g of photocatalysts. In
addition, for methyl orange degradation efficiency, as prepared g-CsN4/Ag-TiO, presented
62.32% within 30 min and 65.71% within 15 min under UV and visible light irradiation,
respectively. The results suggested that preparation of photocatalyst as heterostructured g-
CsN4/Ag-TiO, composite could improve photocatalysis activity of g-CsN4 under both UV
and visible light irradiation. Further, the light-responsive region of Ag-TiO, was extended to
UV-visible light by using as heterostructured composite. Hence, it was worth noting that the
0-C3N4/Ag-TiO; can possibly be applied as the promising photocatalyst materials.
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UNIT 1
INTRODUCTION

1.1 Introduction

For the past several years, developing and under developed countries have
confronted with severe problems about water pollution in the natural water sources [1].
Up to date, titanium dioxide (TiOz2) is an outstanding photocatalysts for water treatment
because it has many beneficial properties such as high stability, low cost for synthesis,
and chemical inertness [2, 3]. Unfortunately for photocatalytic performance, using
single phase of TiO2 demonstrates high recombination rate of photogenerated electron-
hole pairs. Moreover, for light active region, TiO2 can only response to UV light which
exist around 4% of incoming sunlight [3]. In consequence, to overcome these
drawbacks of TiO2, heterostructured photocatalysts have been obtained tremendous
attention from many researchers [4-9]. Among them, the g-CsN4s/Ag-TiO2
photocatalyst is one of the multicomponent heterostructured photocatalysts which can

expose high performance under UV and visible light irradiation.

Graphitic carbon nitride (g-CsNa) is a novel metal-free polymer semiconductor
which can be easily synthesized by calcining of low-cost N-rich organic solid
precursors as urea at 500 - 600 °C in air. It possesses many advantages such as non-
toxicity, high reactive site, high chemical stability, and especial appropriated band gap
energy (around 2.7 eV) for visible light responding and TiO2 band position matching
[10]. Due to its unique properties and structure, g-CsN4 based photocatalysts have
attracted increasing interest worldwide. In the case of Ag-TiO2 composite, Ag
nanoparticles deposited on TiOz surface are regarded to be the photocatalytic developer
by acting as the charge separation center [6]. The photogenerated electrons from TiO2
can transport to the adjacent Ag due to different Fermi level which results in reducing
recombination of photogenerated electron-hole pairs. Recently, oxidation state of
noble-metal in heterostructured photocatalysts is considered to be one of the significant
factors that influences photocatalytic performance [4, 8]. For example, the Ag® and Ag*
which are the Ag surface species could improve photocatalytic activity of

photocatalysts composite in Rhodamine B degradation. However, there is little
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information in the stability of Ag oxidation state after photocatalytic performance
testing and clear explanation of influence of Ag on the photocatalytic performance. In
order to characterize the oxidation state of Ag in prepared heterostructured
photocatalysts, X-ray absorption near edge structure (XANES) becomes the alternative
accepted choices because accurate information of oxidation state, bonding energy and
structural characteristics can be clearly obtained from this technique. Therefore, this
work proposes to use XANES for determining the oxidation state of Ag in prepared g-
CsN4/Ag-TiO2 photocatalysts. Furthermore, the chemical surface would be intensively

analysized by X-ray photoelectron spectroscopy (XPS).

In this present research, firstly, Ag-TiO2 photocatalysts were synthesized
through the chemical reduction method. Furthermore, the effects of calcination
temperature, amount of Ag loading (wt.%), and reducing agent on photocatalytic
performance were studied. Next, g-C3sN4 photocatalysts were prepared via the simple
thermal condensation method by using low-cost urea. The optimal calcination
temperature and soaking time were investigated. In the case of g-CsN4/Ag-TiO2
photocatalysts, the optimal conditions for synthesis of both Ag-TiO2 and g-C3Na4 were
further studied. Moreover, the performance in anionic and cationic dye degradation

under both UV and visible light irradiation would be well discussed.

1.2 Research objectives
1. To find the optimum condition for synthesis of high efficiency g-CsN4/Ag-TiO2
photocatalysts
2. To study the influence of Ag on the photocatalytic performance under UV and
visible-light irradiation
1.3 Expected Results
High performance UV and visible-light responsive g-CsN4/Ag-TiO2 composite

photocatalysts will be obtained.
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UNIT 2
THEORIES AND LITERATURE REVIEWS

2.1 Titanium Dioxide (TiO>)

For environmental application such as water treatment, CO2 reduction and water
splitting, photocatalysts become one of the suitable choices since its solar energy
harvesting performance and nontoxic. Titanium dioxide (TiO2) is an n-type
semiconductor which is widely used as photocatalysts due to many advantageous
properties such as low cost for synthesis, nontoxicity, chemical stability, and large
surface area [9, 11-13]. Fujishima and Honda (1972) reported that TiO2 with band gap
energy of 3.0 eV expressed as the performance electrode for electrochemical photolysis
of water application under light irradiation [14]. After the great discovery of Fujishima
and Honda, there are considerable attempts to apply TiO2 for using in the other
beneficial applications, especially in water purification [11, 15, 16]. Therefore, the
basic knowledge such as crystal structures and optical properties of TiO2 should be

considered.

2.1.1 TiOz Crystal Structures and Electronic Properties

(b) (c)

Figure 1. The crystal structure of TiOz in different polymorphs (a) anatase
(tetragonal), (b) rutile (tetragonal), and (c) brookite (orthorhombic) [13].

There are 3 polymorphs with different theoretical band gap energy of TiO2 (as

shown in fawma: hinuundsniséreds); anatase (3.2 eV), rutile (3.0 eV), brookite (~3.2 eV)

[12, 13, 17, 18]. Rutile has been noticed as the stable phase while anatase and brookite
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are metastable phase which can transform to rutile through calcination at high
temperature [12, 13, 19-21]. In the synthesis process, anatase can be easily obtained
through sol-gel method, whereas brookite could be observed as the byproduct.
Although anatase is generally less reactive than brookite, anatase is easily prepared
more than pure brookite [12]. In addition, anatase and rutile are available to be used in
commercial which is known as Evonik (Degussa) P25 which consist of 80% anatase
and 20% rutile [13].

For all of polymorphs, TiOs octahedra composes of titanium (Ti*") ion
coordinated to 6 oxygen (O%) ions [13, 18]. Although anatase and rutile demonstrate as
tetragonal structure, the Ti-Ti and Ti-O distances in anatase are larger and shorter than
in rutile, respectively. The phase transformation of anatase to rutile is reconstructive

which associated with a contraction of the c-axis.

CBM

CBM

(a) Anatase (b) Rutile

Figure 2. The differences of energy band structures of (a) anatase (indirect band gap)
and (b) rutile (direct band gap) [20].

Moreover, the obvious distortion octahedron of anatase results in lower symmetry
and density (kgm) than that of rutile. The differences in lattice parameter of between
anatase and rutile cause different electronic properties and photocatalytic activity [18,
22]. Zhang, J., Zhou, P., Liu, J., and Yu, J. (2014) studied the electronic properties
which resulted in the different photocatalytic performance of between anatase, rutile,
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and brookite by using the first-principles density functional theory (DFT) for

calculation.

The valence band is composed of Ti 3d and O 2p states. As a results, the strong p-d
hybridizations are generated. For the conduction band, Ti 3d, O 2p, and Ti 3p states are
included. Whereas the strong hybridization in valence band can cause the bonding states
formation, the anti-bonding states are formed in the conduction band. The indirect band
gap energy of anatase and the direct band gap energy of rutile were demonstrated in the

Aanaat liwunwasmsssds(a) and (b), respectively. As the indirect band gap is observed in

anatase, the recombination of photogenerated electron-hole pairs are delayed. Thus,
photocatalytic activity of anatase is possibly higher than that of rutile which is noticed

as the direct band gap semiconductor [20].

2.1.2 Photocatalysis and Reactive Oxygen Species formation

For photogenerated electron-hole pair, the photon energies (Epn) required in order
to process photocatalysis efficiently were equal to band gap energy (Eph = Eg). In the
case of Epn less than Eg (Epn < Eg), the incident photon energy tended to be not absorbed
by semiconductor or to present weak interaction with semiconductor. For the incident
photon with energy higher than that of Eg (Eph > Eg), the excess photon energies were
loss as heat [23].

Photocatalytic activity is the significant character of TiO2. The electrons which
existing in the valence band of TiOz can be excited by interacting with sufficient energy
from incident light within UV region. These excited electrons (egg ), called
photogenerated electron, can jump to the conduction band, then left photogenerated
holes ( hyg) in the valence band [9, 13, 14]. The equation (1) presents the
photogenerated electron-hole pair of TiO2 after interaction with the suitable incident

light energy.

TiO, + hv > ez + hyg 1)

For photocatalytic reaction, reactive oxygen species (ROS) is generated by
probably 2 mains processes; oxidation reaction (see the equation (2)) and reduction
reaction (see the equation (3)) at surface of semiconductor. For oxidation reaction,

hydroxyl radical ( “OH) is produced from chemical reaction between a photogenerated
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hole (h*) and water (H20). Superoxide radical anion (O3’) is generated after chemical
reaction between photogenerated electron (e) and electron acceptor (i.e. O2) in
reduction reaction. Moreover, the other possible reactions which involve photocatalytic

reaction were shown in the equation (4) - (11) [12, 13].

Oxidation reaction: H,O +hyg — OH+H' (2)
Reduction reaction: (0y),4,F €8 — O3 (3)
H,0 — OH +H" (4)

0;+H'— 'OOH (5)

‘'OOH + ¢ — HO," (6)

HO, + H" - H,0, (7

HzOz +e — OH + .OH (8)

"OH + Organic species (pollutant) — H,O + CO, 9

O3 + Organic species (pollutant) — H,O + CO, (10)

‘OOH + Organic species (pollutant) — H,0 + CO,  (11)

Since, photocatalysts is presented to use in organic compound degradation in
waste water, reactive oxygen species (ROS) plays an important role in photocatalytic
reaction. The organic pollutant degradation reaction were shown in the equation (9) —
(11). Furthermore, the byproducts after complete decomposition of organic compound
were purposed to be CO2 and H20 [13].

According to the possibility of surface reactions, standard redox potentials
should be considered. For surface reactions at conduction band, the reduction potentials
of reaction must to be more positive than the potentials of conduction band levels,
whereas the oxidation potentials of reaction must to be more negative than that of
valence band levels to occur the surface reactions at the valence band. The examples of

standard redox potentials (at pH = 0) were illustrated in the Aawaa: hiwuuvasmsdrsds [3].

Therefore, it could be noted that there are some reactive oxygen species (ROS) which

can be generated from the surface electrocatalytic reactions.



Table 1 The examples of standard redox potentials at pH = 0.

Reaction E° (V) vs NHE at pH 0

2H" + 2e'— Haz(g) 0
(02),4F €cB — 037 -0.33
Oz + H" + & — HO2'(ag) -0.046
O2(g) + 2H" + 26" — H202(aq) 0.695
2H20 (g + 4 h* — Ozg + 4H * 1.229
OH +h* — "OH 2.69
O3g) + 2H" + 2 & — Oz + H20 2.075
COz2+e — CO% -1.9
2 CO2g) + 2 H" + 2 ¢ — HOOCCOOH aq) -0.481
COzg + 2H* + 26 — HCOOH ) 20.199
CO2() + 2 H" + 26" — CO(g) + H20 -0.11
CO2(g) + 4H" + 4e" — C(s) + 2H20 0.206
CO2() + 4H" + 4¢ — HCHO(aq) + H20 -0.07
CO2() + 6H" + 66" — CH30OH@gq) + H20 0.03
2C0O2(g) + 8H20 + 12e" — Ca2Hgsg) + 120H" 0.07
H202(aq) + H" + ¢© — H20 + OH~ 1.14
HO2" + H + e- — H202(q) 1.44
H202(aq) + 2H" + 2" — 2H20 1.763

27
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Figure 3. Schematic illustration of band edge potentials of TiO2 and the other types of

photocatalysts [24].

For example, since the standard redox potential of *OH/H20 (2.69 eV vs. NHE)
IS more negative than the valence band edge potentials of TiO2 (2.865 eV), hydroxyl
radical ( “OH) could be produced from interaction between h* at the valence band and
H20 [25], as shown in the equation (2). Further, the band edge potentials of the well-

known photocatalysts were demonstrated in the Aanaa: hiwunmasmssrsds [24].

2.2 Silver (Ag) Deposition for Enhancing TiO, Performance

In order to consider the performance of photocatalysts, the high recombination
rate of photogenerated electron-hole pairs becomes the main cause to decline
photocatalytic activity [9, 13, 16-18, 20]. Serpone et al. (1995), as cited in Pelaez et al.
(2012), reported that the photogenerated electrons recombine more than or equal to
around 90% within 10 ns [13]. Hence, there are considerable efforts have been
dedicated to solve this limitation of photocatalytic activity such as increase surface area
and porosity, heterojunction coupling which is the contraction of between TiO2 and
another semiconductor material, and band gap engineering which is impurity
incorporation in TiO2 structure [13, 26]. Moreover, using TiO2 as photocatalysts under
the wide length of irradiation light is limited due to its large band gap energy. According

to the theory, anatase occupies band gap energy equal to around 3.2 eV. Therefore, the
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TiO2 can demonstrate the photocatalytic performance under UV irradiation which
provided for only 4% of the incoming sun light [3]. Accordingly, the challenge of
enhancement photocatalytic performance of bare TiO2 is not only focused on the
reduction of recombination rate of photogenerated electron-hole pairs but also the

expansion of responsive light region to the visible light.

Transition metal such as Fe, Cu, Pt, and Au have been used to modify the
photocatalytic properties of TiO2. Although deposition of transition metals on TiO2
surface could enhance the photocatalytic performance under visible light irradiation, it
was found to be the recombination site of photogenerated electrons which could reduce
the photocatalytic efficiency [13]. Therefore, noble metal deposition become the
attractive choice for improvement of photocatalytic efficiency of bare TiO2. There are
several research reported that Ag, Au, Pt, and Pd which are famous noble metals were
deposited on TiO2 surface for enhancement of photocatalytic performance under visible
light.

Silver (Ag) was noticed as one of the interesting choice among many noble metal
elements because its advantageous properties such as low cost and antibacterial activity
[27]. The Ag clusters which were deposited on TiOz surface could play an important
role for increase of photogenerated-charge carrier lifetimes due to Schottky barriers
created between surfaces, as indicated by J. Vargas Hernandez et al. (2017) [19]. In
addition, in 2015, E. Albiter et al. reported that using silver nitrate (AgNOs) as metal
precursor affected to higher Ag® content on TiOz2 than that of using acetylacetonate or
perchlorate. Moreover, high photocatalytic activity of Ag-TiO2 could be obtained from

containing high Ag%/Ag20 content [4].

2.2.1 Mechanism of Ag Nanoparticles Formation

For the fundamental theory, nucleation mechanism could be classified into 2
types which are homogeneous nucleation and heterogeneous nucleation. Homogeneous
nucleation is considered in the homogeneity system. The nuclei has to form uniformly
without the influence of impurities or foreign particles. In contrast, the heterogeneous
nucleation form much easier in the inhomogeneity system under influence of impurities,
container surfaces or grain boundary of the foreign particles. Therefore, heterogeneous

nucleation can easily occurs in the liquid phase. According to the thermodynamic of
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homogeneous nuclei formation of a spherical particle of radius (r), the total free energy
(AG) are considered as the sum of surface free energy (y) and bulk free energy (AGv),

as shown in the following equation:
AGHomogerneous :AY +AGVV5 (12)

where A is the interfacial area and Vs is the volume of spherical particle.

So,

AG=4nr*y +% mr’AG, (13)

Herein,

AG, = KeTING) (14)
\Y

where T is the temperature, k, is the Boltzmann's constant, the supersaturation of

solution is presented as S, and the molar volume is v.

To consider the maximum free energy for stable nucleus formation of the radius

reritical, the differentiating AG with respect to r was set to zero (dﬁ—G =0), as seen in the
r

equation (16):
dAG _ d (4nr2y) +i(ﬂnr3AGv) (15)
dr dr dr 3
4, ,
0=4(2)nyr+3(§)nr AG, (16)
-2 2yV
rcritical = y = Y (17)
AG,, kgTIn(S)
AG Homogeneous — 4 2 18
critical - g T Teitical ( )

The critical radius is the minimum size of particle which can remain in the solution. On
the other hand, the nucleus with its size smaller than the critical radius tended to

redissolved within the solution. The free energy change diagram for homogeneous
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nucleation of spherical particles was shown in the fAawaiar hiwuumasmsérsas(a). Further, the
critical free energy of homogeneous nucleation was shown in the equation (18).

4

Yd

liquid (1) i
h=(1-cose)r

b A e o

’YdCOSﬁ substrate (s
0

A

rcose

Figure 4. (a) The free energy change diagram for homogeneous nucleation [28] and

(b) the contraction between nuclei and substrate surface with contract angle of 0.

For the heterogeneous nucleation, the surface free energy term was reduced.
Therefore, the bulk free energy (AGv) of heterogeneous nucleation is considered as the

product of specific free energy change (AG,) and volume of the spherical cap, Ve, can

be calculated through the equation as shown in the equation (19):

- nhz(r- gj (19)

(1 - cosf)’r’ (r-@j

nr(1 - cosh)® ( 2+c;osej

_4 . (1 - cosB)*(2 + cosh)
3 4
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4 ,(2-3c0sh + cos’0
= —mr
3 4

So, volume of the spherical cap could be calculated from equation (20):

C

_ 3
4 3£2 3c0s0 + cos eJ 20)

"3 4

According to the spherical cap, as shown in the dawaa: linuunasmssrda(b), S IS

substrate, c is spherical cap catalysts, and | is liquid. The area within the considered
spherical cap (A) and the surface free energy change (AGs) can be calculated through

the following equation:

Catalyst-liquid surface: A, =2nrh =2mr?(1-cos0) (21)
Catalyst-substrate surface: ~ A_ = nr’sin® = nr’ (1- cos’0) (22)
Surface free energy: Yis= Yes T ¥ €OSO (23)

For the surface free energy change (AGs),

AGS: AcIYCI + Acs (YCS _Yls)

2nr? (1-cos0)y,, +r? (1-cos°0)(<y,,c0s0)

= nr’y, (2 - 2cos 0 - cosO + cos’0)

nr’y, (2 - 3cos 0 + c0s°0) (24)

Therefore, the total free energy of heterogeneous nucleation can be obtained from the
equation (25):

AG Heterogeneous __ VCAGV +AGS

4 ( 2 - 3080 + cos’0
§ r

1 jAGV +rr’y,, (2 - 3¢os 0+ cos’0)
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- + cos®
= (%TCI‘SAGV‘F 4nrzyclj[2 3COSZ cos GJ (25)

At the maximum free energy which: Asz—_ZYC' ,

critical

Then,
4 2- + cos®
Aegm( e 9] (26)
eterogeneous omogeneous 2 - 3COSO 33 COSSB
AC':‘cHritticalg :AG?ritica? ( 4 ] (27)
Or,
AG i =AG S (6) (28)

Therefore, the total Gibb free energy required for heterogeneous nucleation is
described as shown in the equation (28), where S(#) was noted as the shape factor which

dependent on the contact angle on the contact angle 6 <z [28, 29].

For Ag nanoparticles formation, silver perchlorate (AgClOs) was used as Ag
precursor, whereas reducing agent was NaBH4. The nucleation of Ag nanoparticles
were investigated by small angle X-ray scattering (SAXS), TEM, and UV-vis analysis.
The results demonstrated that the minimum particle size of 1 nm was observed within
the 100 ms by SAXS. Then, after 400 ms, there is a dramatically increase in the number
of particles of 1 nm. For the next 2 s, the Ag nanoparticle sizes were increased to 4.6
nm, whereas the number of particles was decreased. The mechanism of Ag nanoparticle

formation was shown in the fanwma: hiwuuwasmsdrsds. It could be noted that the growth

mechanism of Ag nanoparticle was the coalescence of many tiny particles to form a
larger particle size within the short time. Therefore, to stabilize the Ag nanoparticles
before coalescence, PVP demonstrated the ability to suppress the growth of Ag
nanoparticles of 1 nm for 80 min [28].
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Figure 5. The schematic of Ag nanoparticle formation with and without PVP
stabilizer [28].

Polyvinylpyrolidone (PVP) composes of polyvinyl skeleton and pyrrolidone ring
which is the strong polar group due to nitrogen and oxygen. Therefore, the coordinative
complex between Ag® ions and polar group of PVP can be formed after mixing the

solution, as shown in the chemical reaction below:

{CH, CH+ 4CH, cm» {CH,—CH},

O +2Ag N 0:Ag"0 i lll'-Ag’:O
I 4CH, CH')- (29)

According to the existing of electron cloud from -N and C=0 within the polar
head of PVP, Ag® ions could be reduced to form Ag nanoparticles [30]. However, the
strong reducing such as NaBHa4 was required for complete reduction process, as shown

in the fawaa! llnuuraimsdsds.

3 QO +2A® = Q Reductlon Q \ \
N o
'{-\CH-CH% —[ CH- CH%n {»CHQCI-} NP / Q
A Eo
o

PVP <
%
@//

Ag-PVP NPs

Figure 6. The formation process of Ag nanoparticles by using PVP as stabilizer and

NaBHjs as reducing agent [31].
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It could be noted that PVVP could play the important role in the shape control of
Ag nanoparticles. Further, since the steric arrangement resulted from PVP during
reduction process, the achieved Ag nanoparticles were well separation and steady in
size about 20 nm [31].

2.2.2 Effects of Reducing Agent

As reported by M. Stucchi et al. (2018), Ag nanoparticles could be deposited on
TiO2 surfaces by using NaBH4 and AgNOs as the reducing agent and Ag precursor,
respectively. The formation of Ag® could be possibly described by the following

reaction:
AgNOs3 + NaBH4 + 3H20 — Ag + H3BO3s + NaNOs + 7/2Ho. (30)

However, Ag oxide in the forms of AgO and Ag20 tended to be obtained after
calcination process whereas Ag20 could stand for enhancing the visible light adsorption
ability [32]. To concern the environmental issues, green synthesis become the attractive
choices for preparing Ag-TiO2 photocatalysts. Singh, Bharti, and Meena (2015)
reported the green synthesis of Ag nanoparticles by using saccharides as reducing agent
[33]. Raveendran, Fu, and Wallen (2006) used D-glucose as reducing agent for
preparing of Ag nanoparticles with zero oxidation state through Tollen’s reagent [34].
Michalcova et al. (2018) achieved Ag nanoparticles through modified Tollens' process

which are indicated in the following 3 steps:

2AgNO; + 2NaOH — Ag,0, + 2NaNO, + H,0 (31)
Ag,0y + 4NH;+ 2NaNO, + H,0 — 2[ Ag(NH,), [NO, + 2NaOH (32)
2[ Ag(NH,), ] + RCHO + H,0 — 2Ag, + 4NH,+ RCO,H + 2H' (33)

The results suggested that Ag nanoparticles tended to be reduced the average size

with a large size distribution by using glucose [35].

2.2.3 Effects of Amount of Ag Loading

Moreover, not only metal precursor types but also loading Ag content could be
considered for preparing high performance Ag-TiOz2 photocatalysts. Der-Shing Lee and
Yu-Wen Chen (2014) reported that 2 wt.% of Ag loading was noticed as the optimum
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for synthesis of Ag-TiOz through chemical deposition method [10]. Although
photocatalytic efficiency tended to be developed after deposition of Ag nanoparticles
on the surface, over Ag content could inhibit the light harvesting performance of TiO2
[10, 36]. Khan et al. (2013) synthesized Ag-TiO2 nanocomposites by using an
electrochemically active biofilm (EAB). Moreover, Ag nanoparticles which were
anchored on the surface could be possible to reduce band gap energy of Ag-TiO:
nanocomposites. The results indicated that the visible light responsive ability could be
achieved with 0.5 mM of AgNOs loading content, while adding 1.5 mM of AgNOs

resulted in photocatalytic performance reduction [36].
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Figure 7. UV-vis absorption spectra of Ag nanoparticles
in different prepared samples [37].

As reported by Liu et al. (2014), the increasing of Ag loading amount could
possibly lead to aggregation of Ag nanoparticles on TiO2 surface. This resulted in

decrease of the light absorption intensity (see in fAawaa: liwunwasmssisds). In addition, the

Ag aggregation possibly tended to be charge recombination center. Therefore, the
higher photoluminescence emission intensity could be observed in the prepared

samples with higher Ag content than the optimum, as shown in fawaia: linuurdsnsdieda

[37].
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Figure 8. The PL emission spectra of the prepared samples

under excitation at 220 nm [37].

The influence of silver content on the Ag-TiO2 properties were conducted by
Mogal et al. (2014). According to the results, silver could be appeared in the oxide form
in the samples with low silver content (0.75%), whereas metallic silver (Ag°) likely to

be observed at high concentration of Ag, as illustrated in the fawaa: linuuvasmsseda [38].

A’

Ag-T102 Ag-TiOg
particle with particle with
low silver content: high silver content:
silver oxide species at surface Reduced silver clusters
on surface

Figure 9. The schematic of silver species and particle size of Ag-TiO: prepared at

low and high Ag content [38].
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2.2.4 Effects of Calcination Temperature

As reported by Lei et al. (2014), the calcination temperature directly affected to
microstructure and photocatalytic performance under visible light irradiation of
prepared Ag-TiO2. It could be noted that visible light capacity probably decreased,
while band gap energy might increase after calcination at high temperature [39].
Moreover, rhodamine B used as representative of organic substance could be
completely degraded under UV irradiation or using annealing at 300 °C Ag-TiO: as
photocatalysts, as indicated by Liang. H. et al. (2017) [27]. The calcination could tend
to effectively activate the photocatalytic properties of prepared photocatalyts at lower
concentration of Ag content, as proposed by Pipelzadeh et al. (2009) [40]. Mogal et al.
(2014) found that for calcination temperature of 600 °C, crystallinity and aggregation
of Ag® could be observed. In the case of average crystallite size, it was found to be

increased after calcination at high temperature [38].

2.2.5 Reversible Photo-Switching Property

Ag20 deposited TiO2 surface was achieved after calcination at 550 °C for 6 h,
whereas metallic Ag was obtained at low temperature, as reported by Ming Jin et al.
(2007). Under UV irradiation, white nanofibers which consisted of Ag20 were turned
into black. Therefore, it could be suggested that Ag20 were reduced to become metallic
Ag. In contrast, the ability to convert to Ag20 species of Ag under visible light
irradiation possibly depended on an accessibility for oxygen. The probable reactions of

Ag species are demonstrated in the following reactions [41]:
TiO,+hv(UV)—>h'+e¢ (34)
Ag,0 +e — Ag (35)

Ag + O,+ hv(visible light) — Ag,0O (36)
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Figure 10. The schematic reversible process of Ag species under UV and visible light
irradiation [42].

The schematic reversible process of Ag species under UV and visible light

irradiation were proposed by Gunawan et al. (2009), as shown in fawaa: linuundamssrsda.

Moreover, the appearance of metallic Ag could be observed from increase of surface
plasmon resonance (SPR) signal at more than 450 nm [42]. Additionally, SPR
wavelength of Ag nanoparticles tend to be variable depending on properties of Ag such
as size and shape, and the reflective index of the surrounding environment. According
to the study of Naoi et al. (2003), the brownish gray TiO: film which consisted of Ag
nanoparticles became colorless after irradiation with white light. It could be suggested

that Ag nanoparticles were photo-oxidized to Ag™ ion under white light irradiation [43].

2.2.6 Localized Surface Plasmon Resonance (LSPR) Phenomenon

Electric field

Metal sphere

Electron cloud

Figure 11. Schematic of a localized surface plasmon resonance [44].
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Surface plasmon resonance (SPR) phenomenon, as shown in the Gawma: hinuumas
mseds, could be demonstrated when an incident light with appropriate wavelength

strike the surface of Ag nanoparticles [45]. Electrons on surface of Ag nanoparticles
which correlated with collective oscillation are called localized surface plasmon (LSP).
These phenomenon could result in generating electric field around Ag nanoparticle
surface. Moreover, the maximum light absorption tended to be observed at Plasmon

resonant frequency [46].

Localized surface plasmon resonance (LSPR) is beneficial character of Ag
nanoparticle which is widely deposited on surface of photocatalysts such as TiOz in
order to enhance photocatalytic performance. In the heterojunction photocatalyst, the
Ag nanoparticles could perform high efficiency in absorb visible light through
Localized surface plasmon resonance (LSPR) phenomenon resulted in generation of
hot electrons outside thermodynamic equilibrium. These generated hot electrons which
have higher energy than schottky barrier at the interfaces possibly transfer to adjacent

semiconductor [47].

Therefore, LSPR can increase charge transfer ability and life time of charge
carrier [19, 27]. In addition, Localized surface plasmon resonance (LSPR) is the
phenomenon which depend on not only physical properties of noble metal such as size
and shape but also dielectric constant (g,,) and refractive index (n) of the medium [44-
46].

In order to investigate the LSPR phenomenon resulted from Ag nanopatrticles, the

UV-visible absorption spectra (see Aanaa: hinuunasmsdrsds) could be appeared as strong

absorption peak in the visible light region, as reported by Leong et al. (2014).
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Figure 12. the UV-visible absorption spectra indicated the disappearance LSPR of (a)
TiO2 and (b) 0.5 wt% Ag/TiO2 and appearance LSPR observed at 570 nm of (©)
1.0 wt% Ag/TiO2 (d) 5.0 wt% Ag/TiO2 and (e) 3.0 wt% Ag/TiO2 [6]

In addition, this LSPR phenomenon tended to be observed only from Ag in the
metallic form, whereas it could not be investigated in the Ag20 deposited on TiO2
surface confirmed through the disappearance absorption peak in the visible light region,

as shown in the Aanwaar hinunmasmssrsds [41-43].
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Figure 13. DRS spectra indicated (e) the formation of Ag20 after irradiation by
visible light caused the loss of LSPR peak the (f) the increase in SPR band resulted of
metallic silver formation after UV-A irradiation [42]
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2.3 Graphitic Carbon Nitride (g-C3N4)

Graphitic carbon nitride (g-CsNa) is the metal free n-type semiconductor with
narrow band gap energy (2.7 eV) for visible light irradiation. With regard to beneficial
properties of g-CsNa such as high chemical stability, non-toxic, interesting optical
properties, and easy to be synthesized, there are considerable attention on using g-C3N4
as high performance photocatalysts under visible light which possibly possess more
than 40% of the incoming sunlight [3, 48, 49].

2.3.1 Crystal and Electronic Structure

Carbon nitride (C3N4) consists of seven different phases which are a-CsN4 (5.49
eV), B-C3N4 (4.85 eV), cubic C3N4 (4.30 eV), pseudocubic C3N4 (4.13 eV), g-h-triazine
(2.97 eV), g-h-heptazine (2.88 eV) and g-o-triazine (0.93 eV) [3], whereas g-h-
heptazine (tri-s-triazine) was considered to be the most stable phase [3, 48]. According
to the indirect band gap of g-h-triazine and g-h-heptazine which correspond to the
visible light absorption ability, g-CsN4 becomes the interesting material for using as

photocatalysts under visible light irradiation [3].

Figure 14. (a) the stacked 2D layered structure of g-CsNa with its primary building

blocks (b) s-triazine and (c) tri-s-triazine (s-heptazine) [3]
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Figure 15. The XRD diffraction patterns of (a) tubular g-CsN4 and (b) bulky g-C3Na

achieved from calcination of melamine at 520 °C for 2 h [3]

Figure 15 demonstrates the XRD patterns of two different morphology of g-C3sNa.
For g-CsNa4 nanotubes, the XRD peaks appeared at around 27.40 ° which corresponded
to (002) plane, whereas at 17.4 ° could be referred to interplanar separation (d = 0.49
nm), as shown in Figure 15(a). In the case of bulky g-CsNa, the characteristic XRD
peaks of graphitic materials were observed at 27.40 °, and around 13.0 ° which
corresponded to (100) plane, JCPDS 87-1526 [3].

It is obviously that electronic properties of g-CsN4 tended to get considerable
attentions in photocatalytic activity improvement. According to the wavefunction
estimation, the valence band observed as oxidation sites are possibly obtained from
nitrogen pz orbitals, whereas carbon pz orbitals mainly influence on the conduction

band demonstrated as reduction site [3, 48].

The tri-s-triazine which is a layer structure materials consisted of nonequivalent
nitrogen and carbon atoms, as seen in the Figure 16. For bulk g-C3N4 tended to be
divided from multiple tri-s-triazine layers which are stable by van der Waals force from

pi-pi interaction between layers [50].
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Figure 16. The geometric structure of a single layer tri-s-triazine with lattice distance
(a) is around 7.14 A. The blue and grey point were noticed as nitrogen (N) and carbon
(C) atom, respectively (Zhu et al., 2018).

2.3.2 Surface Physicochemical Properties

In the case of surface defects of g-CsN4, -NH2 and -NH caused by hydrogen
impurity could be observed. Moreover, the basic group on the surface such as -NH-,
=N-, =NH2, and -N-C= were suggested to play important roles in acidic toxic molecular
elimination via chemical absorption [3]. To investigate the chemical composition and

bonding information, FTIR can be applied for measurement.
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Figure 17. (a) FTIR spectra of g-C3N4 obtained by using melamine (MCN), thiourea
(TCN), and urea (UCN) as the precursor, and (b) the relation between Zeta potentials
of MCN, TCN, and UCN powders and the pH value [3]
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The characteristic spectra of g-CsN4 usually be observed at 3 areas. First, the
adsorption band observed at around 3300 to 3000 cm™ could be results from the
stretching vibration modes of N-H bonds within g-CsNs structure [51-53]. Second, the
stretching vibration signals of aromatic heptazine which consisted of C=N stretching
modes and out-of-plane bending vibrations of C-N bonds would be observed in the
region between 900 and 1700 cm™ [52-55] which were shown in the Figure 17(a) [3].
Third, the breathing mode of tri-s-triazine cycles could be indicated at around
810 cm?, whereas at 883 cm™ was considered to be the signal of deformation mode of
N-H, as illustrated in Figure 17(a) [3].

According to the zeta potentials of g-CsN4 obtained from melamine (MCN),
thiourea (TCN), and urea (UCN), as shown in Figure 17(b), the isoelectric point (IEP)
of TNC, MCN, and UCN samples were 4.4, 5.0 and 5.1, respectively. Hence, the
protonation of g-CsNa could be obtained through acidic condition to adjust the
electronic band gaps and to achieve the better properties such as dispersion, and

increase surface area and ionic conductivity [3].

2.3.3 Effect of Calcination Temperature

100 nm

Figure 18. TEM images of (a) bulk g-C3N4 and g-CsNa nanosheet prepared at (b)
450 °C, (c) 500 °C, and (d) 550 °C [54].
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Figure 19. (a) N2 adsorption—desorption isotherms and (b)the plots of (ahv)? vs.
photon energy of g-CsN4 samples calcined at various temperature [54].

Since the g-CsN4 could be achieved through calcination of N-rich precursor such
as urea, thiourea, and melamine. F. Dong et al. (2015) achieved g-CsNavia pyrolysis of
thiourea at various temperature. The results suggested that g-C3sNa4 obtained at higher
pyrolysis temperature exhibited larger surface area (see Figure 19(a)) due to reduction
of size and layer thickness, as seen in Figure 18. As illustrated in the Figure 19(b), band
gap energy of g-CsN4 increased as pyrolysis temperature increased. Therefore, in this
research, the highest photocatalytic efficiency g-CsNa4 was obtained from pyrolysis at
550 °C [54].
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Figure 20. (a) XRD patterns and (b) the methylene blue (MB) degradation efficiency

under visible light irradiation of g-CsNa prepared at various temperatures [52].
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According to the study of Mo et al. (2015), g-C3sNs was prepared by using
melamine as precursor under various temperature. The XRD patterns illustrated in
Figure 20(a) revealed that the complete g-C3sN4 was achieved after increase calcination
temperature up to 500 °C and fully decomposed at 700 °C. For photocatalytic efficiency
study of g-CsN4, MB which is a positive charge dye in water was usually used as
representative of organic pollutant. The results studied by Mo et al. (2015)
demonstrated that the photocatalytic activity was dramatically increased after
preparation of g-CsNs at 650 °C, as shown in the Figure 20(b) [52].

2.4 Semiconductor Heterostructured Photocatalysts

Photocatalyst plays an important role in environmental applications, since it
denotes as green technology for decomposing unpleasant organic compounds in waste
water under UV/Visible light irradiation. Titanium dioxide (TiOz2) is extensively used
as photocatalyst for water treatment by reasons of high stability, low cost for synthesis,
and chemical inertness. Nonetheless, TiO2 has wide band-gap energy (around 3.2 eV
for anatase [2], resulting in limitation to activate under visible light irradiation. For the
past several years, considerable efforts of enhancement photocatalytic properties have
been focused on synthesis visible light responsive photocatalysts. Anyhow, the
photocatalytic efficiency of photocatalysts has been restricted by high recombination
rate of electron-hole pairs after excitation. Accordingly, photocatalysts system
architecture has been got much attention for improving photocatalytic activity by a few
methods such as heterojunction construction, doping, and co-catalyst loading [2, 56].
For this research, semiconductor heterostructured architecture (or heterojucntion

construction) was applied to improve photocatalytic activity of TiOx.

According to different types of material which contact with semiconductor,
semiconductor heterojunction photocatalysts can be devided into 4 types: the
semiconductor-semiconductor (S-S) heterojunction, the semiconductor-metal (S-M)
heterojunction, the semiconductor-carbon group (S-C) heterojunction, and the
multicomponent heterojunction [3]. In this research, heterostructured g-CsN4/Ag-TiO2
photocatalysts is considered to be multicomponent heterojunction which is combination
of the semiconductor-metal (S-M) heterojunction and the semiconductor-

semiconductor (S-S) heterojunction.



48

2.4.1 Semiconductor-metal (S-M) Heterojunction
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Figure 21. Schematic of the Schottky barrier (SB) [19].

To synthesis the semiconductor-metal (S-M) heterojunction, n-type
semiconductor like a TiO2 get considerable attention from many researchers. At the
interfaces of semiconductor and metal, the Schottky barrirer (or space charge separation
region), which stands for preventing electron-hole recombination is formed [57]. For
Ag-TiO2 composite, the Fermi level of TiOz lies near conduction band and higher than
that of Ag metal. Consequently, photogenerated electrons can transport form
conduction band of TiO2 to accumulate on the surface of Ag metal (Figure 21) after UV
irradiation [57, 58]. On the other hand, under visible light irradiation, Ag nanoparticles
with size smaller than wavelength of the incident light can expose Localized Surface
Plasmon Resonance (LSPR) phenomenon resulting in generation of hot electrons. The
hot electrons, which have the energy higher than that Schottky barrirer can migrate to
conduction band of TiO2[4, 47, 58].
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2.4.2 Semiconductor-Semiconductor (S-S) Heterojunction
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Figure 22. The three different types of sub-group semiconductor heterojunctions:
(@) Type I, (b) Type 11, and (c) Type Il heterojunctions
(semiconductor abbreviated as SC) [3].

According to variation of conduction band level and valence band level of
semiconductor, the semiconductor-semiconductor (S-S) heterojunction can be divided

into 3 sub-group: type I, type I, and type I, as illustrated in Figure 22 [3].

For this research, TiO2/g-CsN4 heterojunction is considered to be in type Il
heterojunction because both conduction band and valence band of g-C3sNa are higher
than that of TiO2. As a result, photogenerated electrons can transfer from conduction
band of g-CsNa4 to conduction band of TiO2, and photogenerated holes can migrate from
the opposite direction. This process can increase photogenerated carriers population for

photoredox reaction at surface of semiconductor [3, 57]
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2.4.3 Multicomponent Heterostructured Photocatalysts

Reduction

Oxidation

Figure 23. The schematic structure of multicomponent heterostructured

photocatalysts [57].

In order to extend the light photo-response region to visible light, the
multicomponent heterostructured photocatalysts have been studied. For g-CsN4/Ag—
TiO2 photocatalysts, this system contains TiO2 (UV active), g-CsNa (Visible light
active), and Ag metal. The photogenerated carriers migration can be divided into 6
processes: (1) electrons in valence band of TiO2 which are excited by UV with energy
higher or equal to band gap energy migrate to conduction band of TiO2, (2)
photogenerated electrons from conduction band of TiO2 go down to lower Fermi level
of Ag metal, (3) electrons from Ag metal can transfer to valence band of g-C3Na due to
lower energy level of g-CsNa4, (4) electrons from valence band of g-CsN4 response to
visible light and jump to conduction band, (5) electron acceptors (i.e. O2) trap
photogenerated electrons at conduction band of semiconductor, and (6) hole acceptor
(i.e. OH) trap photogenerated holes at valence band of semiconductor. For
photocatalytic activity enhancement, the multicomponent heterostructured architecture
demonstrates an impressive results in high photocatalytic activity under wide range of
irradiation [3, 57]
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2.4.4 Ternary g-CsN4/Ag-TiO2 Composites

As photocatalytic performance of pristine g-CsN4 was limited due to high
recombination rate of photogenerated electrons, g-CsN4/Ag-TiO2 which is ternary
composite materials becomes one of the attractive choices for using as high

performance photocatalysts under visible light irradiation.

Ag 3d Ag 3dy),
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Figure 24. The X-ray photoelectron spectra of Ag 3d consisted of Ag 3dszand Ag

3ds/2 of ternary g-CsNa-Ag/TiO2 [6].

As reported by Leong, K. H. et al. (2014), the g-CsNa4 in the ternary g-CsNs-
Ag/TiO2 was achieved by heating urea, whereas ternary photocatalysts were prepared
via pyrolysis method. The achieved photocatalysts demonstrated high performance in
Amoxicillin (AMX) degradation under visible light irradiation. To consider insight into
the properties of Ag in the composite photocatalysts, The characteristic peak of XPS
spectra appeared at 368.6 eV (Ag 3ds2) and 374.6 eV (Ag3ds.2) could be referred to the

metallic Ag with zero oxidation state, as shown in the
Figure 24 [6].

In the case of photocatalytic activity study, the efficiency in AMX degradation
could be shown as the following order: (g-CsN4)—Ag/TiO2 (73.4%) > Ag/TiO2 (56.2%)
> g-C3Ns—Ti02(38.9%) > g-C3N4 (35.1%) > TiO2 (22.7%). As demonstrated in Figure
25, it could be noted that metallic silver deposited between g-CsN4 and TiO2 possibly
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acted as the electrons conduction bridge. Therefore, the photogenerated electrons from
the conduction band of g-CsNa4 would easily transfer to the adjacent TiOz resulted in
retarding the recombination process. Moreover, the results suggested that the strong
SPR excitation which is the significant character of Ag nanoparticles tended to promote
the photogenerated electrons to overcome the Schottky barrier between Ag and TiO2

[6].

To consider the photocatalytic mechanism of prepared photocatalysts, the edge
potential of both conduction and valence band obviously affected to the photocatalytic

reaction. For band edge potential calculation, the following equation was applied:
Ecs =y - E® - 0.5Eq (37)
Evs = Ecs + Eq (38)

where Ecs, Evs, and Eg is the conduction band energy, the valence band energy, and the
band gap energy of considered photocatalysts, respectively. E® is around 4.5 eV which
is the energy of free electrons of the hydrogen scale. The y is the geometric mean of the
absolute electronegativity of the component atoms. The values of ¢ for TiO2, and g-
C3N4 have been reported as around 5.81 and 4.73 eV, respectively. [59-61]

- — ————
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Figure 25. The possible schematic explanation of electrons transfer in g-CsN4/Ag—
TiO2 photocatalysts [6]
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Therefore, the estimated conduction band and the valence band edge potential of
g-CsNas were -1.21 and 1.49 eV, respectively. For TiO2, the conduction band and the
valence band edge potential could be calculated as -0.29 and 2.91 eV, respectively, as

reported by Leong et al., 2014.

Table 2 The calculated band edge potential (eV) and the standard redox potential

(eV) of possible reaction

Band edge potential Standard redox potential
(eV) (eV)
CB of g-C3N4 -1.21 -
VB of g-C3N4 1.49 -
CB of TiO2 -0.29 -
VB of TiO2 2.91 -
02/'0* v -0.33
02/H202 - 0.695
‘OH/OH™ - 1.99
02/H20 - 1.229

Table 2 illustrates the calculated band edge potential (eV) and the standard redox
potential (eV) of possible reaction. It could be noted that superoxide radical ("O?)
would be suppressed because the standard redox potential is more negative than the CB
of TiO2. Meanwhile, H202 could be generated and transform into hydroxyl radical
(*OH) after interaction with electron [6].

In 2017, Li H. et al. achieved g-C3sN4/Ag-TiO2 (CN/AgTi) hybrid catalysts which
were synthesized via a facile solvent evaporation followed by a calcination process.
This photocatalysts demonstrated the excellence performance under simulated sunlight
irradiation in CO2 reduction by water vapor. The oxidation state of achieved Ag

nanoparticles confirmed by XPS analysis is zero [7].



54

(b)

100 nm

Figure 26. (a) The schematic of electrons transfer in g-CsN4/Ag-TiO2 for CO2
photoreduction and (b) TEM images of g-CsN4/Ag-TiO2 [7].

According to the electrons transfer mechanism, electrons possibly transferred to
the conduction band of g-CsNa4 under visible light irradiation, whereas electrons in the
valence band of TiO2 could be excited under UV irradiation. These photogenerated
electrons tended to transfer to the next catalysts with lower Fermi level. Therefore, as
can be seen in the Figure 26, the electrons from the conduction band of g-CsN4would
transfer to the conduction band of TiO2 and deposited Ag nanoparticles, respectively.
Moreover, it could be noted that Ag nanoparticles played the important roles as the
electrons accepter and SPR utilization to enhance energy of the surface electrons [7].
For the generated hole in valence band of g-CsNa, water (H20) could be oxidized by h*
to generated Oz due to its lower standard redox potential than valence band edge

potential, as shown in the Table 2 [7].
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Figure 27. The PL spectra of heterostructured g-C3sN4/Ag—TiO2 composites compared
to g-CsN4, and Ag-CsN4 [25].
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The high performance heterostructured g-CsN4/Ag-TiO2 composites under
visible light irradiation could be synthesized by Zang, M. et al. (2015). The
photoluminescence emission spectrum reviewed that the recombination rate of
photogenerated electron-hole pairs possibly be suppressed after loading Ag® and TiO:
to g-CsNgy, as illustrated in Figure 27. Moreover, this synthesized photocatalysts could
remain the efficiency in rhodamine B degradation under visible light irradiation for five

recycles [25].

In order to investigate the possible photocatalytic reaction, the generated free
radical species play importance roles in organic degradation under light irradiation. The
free radical scavenger obtained much attention to consider influence of the individual
free radical. The general scavenger of ‘OH, h*, ‘O? and e were methanol,
Ethylenediaminetetraacetic acid (EDTA), p-benzoquinone (p-BQ), and dimethyl
sulfoxide (DMSOQO), respectively. The results suggested that the rhodamine B
degradation was prevented after adding p-benzoquinone (p-BQ). Therefore, "O* tended

to be the major reactive species [25].

According to the examples of research above which studied g-CsN4/Ag-TiO2
photocatalysts performance, the study results exhibited in the similar trend. As Ag
nanoparticles deposited on semiconductor surface, the photogenerated carrier can be
prolong the lifetime. Moreover, both Ag nanoparticles and g-CsN4 enhance the
performance of heterostructured photocatalyst under visible light irradiation. Therefore,
g-CsN4/Ag-TiO2 photocatalysts which is environmental friendly material is proposed
to be the high efficiency photocatalysts in organic compound degradation in water

treatment application.
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2.5 Photocatalytic Efficiency on Anionic and Cationic Dye Degradation

Since the surface charge of photocatalysts has been played an important role in
photocatalytic efficiency [62-64], the dye degradation efficiency for using anionic and
cationic dye as the representative of organic pollution should be difference. Fadhel
Azeez et al. (2018) reported that the TiO2 nanoparticles prepared under basic condition
possessed the negative surface charge. Therefore, the strong electrostatic attraction
between surface charge and cationic methylene blue dye and high photocatalytic
performance would be observed [62]. Conversely, the adsorption ability of negative
surface charge TiO2 was decreased for anionic dye study, as investigated by Tessy Jose
et al [63].

SO3Na

(b)

Figure 28. The chemical structure of (a) cationic rhodamine B dye and

(b) anionic methyl orange dye.

Herein, rhodamine B was adopted to be the representative of cationic organic
pollutant. It is the cationic dye within xanthenes class (see Figure 28(a)) which usually
be used in textile and food industry as the colorant [27]. While, the methyl orange was
applied as the example of anionic dye, which its chemical structure was shown in the
Figure 28(b)).
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Figure 29. The chemical structure change of methyl orange

under acidic conditions [65].

Furthermore, the chemical structure of anionic methyl orange could possibly
change under the acidic condition, as seen in the Figure 29. As reported by Wang K.,
et al., the high photocatalytic performance in methyl orange degradation was achieved
under acidic conditions [65]. Therefore, the influence of acidic conditions on dye
degradation efficiency would be discussed in the research.
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UNIT 3
RESEARCH METHODOLOGY

Herein, to achieve the optimum conditions for synthesizing high performance
photocatalysts and using under various irradiation light source, the photocatlysts
preparation method was classified into 3 parts. The first part was to study the influence
of calcination temperature, %Ag loading content, and reducing agent, which has been
noted as the main reagent for reducing Ag ions to Ag nanoparticles, on the
photocatalytic performance of achieved Ag-TiOz2. The second part, effect of calcination
temperatures and soaking times on preparation of high performance g-CsNas
photocatalysts under visible light irradiation were studied. Finally, the multicomponent
heterostructured photocatalysts of g-CsN4/Ag-TiO2 were synthesized. Then, the
achieved g-CsN4/Ag-TiO2 composites photocatalysts was studied of the performance in
cationic and anionic dye degradation efficiency under both visible and UV irradiation.
The advantageous properties such as crystallinity, morphology, optoelectronic
properties, and surface properties were well investigated. Likewise, the oxidation state
of Ag existing in the prepared composites were clearly investigated by using the X-ray
absorption near edge structure (XANES). Moreover, the X-ray photoelectron

spectroscopy (XPS) was applied for further confirmation of chemical surface properties.

3.1 Materials and chemical substance

Titanium dioxide (1002, TiO2>99%) which is pure anatase was purchased from
KRONOS Worldwide, Inc. Silver nitrate (AgNOs, 99%) was purchased from Sigma
Aldrich. Tianjin Deen Chemical Reagent Co. Ltd. was the supplier for
polyvinylpyrrolidone (PVP40, average molecular weight 40,000). Sodium borohydride
(NaBH4, >99%) was purchased from Asia Pacific Specialty Chemicals Ltd., whereas
D-glucose (Anhydrous, AR Grade) and Sodium hydroxide (NaOH, AR grade) were
purchased from Ajax Finechem. Urea (CO(NH2)2, AR grade) used as precursor of g-
CsNawas purchased from Ajax Finechem. Sulfuric acid (H2S0a4, 98%) was purchased
from RCI Labscan Limited. In this work, the deionized water (DI) was used as solvent

for the experiment.



59

3.2 Preparation of Ag-TiO, Photocatalysts

3.2.1 Effect of Calcination Temperature

Ag-TiO2 photocatalysts were synthesized through chemical reduction method by
using NaBHa4 as reducing agent [32] followed by calcination. According to the synthesis
method, 0.05 mM 10 mL of PVP (MW 40,000) solution, and 0.24 M 10 mL of AgNOs
solution were mixed together under constant stirring for 30 min, noted as solution 1.
For anatase suspension, 2.00 g of pure anatase was dispersed in 50 mL of DI water
under ultra-sonication for 30 min. Then, the solution 1 was slightly dropped into anatase
suspention under vigorous stirring for 30 min. Next, 0.1 M 10 mL of NaBH4was added
into the mixed suspension resulted in white suspension turning into brown. From this
chemical reduction method, Ag® could be achieved from the following reaction
(equation (30)):

AgNO3 + NaBHa + 3H,0 — Ag? + HsBOs + NaNO3 + %Hz (30)

This suspension system was maintained for 1 h under constant magnetic stirring.
Consequently, the prepared sample was washed and supernatant was removed by
vacuum filtration process. Then, the samples were dried at 110 °C overnight. Finally,
ST-4, ST-5, and ST-6 were achieved after calcination for 1 h (heating rate 5 °C/min) at
the temperature of 400 °C, 500 °C, and 600 °C, respectively. Whereas, a sample without
calcination process was named as ST-1. The schematic preparation procedure and the
experimental diagram of Ag-anatase photocatalysts preparation were shown in the

Figure 30 and Figure 31, respectively.
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Figure 30. The schematic preparation procedure of Ag-anatase photocatalysts.
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Figure 31. The preparation diagram of Ag-TiO2 photocatalysts through chemical

reduction method followed by calcination at various temperatures.
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3.2.2 Effect of Ag Loading Content

In this part, the Ag-TiO2with different in Ag loading content without calcination
process were prepared through the same method as reported in 3.2.1). The amount of
Ag loading content (in g unit) was studied at 1, 2, 3, 4, and 20 wt.% of 2.00 g TiO2
named as 1-ST, 2-ST, 3-ST, 4-ST, and 20-ST, respectively. The preparation diagram
for synthesis of Ag-TiO2 with various number of deposited Ag nanoparticles was
presented in the Figure 32.

Dispersion of

Dissolution of AgNO, Dissolution of PVP Anatase in 50 mL
in 10 mL DI water in 10 mL DI water
+ DI water
Mixed Flear_ solution undfer sonicated for 30 min
magnetic stirrer for 30 min
Solution 1 Suspension 1

l I
l Mixed suspension under magnetic stirrer for 30 min

Suspension 2

0.1 M, 10 mL of Added reducing agent ‘l Stirred for 1 h
NaBH, solution g
Pale to brownish suspension
Washing

J Removed supernatant

Pale to brownish precipitate

|

Drying
‘ Removed exceed water under 110 °C overnight

Pale to brownish dried precipitate
{ Slightly ground
Ag-TiO, powder

Figure 32. The preparation diagram of Ag-TiO2 photocatalysts with studied Ag

loading content through chemical reduction method.
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3.2.3 Effect of Reducing Agent

In the case of reducing agent study, the Ag-TiO2 with different reducing agent
without calcination process were prepared through the same method as reported in
3.2.2) for preparation of 2-ST. The Ag-TiO2 photocatalysts which were prepared by
using NaBHs, NaOH, and D-glucose were named as ST-NaBHa4, and ST-NaOH, and
ST-Glucose, respectively. The preparation diagram for synthesis of Ag-TiO2 with

various reducing agents was presented in the Figure 33.

For the possible reaction by using NaBH4, NaOH, and D-glucose to prepared
Ag with different Ag species deposited TiO2 could be expressed in the following

reaction:
NaBHa: AgNOs3 + NaBHs + 3H20 — Ag® + HaBOs + NaNOs + 7/2H2.  (30)
NaOH: 2AgNOs3 + 2NaOH — Ag20 + 2NaNOs + H20 (31)

D-glucose:  2AgNOsz + CeH1206 + H20—2 Ag® + CeH1207 + 2HNO3 (39)
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Figure 33. The preparation diagram of Ag-TiO2 photocatalysts with various types of

reducing agents through chemical reduction method.
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3.3 Preparation of g-C3N4 Photocatalysts

3.3.1 Effect of Calcination Temperature and Soaking Time

To synthesize g-C3sN4, 10 g of urea was put in the alumina crucible with cover,
then it was calcined in a muffle furnace at studied calcination temperature (heating rate
of 5 °C/min) for 4 h. The effect of calcination temperature on properties of g-C3sNa4 were
studied at 400, 500, 550, 600, and 700 °C. Then, the obtained yellow agglomerated g-
CsNa4 was slightly ground to achieve g-C3sN4 powder. In the case of the soaking time
study, the soaking time study were extended to 1, 2, and 3 h under the same conditions

at calcination temperature of 600 °C.

3.4 Preparation of g-C3N4/Ag-TiO, Composites

3.4.1 Effect of g-C3N4 to Ag-TiO2 Ratio

The g-CsNa sheets were exfoliated under vigorous stirring for 2 h in 50 mL of
acidic solution, named as suspension 1. Herein, the 0.1 M of H2SO4 was used to control
pH of acidic solution at pH of 1-3. While, the 2-ST powder (Ag-TiO2) was dispersed in
20 mL of DI water under sonication for 30 min, noted as suspension 2. Then, the
suspension 1 was mixed with the suspension 2 under vigorous stirring for 1 h to achieve
the homogeneous mixed suspension. To remove supernatant, the mixed suspension was
centrifuged with 9000 rpm for 10 min. Then, the obtained precipitate samples were
dried at 110 °C overnight. Finally, the dried sample was slightly ground into fine
powder. The weight (in g unit) ratios of g-C3sNa4 to Ag-TiO2 (2-ST) were studied at 1:1,
1:2, and 2:1 which were named as 1GCN:1ST, 1GCN:2ST, and 2GCN:1ST,
respectively. The schematic preparation procedure and experimental diagram for
synthesis of g-CsN4/Ag-TiO2composites were demonstrated in the Figure 34 and Figure

35, respectively.
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Figure 34. The schematic preparation diagram of g-CsN4/Ag-TiO2 composites.
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Figure 35. The preparation diagram of g-C3sN4/Ag-TiO2 composites.
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3.5 Characterizations

3.5.1 Crystallographic study by X-ray Diffractometer

In order to investigate the crystallographic information of prepared photocatalysts,
the specific characterization technique is X-ray Diffractometer. This method can be
used to define the containing phases and its crystallinity which are the basic information
for material properties. For precise interpretation of the data results, the XRD pattern
obtained after measuring process should be correspond to the available data base, joint

committee on powder diffraction standards (JCPDS).

As for generation of X-rays, the incident electrons generated by heating tungsten
filament will directly interact with target material, e.g. Cr, Cu, Mn, and Fe. The first
result is Bremsstrahlung which is a broad continuous wavelength, whereas the second
is the inner shells electron injection. To preserve the stable state, the outer shells
electron will compensate for the missing electrons then release characteristic radiation
which depend on the target types. These incident X-ray beam will impinge with atoms
of the inspected sample then diffract with the specific angle, as shown in the Figure 36.
Finally, the left signal will be detected by the detector which move around
correspondingly to angle of the X-ray source. The achieved diffraction pattern will be

applied to the Bragg’s law to investigate the crystallographic information [66].

Figure 36. the lattice planes for X-ray diffraction [66].
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According to the Bragg’s law, which is the following equation:
nA=2d, ,sin(0) (40)

whereas, n is the order of diffraction noted as 1, A is the wavelength of the incident x-
ray (nm) depending on the target, dnw is the interplanar spacing in nm, and & in degree

is the angle of diffraction spectra.

In the case of lattice plane determination, the diffraction angle obtained from
XRD spectra and the lattice spacing information can be applied to determine specific
lattice plane which correspond to the peak position. Therefore, the lattice spacing for

cubic structure is shown in the equation below:

1 (h*+k*+1%)

41
T “h

In this present research, X-ray Diffractometer (XRD, D8-Advance, Bruker AXS
Model D8, German) with Cu K, radiation (A = 1.5406 A) were used. Moreover, for
crystallite size calculation, the Debye-Scherrer equation which is the following

equation has been considered:

KA
Bcos6

(42)

where D is average crystallite size in nm, K is a constant equal to 0.94 for this
calculation, 4 is the x-ray wavelength which interact with the sample, B is the full width
at half maximum (FWHM) at the considered peak, and & is the Bragg angle.

3.5.2 Morphology Study
3.5.2.1 Field Emission Scanning Electron Microscopy (FE-SEM)

Since morphology of material could directly affect to the photocatalytic activity
of prepared photocatalysts, the information of both particle size, particle size
distribution and shape become one of the most important data for interpretation the
performance of materials. The general images obtained from SEM and FE-SEM
analysis are three dimensions (3D) image, whereas two dimension (2D) image can be
achieved through HR-TEM analysis. For principle of SEM and FE-SEM analysis, the

electrons beam generated from electron gun can be adjusted and focused on the surface
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of a sample. After excitation the surface by electrons, the secondary and back scattered
electrons can be generated. Then the signals which were obtained after interaction with
electrons beam will be collected and processed to achieve the images [67]. As for the
difference between SEM and FE-SEM, the magnification range of SEM is less than that
of FE-SEM. Therefore, the SEM image can provide the particles size distribution
information, whereas FE-SEM image can be suitable for surface investigation of
nanoparticles. Further, the elemental mapping in order to identify the existing atoms in

the sample can be done on using SEM and FE-SEM image.

In this research, Scanning Electron Microscope (SEM, JEOL JSM-6480LV
Scanning Electron Microscope) with 20,000X, Field Emission Scanning Electron
Microscopy (FE-SEM (7610F)) with 100,000X, and Field Emission Scanning Electron
Microscopy (FE-SEM (SU8230, Hitachi High Tec.)) with 1,000,000X were used to
study the topographical feature of sample surface. Moreover, Energy Dispersive X-ray

Spectrometer (EDS) was used for elemental analysis.

3.5.2.2 High Resolution Transmission Electron Microscopy (HR-TEM)

Regarding, high vacuum must be required to operate the TEM analysis process.
Thereby, the electrons bean can pass through sample surface [67]. In the case of very
tiny particles, TEM analysis is the outstanding method for the tiny particles observation.
In addition, to clearly identify the elemental composition of the interested specimen,
energy dispersive X-ray spectrometer (EDS) are suitable for using with morphology
images. The investigation of Ag position in the prepared photocatalysts was well
obtained from high resolution transmission electron microscopy (HR-TEM 2100) with
100,000X and 300,000X of magnitude. Further, the lattice fringe spacing of prepared

samples could be investigated.

3.5.3 Brunauer—-Emmett—Teller (BET) Surface Area and Porosity Analysis

For the specific surface area and the adsorption average pore diameter of prepared
photocatalysts, Brunauer-Emmett-Teller (BET) surface area and porosity analysis
would be applied by using surface area and pore size distribution analyzer
(Micromeritics, 3Flex 3500 series with Smart VVacPrep). The prepared samples will be
degased under appropriate temperature and ramp rate of 10 °C/min for 720 min. After

degassing process, the nitrogen gas adsorption—desorption isotherms were measured.
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Then, the results will be presented in the relationship between quantity adsorbed
(mmol/g) and relative pressure (P/P,). The BET surface area analysis can be determined

in the following adsorption isotherm equation:

1 _1,cl P
Q[(F;;,j_l] V,C V,C'P,

) (43)

where Q is quantity adsorbed gas (mmol/g), volume of adsorbed gas is Vm (ml/g), and
C is BET constant.

To estimated specific surface area of prepared samples, the BET surface area plot

is presented as the linear plots of 1/[Q(P,/P)-1] vs. P/P, within the range of
0.05<P/P,<0.35. Therefore, the volume of gas adsorbed, Vm, can be calculated from the

equation below:

V=1 (44)
S+

where s is slope and i is intercept of the BET surface area plot.

Then, according to the condition that 1 mol of gas occupies 22.4 L at STP, the
monolayer capcity (Xm, mol/g) can be achieved by dividing Vm by molar volume

(22,414 ml/mol), as shown in the following:

X = Vn (45)
22400

Therefore, the total surface area (St, m?/g) can be estimated via equation (46).
St :Xm NAcs (46)

where N is Avogadro's number (6.023x10% mol™) and Acs is adsorbate cross sectional

area (0.162 nm? for absorbed nitrogen molecule), and w is sample weight (g).

3.5.4 Optoelectronic Properties Characterization
3.5.4.1 X-ray Absorption Near Edge Structure (XANES)
X-ray Absorption Near-Edge Spectroscopy (XANES) is one of two regimes of

the x-ray absorption spectrum (XAFS) which is referred to the x-ray absorption
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behavior of an atom. Therefore, in order to analyze by using the XANES technique, the
fundamental of XAFS has been considered. To absorb the incident x-ray, the binding
energy of electron core level (K, L, and M shell) must be lower than that of incident x-
ray. The electrons within core level will be ejected as the photo-electron after
absorption of incident x-ray through the photo-electric effect, then left the core-hole, as
seen in the Figure 37(a). After that, an electron from the higher core level can possibly
release fluorescent x-ray energy to drop to the core-hole. The fluorescence Ko and Kp
emission result from electron transition from L to K, and M to K core level, respectively,
as shown in the Figure 37(b). Furthermore, the Auger electron can be generated through
this photo-electric phenomenon. In the case of the KL1L2 transition, the inner core level
hole at K shell was compensated by relaxing electron from L1 shell. Then, the emitted
fluorescence result emitted electron from L2 shell, as called Auger electron (see Figure
37(c)).
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Figure 37. Schematic diagram of (a) electron excitation, (b) photo-electric effect,

and (c) Auger effect.

The x-ray absorption measurements can be divided into 2 modes; transmission
mode and fluorescence mode. In accordance with the transmission mode, the relation
between incident x-ray intensity and x-ray intensity after transmitted through the

sample are follow Beer’s Law, as following equation:

|= 1™ (47)
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where | is the transmission x-ray intensity, lo is the incident x-ray intensity, t is the

sample thickness, and p is the absorption coefficient.

For the fluorescence mode, the fluoresecence x-ray emitted through the photo-
electric effect is detected. In this case, the x-ray absorption coefficient, u(E), could be
demonstrated in the direct variation following the I+/lo, where Iz is the fluorescence x-

ray intensity.

According to the wide energy region of x-ray absorption, x-ray absorption near-
edge spectroscopy (XANES) is placed in the low energy region within a few ten of eV
[19]. At the absorption edge (i.e. K-edge and L-edge), the edge energies depend on
atomic number (=Z?). Moreover, for the elements with atomic number higher than 18
(Z>18), either a K-edge or L-edge can be probed by hard x-ray regime with energies
between around 5 to 35 keV.

20 XANES ]

| | | | 1 |
7000 7100 7200 7300 7400 7500 7600 7700
E(eV)

Figure 38. the XAFS spectrum including XANES and EXAFS regions [68].

As the large signal of XANES, the lower concentration sample can be analyzed,
and XANES signal is shown at low energy axis, as shown in Figure 38. Moreover, the
qualitative information can be described through XANES analysis such as coordination
chemistry, molecular orbitals, band structure, and multiple scattering. In order to study
the oxidation state of prepared sample, there are available standard information which

used for comparison.
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Figure 39. The pre-edge transitions and white line within the XANES region [69].

The XANES analysis can be used for identification of oxidation state of interested
metal due to the strong sensitivity to valence state. The pre-edge position can express
the electronic transition of 1s to nd orbital. Whereas, the white line (rising edge) can be
observed as the intense transitions which refer to the electronic transition of 1s to (n+1)p
orbital. Since both pre-edge position and white line depend on the electronic transition
performance, the intensity tended to be suppressed by occupancy of final states. Hence,
in the case of pre-edge transitions, the peak can be invisible due to the full filled of nd
orbital which can possibly refer to zero oxidation state of noble metal. Further, the

oxidation state is increased as the energy edge increase [69, 70].
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Figure 40. Fe K-edge XANES of Fe metal and several Fe oxides with correlation
between the shapes, positions, intensities of pre-edge peaks
and oxidation state [68].

For instant, as shown in Figure 40, the variable position, shape, and intensity of
pre-edge peak depend on the different oxidation state. Therefore, XANES technique is
the beneficial technique for investigating oxidation state and coordination chemistry

information at low concentration sample [68, 71].

In the case of Ag, there are several oxidation states of Ag species which can be
investigated by XANES analysis. The examples of different XANES spectra patterns

of Ag species were shown in the Figure 41.
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Figure 41. XANES spectra of Ag L3 edge reported by
(a)Suwanchawalit et al. (2012) [72] and Yin et al. (2011) as sited in [73].

In this research, the X-ray absorption near edge structure (XANES, Siam Photon
Laboratory, Synchrotron Light Research Institute (Public Organization)) with
fluorescence-mode in X-ray Absorption Spectroscopy beam line 5.2 was used to
measure Ag Ls-edge with an electron energy of 1.2 GeV. The Germanium (220) double
single crystals were utilized as a monochromator. The spectra of X-ray absorption near
edge structure (XANES) were analyzed in fluorescence mode by probing Ag element
at 3,351 eV (Ls-edge). The XANES spectra and the linear combination fit (LCF) were
normalized and evaluated with Athena software. The reference compounds of Ag foil,
Ag20, AgNOs, AgCl, and AgO which possess oxidation state of 0, +1, +1, +1, and +2,
respectively, were adopted to process the linear combination fitting. The reference

XANES spectra used in this research was demonstrated in the Figure 42.
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Figure 42. Reference XANES spectra of Ag L3 edge with various oxidation states.

According to the pre-edge position of Ag specie, the rising absorption which was
found at around photon energy of 3,351 eV could refer to the electronic transition of
2psi2 to 5s-4d hybridized orbital. For Ag foil with zero oxidation state, the pre-edge
peak at this considered position is absent due to the nearly fully filled valence state. In
the case of Ag™, the pre-edge peak position is shifted to higher photon energy found at
3,353 eV. As can be seen in the XANES spectra of Ag20, AgNOs, and AgCl, the pre-
edge peaks are visible at the same characteristic pre-edge peak position. Likewise, for
AgO reference, the sharp absorption edge which refer to exist of Ag?* would be

observed.

3.5.4.2 X-ray Photoelectron Spectroscopy (XPS)
The X-ray photoelectron spectroscopy (XPS) is one of the significant techniques
for surface analysis within the nanometer depth scale around 10-200 A [74, 75], or a
few nm depending on the instrument. Further, the XPS technique could possibly
provide both quantitative and qualitative information. The basic principle of the XPS

base on the photoelectric effects. According to the possibilities of interaction between
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the monochromatic X-ray photon and electron within the orbital, the electron can be
ejected after excitation by photon energy which is greater than the binding energy of
electron through the photo-electric effect, as shown in the Figure 37. This ejected
electron can move with the Kinetic energy which is around the difference between

photon energy and binding energy, as shown in the equation (48):

E,=hv-E, (48)

where Ep is the binding energy (eV), Ex is the kinetic energy (eV) of ejected electron, h

is the Planck'’s constant, and v is the X-ray frequency.

Then, the kinetic energy of photoelectron can be measured by the analyzer. Therefore,
the binding energy can be calculated to identify the oxidation state of atom. The
characterization result is usually demonstrated the correlation between photoelectron
intensity and binding energy [74]. The examples of the binding energy corresponding

to the chemical state were listed in the following Table 3:

Table 3 The binding energies corresponding to the chemical state.

Chemical state Binding energy
C-C, 1s 284.8
N-C=N ~288.1

0-C=0, 1s ~288.5
Ag metal, 3ds.2 368.2
TiOz, par2 458.5

In this research, the X-ray photoelectron spectroscopy (JPS-9010 TR, JEOL)
with Mg K as the X-ray light source was used to analyze the chemical surface within
analytical depth of a few nm. The analyzer pass energy for wide scan was 50 eV with
measurement step of 1.00 eV, and scan speed was 100 ms. For narrow scan, the analyzer
pass energy was 20 eV with measurement step of 0.1 eV. Furthermore, to obtain the
precise charge correction, as prepared samples will be sputtering coated by Au (gold)
which is used as the reference element. The standard binding energy position of Au

4f72 and 4fs2 are 83.8 and 87.5 eV, respectively.
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3.5.4.3 Fourier Transform Infrared Spectroscopy (FTIR)

The identification of chemical composition of polymer and organic compound
has widely been done on Fourier transform infrared spectroscopy (FTIR). In this
research, PerkinElmer (Spectrum one) was used to analyze the FTIR. There are 3 ranges
of Infrared radiation (IR) which were near IR (12800 - 4000 cm™), middle IR (4000 -
200 cm™), and far IR (200 - 10 cm). Both of the near IR and middle IR could be
generally applied for chemical analysis. Base on the quantum mechanism, the infrared
energy with the same frequency as the natural frequency of molecules within the
considered compound can be absorbed. Then, the molecules that absorbed IR energy
become in the excited state and express in the vibration. However, only vibration mode
that results in dipole moment change can be presented in the IR spectra. Further, the
peak position presented in the IR spectra of observed molecule is noticed as the

fingerprint which can directly identify the unknown compound.

The vibration modes are classified into stretching vibration and bending vibration
mode. The stretching vibrations can be divided into antisymmetric stretching and
symmetric stretching. For bending vibration mode, there are 4 types; in-plane bending
or scissoring, out-of-plane bending or wagging, out-of-plane bending or twisting, and

in-plane bending or rocking [76, 77], as shown in Figure 43.
Stretching Modes
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Figure 43. the vibration modes of molecules identified by FTIR spectroscopy [77].

Infrared spectra are usually presented in the correlation between wavenumber
which is defined as the reciprocal of the wavelength (cm™) and Transmittance (%T)

which is obtained from the Equation 56, lo presents the initial IR intensity, and I is the
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IR intensity after absorption by molecules. The common FTIR frequency range [78]

was presented in the Table 4.

%T =Il x 100% (49)

0

Table 4 The identification of functional group at appearance frequency range

Frequency Absorptio Compound
Range (cm?)  n(cm?) Appearance Group Class
4000-3000 3700-3584  medium, sharp O-H stretching  alcohol
3550-3200  strong, broad O-H stretching  alcohol
3500 medium N-H stretching  primary amine
3000-2500 3333-3267  strong, sharp C-H stretching  alkyne
3100-3000  medium C-H stretching  alkene
3000-2840  medium C-H stretching  alkane
2830-2695 ~ medium C-H stretching  aldehyde
1342-1266 strong C-N stretching aromatic amine
1310-1250  strong C-O stretching  aromatic ester
1275-1200  strong C-O stretching  alkyl aryl ether

3.5.4.4 Photoluminescence (PL) Spectroscopy

Photoluminescence is a type of luminescence and spontaneous emission light
from the material under photo-excitation with energy higher than band gap energy (Eg)
of the investigated material. The incident light from source will directly interact with a
material. Then, electrons within valence band of semiconductor can jump to the excited
states. The electrons in the excited states will emit a photon to go down to minimum of
the conduction band within very fast time (= 100 fs). After that, electrons will return to
their equilibrium states by releasing the excess energy as luminescence photon or
photoluminescence. In addition, a radiative process, which is the light emission, or a
non-radiative process could possibly observed, as shown in the Figure 44. The energy
of photoluminescence are correlated to the difference in energy level between the
excited state and equilibrium state. Therefore, photoluminescence spectroscopy

becomes one of the important technique for investigating the recombination of
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photogenerated electron-hole pair mechanism. The PL spectrum which measures the
transition from the excited state to the ground state are reported in the relation between
PL intensity and excitation wavelength [79]. Herein, the fluorescence spectrometer
(PerkinElmer LS 55, 150 W Xe lamp) was provided for photoluminescence spectra

measurement within 250 — 700 nm.
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Figure 44. The photoluminescence mechanism.
3.5.4.5 Ultraviolet Visible Near Infrared Spectrometer (UV-VIS-NIR)

In this research, UV-Vis-Nir spectroscopy (Lambda35, PerkinElmer, Lambda
950) was applied to measure the absorbance spectra of prepared photocatalysts. Then,
the optical band gap energy of prepared photocatalysts can be estimated. According to
the Tauc's relationship, the estimated optical band gap energy can be calculated through

the following equation [80]:

ohv =a,(hv-E, )" (50)

where a is absorption coefficient, «, is the band tailing parameter which is constant, h
is the Plank’s constant, v is the frequency of the incident light, and Eq is the band gap

energy [80].

Further, for the particles with size much lower than incident wavelength
(2nr << 1), the Kubelka-Munk function (K-M) would be applied [81], as shown in the
equation (51):



82

(1-R)°
2R

=F(R) (51)

w |

where R is the reflectance, s is the scattering coefficient, and « is the absorption

coefficient.

Therefore, the Kubelka-Munk function (K-M) can be expressed as the Tauc’s

relation, as presented in the equation (4) [80, 82]:
(F(R)xhv)" =a, (hv - E,) (52)

Moreover, the values of n presented in the equation is the constant depending on
the nature of photon transition mode; direct allowed transition (n=1/2) and indirect
allowed transition (n=2) [80]. Then, the Kubelka-Munk function (K-M) was present in
the plots of (F(R)xhv)Y"versus hv. Hence, the band gap energy of prepared samples can
be achieved through the extrapolation of x-intercept of the straight line within the onset

of absorption region.

3.5.5 Particle Surface Charge Study by Zeta Potential
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Figure 45. The schematic diagram of different potential as a function of distance from

a particle surface dispersed in solvent.
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In this research, MALVERN Zetasizer Nano ZSP was applied for measurement
of surface charge of prepared photocatalysts. As illustrated in the Figure 45, the stern
layer is the nearest particle surface layer which compost of strong electrical potential
with the opposite charge to the particle surface. For the slipping plane (shear plane),
ions within this layer are bound to the particle and follow the particle movement
direction. The zeta potential is the net electrical potential measured at the interfacial
double layer (stern layer and slipping plane) which can be used to identify the surface
charge of particle, whereas pH is one of the significant factors that affect the zeta
potential value [83, 84]. Further, the zeta potential value is associated to the stability of
the colloidal system (or emulsions). The zeta potential values which are more positive
than +30 mV and more negative than -30 mV [84] are demonstrated as high stability
system due to the strong repulsive force between adjacent particles.

3.5.6 Chemical Study by High Pressure Liquid Chromatography (HPLC)

In order to confirm the concentration change of rhodamine B in the presence of
prepared photocatalysts after photocatalysis reaction, High Pressure Liquid
Chromatography (HPLC) was applied. The basic principle of normal phase HPLC can
be described into 5 steps.

1) Mobile phase (Polar) was pumped at high pressure.

2) The liquid sample was injected to mix with the mobile phase.

3) This mixed mobile phase was passed through the packing of stationary phase
(Non-polar)

4) The non-polar molecules were slow down within the stationary column.

5) The analyte was detected and plotted as the relation between concentration
(mAu) and retention time (min).

For HPLC analysis, the retention time, the times measured from the beginning of
the injection and ending at the appeared peak position, can be used to identify the
compound containing in the analyte sample [85]. Further, the area under observed peaks

can be used to investigate amount of analyte sample.

In this research, the High Performance Liquid Chromatograph — HPLC (Prostar)
was applied for HPLC analysis. The methanol:water (75:25, v/v) solution was used as

the mobile phase and the detection wavelength was 550 nm.
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3.6 Photocatalytic Activity Experiment

For photocatalytic activity evaluation, UV-VIS Spectrophotometer (Lambda35,
Perkin Elmer instrument) was used to measure light absorption spectra. The
photocatalytic activity study was performed with 0.05 g of prepared photocatalysts
dispersed in 120 mL of dye solution (10 mg/L). The suspension was kept under
magnetic stirring and dark conditions within 30 min to achieve fully adsorption-
desorption equilibrium before irradiation. Within 1 h, the photocatalytic systems were
presented directly under irradiation light source by using the 18 W UV-A lamp as UV
light source, and the 300 W Xe lamp with UV cut filter as visible light source. The
applied UV and visible light intensity were 975 pW/cm? and 120 mW/cm?, respectively.

The photocatalytic study process under irradiation was shown in the Figure 46.

During the irradiation, the suspension was removed every steady times for
measuring the absorption spectra at between 400 - 800 nm for rhodamine B dye and for
200 - 700 nm for methyl orange dye. Then, the maximum absorbance intensity were

converted to concentration in mg/L unit of dye.

! Xe lamp with UV cut filter

’ S
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A [\ (under cooling system)

Figure 46. Experimental set up for photocatalytic activity study

under visible light irradiation.

Herein, X is the absorbance intensity observed at 554 nm, 466 nm, and 497 nm
for rhodamine B, methyl orange pH = 6, and methyl orange pH = 3, respectively. Y is

the concentration of dye depending on irradiation time and absorbance intensity.
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For rhodamine B dye solution, the following linear equation (R? = 0.999) was applied:

Y =0.2086X + 0.0030 (53)

For methyl orange dye solution at pH = 6, the following linear equation (R? = 0.999)

was applied:
Y =0.0774X + 0.00031 (54)

For methyl orange dye solution at pH = 3, the following linear equation (R? = 0.999)

was applied:
Y =0.0794X - 0.008 (55)
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Figure 47. (a) Absorbance spectra at various concentration and

(b) calibration curves of rhodamine B.
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Figure 48. (a) Absorbance spectra at various concentration (pH=6) and

(b) calibration curves of methyl orange.
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Figure 49. (a) Absorbance spectra at various concentration (pH=3) and

(b) calibration curves of rhodamine B.

In order to compare photocatalytic activity in qualitative results, the dye

degradation efficiency (DE%) which can be obtained from the following equation was

used:

C,C

0

DE% =( ) x 100% (56)

where Co is the initial concentration (mg/L) at the adsorption-desorption equilibrium
and C is concentration after irradiation of rhodamine B (mg/L). For the photocatalytic
performance in organic degradation efficiency, the Langmuir-Hinshelwood (L-H)

model shown in equation (57) has been applied to study the kinetics of photocatalysis

[86, 87].

dC _k.KC 57)

- = r

dt 1+KC

where r is the reaction rate at any times under irradiation, %, is the reaction rate constant,
the irradiation at any time is t (min), and K is the equilibrium constant for absorption of
rhodamine B onto the photocatalysts. At the term KC <<1, the equation (57) could be
simplified to the pseudo first order kinetic equation through integration between the

limits: C=Coatt=0and C = C att=t, as showed in equation (58).
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C
In| =% |= kt 58
[Cj (59)
DA% :(%) x 100% (59)

0
where k presents reaction rate constant (10-2min), and irradiation time is t (min).

Therefore, the photocatalytic activity of prepared photocatalysts would be illustrated in
the relationship of C/Co as a function of irradiation time, t (min). Further, the

comparative photocatalytic performance was demonstrated by a plot as the linear

relation of between /n (%) and time, t (min). The dye adsorption ability of prepared

photocatalysts was estimated by using the equation (59), where Ca is the concentration

of dye under constant stirring without irradiation at studied times.
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UNIT 4
RESULTS AND DISCUSSION

4.1 Preparation of Ag-TiO, Composites

4.1.1 Study the Effect of Calcination Temperature

Since the calcination temperature tended to play an important role in the
properties of prepared photocatalyst materials, the calcination at various temperatures
were studied in this research. Herein, the Ag-TiO2 photocatalyst which was prepared
without calcination was named as ST-1. The samples prepared via calcination at
temperatures of 400, 500, and 600 °C were named as ST-4, ST-5, and ST-6, respectively.
Then, the achieved Ag-TiO2 samples were analyzed by the relevant characterization
techniques; XRD, SEM, FE-SEM, HR-TEM, BET, UV-NIR-VIS, XANES, and PL.
Furthermore, the correlations between calcination temperature, Ag oxidation state, and

photocatalytic performance of prepared Ag-TiO2 photocatalysts were discussed.

4.1.1.1 Crystallographic Information
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Figure 50. The XRD diffraction patterns of prepared Ag-TiOz2, and anatase calcined

at various tem peratures.
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Figure 50 illustrates the XRD patterns of the prepared Ag-TiO2 composites
compared to the bare anatase which were calcined at 400 — 600 °C and without
calcination. For all samples, the characteristic peaks of anatase with tetragonal structure
were found at 25.3° (101) 36.9° (004), 48.1° (200), 53.9° (105), and 55.1° (211), in
agreement with JCPDS card No.21-1272 [88]. It was shown that the phase
transformation from anatase to rutile did not occur. The diffraction patterns of Ag were
obtained at around 38.1° (111), 44.3° (200), 64.5° (220), and 77.4° (311) corresponding
well with JCPDS card no. 4-783 [36]. These patterns could confirm the existence of Ag
in all prepared composite samples. Further, the peak of Ag at 38.1° (111) tended
to overlap the 37.9° (004) of anatase. Since there were insignificant changes in the peak
positions of the anatase pattern, the incorporation of Ag in anatase lattice sites prepared

at all studied calcination temperatures was absent [8, 10, 89].

4.1.1.2 Particle Size Distribution and Morphology

The SEM images of prepared photocatalysts and the particle size distribution
histograms achieved on the measurement from SEM images are illustrated in the Figure
51-52. According to the particle size distribution histograms counted from 100 particles
shown in the SEM images, the particles size tended to be increased as calcination
temperature increased. Further, the approximately average particles size calculated
from SEM images of pristine anatase, and antase calcined at 400 — 600 °C were
194 nm, 224 nm, 231 nm, and 245 nm, respectively, as shown in the Figure 51. For
prepared Ag-TiO:2 photocatalysts, the average particles size of ST-1, ST-4, ST-5, and
ST-6 were 205 nm, 216 nm, 224 nm, and 228 nm, respectively, as shown in the Figure
52. The results suggested that the average particle sizes of all prepared composites were
smaller than those of bare anatase calcined at the same temperatures. The results
suggested that Ag deposited on the anatase surface tended to play a role as a physical
barrier. Therefore, grain growth of anatase could possibly be inhibited under the

calcination process due to the presence of Ag species [8, 90].
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Figure 51. SEM images and the particle size distribution histograms of (a,b) pristine
anatase, (c,d) anatase, 400 °C, (e,f) anatase, 500 °C, and (g,h) anatase 600 °C.
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Figure 52. SEM images and the particle size distribution histograms of (i,j) ST-1,
(k,I) ST-4, (m,n) ST-5, and (o,p) ST-6.
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On the issues of the morphology shown in Figure 53(b) — (d), the results
illustrated that almost prepared samples were cylinder and spherical shape similar to
bare anatase (see Figure 53(a)). Additionally, the connected particles could be observed
for all of prepared samples. The existence of Ti, Ag, and O atoms in the prepared
photocatalysts could be observed by the elemental mapping. However, the
agglomerated particles tended to result high signal intensities presented in the elemental
mapping. Herein, the ST-5 was chosen to be the representative to analyze by the

elemental mapping, as shown in the Figure 53(d).

Figure 53. The FE-SEM images of (a) bare anatase, (b) ST-4, (c) ST-6, and (d) ST-5
and the elemental mapping investigated from ST-5 of Ti, Ag, and O.

Figure 54 (a) FE-SEM images of prepared Ag-TiOzdried at 110 °C and its (b) SEM

black scatter image.
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Furthermore, the high performance FE-SEM (SU8230, Hitachi High Tec.) was
adopted to clearly investigate the existence of the deposited Ag nanoparticles on anatase
surface under high vacuum. The magnitude was increased up to 1,000,000X, as
demonstrated in the Figure 54(a), and its SEM black scatter image was shown in the
Figure 54(b). The results illustrated that the Ag which is noted as heavy element can be
observed as the bright sport on anatase surface due to the strong light scattering. It was
obviously noted that the very tiny Ag nanoparticles could be distributed on the anatase

surface.

However, the size and shape of Ag nanoparticles were likely to be difficult to be
investigated by using FE-SEM due to the limitation of the instrument. Therefore, to

distinguish between metallic Ag and TiO: particles in Ag-TiO2 photocatalysts, the HR-

TEM was applied, as shown in the Figure 55.

(a) 100 n (b) 100 nm

Figure 55. HR-TEM images of (a) ST-4, (b) ST-5, (c) ST-6, (d) ST-1.
The lattice spacing of cubic Ag obtained from (f) ST-6 and (g) ST-1, and (e) EDS

spectrum obtained from ST-6.

In order to clarify indicate the position, size, and morphology of Ag
nanoparticles, the HR-TEM images with EDS spectrum are very accessible to be used.
As illustrated in Figure 55(a) — (d), the existence of Ag nanoparticles were observed as

the black spots on the surface of anatase confirmed by EDS spectrum (see Figure 55(g)).
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The estimated nanoparticle size range of Ag were between 5 - 20 nm. The Figure 55(f)
and Figure 55(g) are the lattice fringes of Ag nanoparticles obtained from ST-6 and ST-
1, respectively. The measured d-spacing of Ag which were corresponding to (111) and
(200) plan were 0.23 and 0.21 nm, respectively, as presented in the Figure 55(f) and
Figure 55(g) [4, 27]. Herein, the preparation of deposited Ag nanoparticles through the
chemical reduction method by using NaBHz4 as the strong reducing agent can achieve

the wide range of particles size distribution of Ag nanoparticles.

4.1.1.3 Brunauer—-Emmett-Teller (BET) Surface Area

Specific surface area and average pore diameter of anatase, ST-1, anatase
calcined at 600 °C, and ST-6 were analyzed at the relative pressure (P/Po) between 0.5
and 1, as shown in the Figure 56. The results demonstrated that the nitrogen adsorption-
desorption isotherms of studied samples were the type-4 isotherms with hysteresis loop
investigated at high relative pressure [91, 92]. The results indicated that as prepared
photocatalysts samples could possibly possess mesoporous structure, which tended to
correspond to the aggregation of particles [92]. According to the surface area analysis
results, the BET surface area of anatase, anatase calcined at 600 °C, ST-1, ST-4, ST-5,
and ST-6 were 8.65, 8.54, 4.84, 8.24, 7.68, and 7.59 m?/g, respectively (see

Table 5). The results suggested that the BET surface area of prepared samples tended

to be decreased after deposition of Ag on the anatase surface.

Table 5 BET surface area (m?/g) of prepared photocatalysts and Anatase
Anatase Anatase, 600 °C  ST-1 ST-4 ST-5 ST-6
Seet (M?/g)  8.65 8.54 4.84 8.24 7.68 7.59
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Figure 56. The nitrogen gas adsorption—desorption isotherms of (a) anatase,
(b) ST-1, (c) anatase, 600 °C, and (d) ST-6.

In addition, the calcination process could possibly cause in increase of deposited
Ag nanoparticle size. Further, the remaining PVP on ST-1 sample (without calcination)
could possibly result in its surface area reduction. On the contrary, the BET surface of
Ag-TiO2 with calcination tended to be decreased as calcination temperature increased.
The possible reasons for decrease of the BET surface area analysis of samples prepared
at higher temperatures were enlargement of anatase and deposited Ag sizes. It could be
noted that the deposited Ag nanoparticles on anatase surface could cause the surface

area reduction.
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4.1.1.4 Optoelectronic Properties
4.1.1.4.1 Ultraviolet Visible Near Infrared Spectrometer
(UV-VIS-NIR)

SN
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Figure 57. (a) UV-NIR-VIS spectra and (b) Tauc's relationship plot of prepared
composites compared to pristine anatase.

The UV-NIR-VIS spectra measured over the wavelength of 300 - 800 nm at room
temperature in absorption mode were applied for evaluating the band gap energy of
prepared composites and for investigating the LSPR phenomenon caused by deposited
Ag, as shown in Figure 57. All of spectra illustrate the significant absorption in the UV
region (Figure 57 (a)). The strong absorption below 350 nm could probably be noted as
the band-band transition of TiOz [36]. Furthermore, there were no significant absorption
peak observed in the visible region for all of prepared composites. These results
suggested that Ag nanoparticles achieved in this research tended to induce poorly in the

localized surface plasmon resonance (LSPR) phenomenon [6, 41-43].

According to the Tauc's plot in the relationship of (Ahv)*? and hv (Figure 57(b)),
the estimated band gap energy (Eg) obtained from the intercept of the energy axis (hv)
of anatase is 3.20 eV. The Egof ST-1 was 3.06 eV, whereas the Eqof ST-4, ST-5, and
ST-6 were around 3.14 eV. This approximated Eg of studied samples were in well

agreement with weak absorption in visible light region.

It could be noted that the Ag nanoparticles which were deposited on anatase

surface rarely performed LSPR phenomenon. The increasing of thermodynamic in
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calcination process was likely to affect the growth of Ag nanoparticles and reduce
adjacent surface area between TiO2 and itself [8]. Further, this results corresponded to
the lower hot electron generation efficiency (HEGE) which is the efficiency of
generating hot electrons through LSPR phenomenon and driving it to the adjacent

semiconductor because of large Ag particle size [47].

4.1.1.4.2 X-ray Absorption Near Edge Structure (XANES)
XANES technique was considered to be used for investigating the oxidation state
of Ag in the prepared Ag-TiO2 photocatalysts [72, 93]. In this present research, the
results of Ag Ls-edge measurement detected from the excitation of electrons within the

2ps3sz core level into the unoccupied 4d state was shown in Figure 58.

3353 3376 3397
l R 7~ ST-1,110°C
ST-4,400°C
ST-5,500°C

Normalized Absorption (a.u.)

3340 3360 3380 3400 3420
Photon energy (eV)

Figure 58. The XANES spectra of the Ag-TiOz photocatalysts prepared at various

temperatures compared with Ag metal.
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Table 6 The quantitative analysis of Ag species in as prepared photocatalysts
investigated through the linear combination fit (LCF).

Sample Ag° (wt.%0) Ag* (wt.%) Ag?* (Wt.%0) R-factor
ST-1 95.9 4.1 0 0.001
ST-4 100 0 0 -
ST-5 100 0 0 -
ST-6 94.1 5.9 0 0.001

It was obviously indicated that the major oxidation state of Ag in prepared
photocatalysts for all studied calcination temperatures was zero (AgP), as similar to Ag
foil. Further, the oxidation state of AgP® corresponded to the expected product from the
chemical reaction in the synthesis method. However, the Ag® and Ag* obtained from
ST-1 presented 95.9 wt.% and 4.1 wt.%, respectively, which were investigated by the
linear combination fitting (LCF) with reliable R-factor. Likewise, the Ag* with amount
of 5.9 wt.% was investigated in ST-6 which was calcined at the highest temperature
studied in this research. The results suggested that at temperature of 600 °C, the Ag
tended to be oxidized by O2 to form the Ag20. On the other hand, the Ag* was
disappeared in this research. According to the literatures, species of Ag, Ag20 and AgO
could be formed under both O2 atmosphere and among calcination process [4, 32].
However, this present study, the Ag* were tended to be reduced completely by using
NaBHg4 as the strong reducing agent and by calcination. In addition, these results were
likely to be well agreed with Mogal et al. (2014) which reported that the appeared stable
Ag® nanoparticle tended to be obtained by the large amount of Ag loading and

calcination at high temperature [38].
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4.1.1.4.3 Photoluminescence (PL) Spectroscopy
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Figure 59. Photoluminescence spectra of prepared composites and bare anatase

calcined at various temperatures.

The behavior of photogenerated electron-hole pairs are considered as the major
factor that affect photocatalytic performance. Accordingly, the trapping performance,
migration, and transfer of charge carriers were identified by photoluminescence (PL)
spectra [6]. Figure 59 presents the photoluminescence emission spectra of prepared Ag-
TiO2. The measurement process was conducted at room temperature with excitation
wavelength at 220 nm. The results demonstrated that the photoluminescent intensity
reduced as calcination temperature increased. On the other hand, the ST-1, Ag-TiO2
prepared without calcination process, presented the lowest PL intensity. The emission
spectra detected between 420 - 500 nm could be attributed to the charge transfer
transition of TiO2[37, 39]. While, the emission peak at around 375 nm observed after
deposition of Ag on TiO2 surface could be used to confirm the Ag existing [37]. The
low PL intensity investigated in all of prepare Ag-TiO2 could be corresponded to the
efficiency in elimination of recombination rate [36, 39]. Therefore, Ag deposited on
TiO2 tended to play a role as photogenerated-electron acceptor due to its lower Fermi
level than that of conduction band of anatase [6, 19, 37].



100

4.1.1.5 Photocatalytic Activities

In order to verify the influence of deposited Ag on photocatalytic performance of

prepared composites, the anatase and anatase calcined at 400 - 600 °C were studied.
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Figure 60. The absorbance spectra of rhodamine B dye in the presence of (a) ST-1,
(b) ST-4, (c) ST-5 and (d) ST-6 change depending on irradiation time.

According to the absorbance spectra of rhodamine B dye in the presence of

prepared photocatalyts (See Figure 60), the steady absorbance intensity which were

measured after keeping in the dark for 15 and 30 min expressed the adsorption-

desorption equilibrium of suspension. Hence, it could be noted that as prepared

photocatalysts tended to possess low surface area to absorb rhodamine B dye, as well

agree with the BET surface area analysis results. After irradiation for 10 min, the

absorbance intensities were obviously decreased. In addition, the absorbance intensity

tended to be decreased as irradiation time increased without change of the wavelength

of maximum absorption. Therefore, the intermediate product was absent through the

degradation process of rhodamine B dye.
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Figure 61. (a) Photocatalytic efficiency under UV irradiation within 1 h and
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(b) pseudo-first order kinetics plot of prepared composites compared to bare anatase

calcined at various temperatures.

As can be seen in the Figure 61(a), rhodamine B degradation efficiency under UV

irradiation of prepared composites were higher than that of anatase calcined at various

temperatures, whereas the highest photocatalytic performance was achieved from

ST-1. The estimated reaction rate constant (k) obtained from slope of pseudo-first order

kinetics plot (see Figure 61(b)) of studied photocatalysts were shown in the Table 7.

As a result, existing PVP tended to be found in only ST-1 prepared without

calcination. The polar head of PVP presented a tendency to attract the organic dye to

be closed to surface of photocatalyst. Further, a larger number of Ag nanoparticles

could be adhered on anatase surface due to PVP. Hence, ST-1 demonstrated the highest
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photocatalytic performance among prepared samples. For samples prepared at different

calcination temperatures, the results showed that the photocatalytic efficiency of

calcined composites increased as calcination temperature increased. It could be noted

that prepared composites calcined at higher temperature tended to achieve higher

crystallinity resulted in increase of photocatalytic performance [94].
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Figure 62. (a) Photocatalytic efficiency under UV irradiation within 1 h and

(b) pseudo-first order kinetics plot of prepared composites compared to P25

and Ag-P25.

As a result, existing PVP tended to be found in only ST-1 prepared without

calcination. The polar head of PVP presented a tendency to attract the organic dye to

be closed to surface of photocatalyst. Further, a larger number of Ag nanoparticles
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could be adhered on anatase surface due to PVP. Hence, ST-1 demonstrated the highest
photocatalytic performance among prepared samples. For samples prepared at different
calcination temperatures, the results showed that the photocatalytic efficiency of
calcined composites increased as calcination temperature increased. It could be noted
that prepared composites calcined at higher temperature tended to achieve higher

crystallinity resulted in increase of photocatalytic performance [94].

Table 7 Comparative degradation efficiency (DE%), reaction rate constant (k), and

R-square of anatase and prepared composites under UV irradiation for 60 min.

Sample DE% k (103 min) R?
Anatase 82.99 28.40 0.99
Anatase,400 °C 85.89 30.60 0.99
Anatase,500 °C 89.87 37.50 0.99
Anatase,600 °C 91.9 40.60 0.99
ST-1 96.54 56.50 0.98
ST-4 91.32 40.20 0.99
ST-5 92.51 42.30 0.99
ST-6 93.39 44.40 0.99
P25 76.89 22.75 0.99
Ag-P25 26.12 451 0.95

In the case of photocatalytic activity comparing to the P25 and Ag-P25 (see
Figure 62), the rhodamine B dye degradation efficiency of P25 and Ag-P25 presented
76.89% and 26.12%, respectively. The results suggested that the lowest photocatalytic
activity was obtained from Ag-P25. It can be noted that the deposition of Ag on TiO2
by using P25 as the substrate tended to be inappropriate for this experiment due to the

very small size of P25 (around 50 nm).

For the important roles of noble-metal deposition, Ag® could expressed as
electrons acceptor which demonstrated the high performance in decreased
recombination rate of photogenerated electrons-hole pairs of bare anatase, as well

agreement with PL measurement. Therefore, the photogenerated electrons in the
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conduction band of anatase could transport to the lower Fermi level of adjacent Ag
nanoparticles [8, 10, 19, 27, 32].

However, the photocatalytic activity under visible light irradiation was absent for
all of prepared photocatalysts. The photocatalytic activity of prepared catalysts
probably depended on the ability to express the LSPR phenomenon of Ag (°).
Nevertheless, the achieved Ag (°) nanoparticles poorly demonstrated the LSPR
phenomenon. Although Ag (°) deposition can be achieved from the chemical reduction
method reported in this research, other significant factors such as size, shape, and
amount of deposited noble metal on photocatalyst substrate, environment of existing
particle, and dielectric constant of the solution [44-46] should be well controlled for

LSPR phenomenon expression under visible light.

4.1.2 Study the Effect of Ag Loading Content

The anatase which possesses the wide band gap energy (around 3.2 eV) has been
reported as the high performance photocatalysts under UV irradatiation among rutile
and brookite phases. As mention previously, the deposited Ag nanoparticles could play
a role as photogenerated-electron acceptor to reduce recombination rate of
photogenerated electron-hole pair [10, 89, 95]. Likewise, Ag-TiO2 could be achieved
through various methods such as sol-gel, impregnation, chemical reduction, and
photodeposition method. However, saving cost, synthesis time reduction, and
uncomplicated technique should be considered to achieve Ag-anatase photocatalyst for
today. Herein, the deposited Ag content was studied. Moreover, the influence of
deposited Ag content on photocatalytic performance of Ag-TiO2 photocatalysts were

discussed.
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4.1.2.1 Crystallographic Information
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Figure 63. XRD diffraction patterns of prepared Ag-anatase with various amount of
loaded Ag compared to bare anatase.

The XRD diffraction patterns of 1-ST, 2-ST, 3-ST, 4-ST, 20-ST, and bare anatase
were illustrated in the Figure 63. The characteristic peaks were found at 25.3° (101)
36.9° (004), 48.1° (200), 53.9° (105), and 55.1° (211). The results suggested that all of
prepared photocatalysts were composted of anatase as the major component which were
confirmed by JCPDS card No0.21-1272 [88], as reported in the previous section.
However, the XRD diffraction pattern of Ag was observed in only 20-ST which
contained the highest Ag content. The XRD pattern of Ag was observed at 38.1° (111),
44.3° (200), 64.5° (220), and 77.4° (311), as well agreed with JCPDS card no. 4-783 of
metallic Ag [36]. It could be noted that low concentration of loaded Ag tended to result

in achieved properties of Ag such as tiny size and low crystallinity [10, 89, 96].

4.1.2.2 Morphology and Particle Size Distribution
Figure 64-65 demonstrate the morphology and the particle size distribution estimated
from SEM images. The prepared photocatalyst samples were similar to spherical shape.
Moreover, a few connected particles could be observed. The particle size distribution

histograms were estimated from counting 100 particles. The average particle sizes of
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bare anatase, 1-ST, 2-ST, 3-ST, 4-ST, and 20-ST were 198 nm, 205 nm, 206 nm, 207
nm, 204 nm, and 205 nm, respectively. Moreover, the major particle size range was
around 171 — 210 nm for all of prepared photocatalysts. It could be noted that the Ag
contents did not affect particle sizes. However, the deposited Ag were not observed due

to its very small particle size.
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Figure 64. SEM images and estimated particle size distribution histograms of
(a,b) anatase, (c,d) 1-ST, and (e,f) 2-ST.
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Figure 66. HR-TEM images of (c) bare anatase, (d) 20-ST, and (e) 2-ST with its

(a) EDS spectra and (b) lattice fringe characterization.

Herein, 2-ST and 20-ST were observed by the HR-TEM. The deposited Ag could
be investigated through HR-TEM images, as shown in Figure 66(d,e), and be confirmed
by EDS spectra (see Figure 66(a)). The results shown that non homogenous size and
shape of deposited Ag could be found. The calculated average Ag particle size of 2-ST
was 17.9 nm, whereas the Ag particle sizes were slightly increased to 18.6 nm as
observed in 20-ST. Further, the d-spacing of 0.23 nm correspond to (111) plane of cubic
Ag obtained from 2-ST was shown in Figure 66(b).



109

4.1.2.3 Optoelectronic Properties
4.1.2.3.1 Ultraviolet Visible Near Infrared Spectrometer
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Figure 67. (a) UV-VIS-NIR absorbance spectra and (b) Tauc's relationship plot of
prepared photocatalysts with studied Ag adding content.

Figure 67 illustrates the UV-VIS-NIR spectra in the absorbance mode which were
measured at the wavelength of 300 - 800 nm at room temperature. The results suggested
that the strong absorbance intensities could be found in the UV region for all of the
prepared photocatalysts, as shown in the Figure 67. The estimated Eg of bare anatase,
1-ST, 2-ST, 3-ST, 4-ST, and 20-ST were 3.20, 3.00, 3.02, 3.02, 3.02, and 3.06 eV,
respectively. These results probably be explained by the lower Fermi level of Ag
compared to the conduction band of anatase [6, 19, 37]. The deposition of Ag on anatase

surface tended to interfere the photogenerated electrons behavior. Moreover, since the
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significant absorption intensity within visible region was almost low for prepared

photocatalysts, the Localized Surface Plasmon Resonance (LSPR) tended be poor.

As shown in the Figure 68, the prepared Ag-TiO2 with the different number of
deposited Ag presented the similar XANES spectra as the Ag foil. The characteristic
absorption energy at 3376 and 3397 eV of metallic Ag (Ag foil) were found in all of
prepared photocatalysts. Furthermore, there was no pre-edge absorption peaks which
caused by almost full filled 4d orbital. It could be approximately determined that the
major species of Ag was the AgP. To further investigate the other Ag species containing

in the prepared samples, the LCF was adopted.

4.1.2.3.2 X-ray Absorption Near Edge Structure (XANES)
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Figure 68. XANES spectra of Ag-TiO2 prepared at various amount of Ag loading

comparing with the AgCl and Ag foil as references.
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Table 8 The quantitative analysis of Ag species in as prepared photocatalysts
investigated through the linear combination fit (LCF).

Sample Ag° (wt.%) Ag*" (wt.%) Ag®*(wt.%) R-factor
1 wt.%Ag loading (1-ST) 100 0 0 -
2 Wt.%Ag loading (2-ST) 100 0 0 -
3 wt.%Ag loading (3-ST) 100 0 0 -
4 wt.%Ag loading (4-ST) 100 0 0 -
20 wt.%Ag loading (ST-1) 91.7 8.3 0 0.0035

Table 8 presents the estimated LCF results of Ag-TiO2 prepared with different
amount of Ag loading. The results suggested that the achieved Ag species of Ag-TiO2
prepared by Ag loading of 1-4 wt.% were Ag®without Ag* and Ag?*. However, after
increasing of amount of Ag loading up to 20 wt.%, the Ag* was observed at around
8.1%. It could be noted that the concentration and the amount of reducing agent used
in the preparation method could not totally reduce Ag* to Ag®. Therefore, a few amount

of Ag*were found in the Ag-TiO2 with Ag loading content of 20 wt.%.
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Figure 69. (a) Photocatalytic efficiency under UV irradiation within 1 h and
(b) pseudo-first order kinetics plot of prepared Ag-TiO2 with various %Ag loading.

The rhodamine B degradation efficiency of prepared photocatalysts were

performed with the same conditions as reported in the previous section. Figure 69

presents the photocatalytic performance of bare anatase and prepared photocatalysts.

The photocatalytic activity results were demonstrated in the following order: 2-ST > 1-

ST > 3-ST > 4-ST > 20-ST > anatase. The calculated reaction rate constant (k) and the
DE% were shown in the Table 9.
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Table 9 Comparative degradation efficiency (DE%), reaction rate constant (k), and

R-square of anatase and prepared composites under UV irradiation for 60 min.

Samples  Ag loading (wt.%b) DE% k (10°min) R?
anatase 0 82.99 28.35 0.99
1-ST 1 98.16 65.08 0.99
2-ST 2 98.65 74.05 0.99
3-ST 3 97.50 62.13 0.99
4-ST 4 97.29 59.41 0.99
20-ST 20 96.54 56.48 0.98

As prepared 2-ST presented the highest k value which can degrade 10 mg/L of
rhodamine B for 98.65%. Furthermore, the photocatalytic activity of 2-ST presented
nearly 100% for 3 cycles. Then, the photocatalytic activity was decreased to 91.74% in

the 4th cycle of reaction, as presented in the Figure 70.
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1 2 3 4
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o O O o
1 1 1 1
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Figure 70. The rhodamine B dye degradation efficiency for four photocatalytic
reaction of 2 wt.% of Ag loading (2-ST).
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Figure 71 presents the possible schematic diagram of the role of deposited Ag
nanopaticles which acted as the photogenerated electrons acceptor for reducing of
recombination rate during photocatalysis. Herein, the deposited Ag nanoparticles could
play an important role in suppression of the recombination process of photogenerated
electron-hole pairs due to its lower Fermi energy level of Ag compared to the
conduction band of anatase [8, 32]. Moreover, the Schottky energy barrier which
possibly be formed between the contraction area of Ag nanoparticles and anatase
surfaces [10, 97]. Hence, the photocatalytic performance of anatase can be enhanced
by deposition of Ag nanoparticles. For this part, the Ag loading content was studied to
achieve the optimal condition for preparing the high performance Ag-TiO:
photocatalysts. According to the photocatalytic activity study, the DE% in rhodamine
B dye degradation of prepared Ag-TiO2 was gradually decreased after increasing of Ag
loading content. This finding tended to be indicated that the large amount of Ag cluster
could be formed on the anatase surface after adding over the optimum Ag loading
concentration. These too much Ag clusters possibly suppressed the active sites on
anatase surface and reduced photocatalytic activity [10]. Therefore, the photocatalytic
activity of prepared Ag-TiO2 tended to decrease after increasing of the Ag loading

content up to 2 wt.%.

In the case of liquid phase synthesis, anatase particles tended to act as the
substrate (seeding element) of Ag formation through heterogeneous nucleation. From
the photocatalysts preparation method, the PVVP solution was used as the stabilizer in
order to retard the coalescent of Ag nanoparticles [28]. Although the deposited Ag
nanoparticles on anatase surface could be achieved through the preparation methods
studied in this research, the homogeneity of size, shape, and amount of deposited Ag

nanoparticles should be considered to obtained high performance photocatalysts.



115

o3 S - I
4 I

> e

< 'S Ag :

; uv :g- —

i :i‘-’r Deposition :

M ) i .
B3 @@ yﬁi__@@_@;-< o

TIO, TiO,
OH-+ h*

Figure 71. The schematic diagram illustrated the role of Ag® as photogenerated

electrons acceptor of anatase.

4.1.3 Study effect of reducing agent

In the past decade, many scientists have been devoted to study the effect of
reducing agent on achieved Ag properties such as shape and size distribution. For
example, NaBH4, Tri-Na-citrate, D-glucose, and Ethylene glycol (EG) have been
widely used as the reducing agent for Ag species [32, 34, 98, 99]. However, the toxic
problems and environmental issues have played an important roles as the key factor for
choosing reducing agent. NaBHa4 which is a strong, stable, and almost low toxicity [100,
101] has been widely used as reducing agent. D-glucose is noted as the green reducing
agent for reducing Ag ions [102]. Further, Ag-TiOz2 preparation under alkali condition
by using NaOH is being interesting. Therefore, NaBH4 and D-glucose were used as
reducing agent. Moreover, the preparation of Ag-TiO2 under basic condition by using
NaOH was studied.
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4.1.3.1 Crystallographic Information
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Figure 72. XRD patterns of Ag-anatase synthesized by using NaOH, D-glucose, and
NaBHa4 to prepare Ag-TiOa.

According to the results reported in the previous section, the amount of Ag
loading of 2 wt.% was not enough to be detected by XRD (see Figure 72). Furthermore,
the TiO2 demonstrated as anatase for all of prepared photocatalysts. Therefore, to
investigate the existing of Ag nanoparticles, the TEM becomes deserved analytical

instrument.
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4.1.3.2 Morphological structure

Figure 73. TEM images of Ag-anatase synthesized by using (a) D-glucose (2ST-D-
glucose), (b) NaBH4 (2ST-NaBHa4), and (c) NaOH (2ST-NaOH) and (d) is the

enlarged specific area within the (c).

Figure 73 illustrated the TEM images of Ag-anatase prepared by using NaOH, D-
glucose, and NaBHa4. The results demonstrated that a few Ag nanoparticles were found
on the sample surfaces. The average size of Ag nanoparticles deposited on anatase
surface by using NaOH, D-glucose, and NaBHa were around 8.27, 11.72 and 17.47 nm,
respectively. Further, the amount of Ag nanoparticles which obtained by using NaBH4
were existed more than using D-glucose. For preparation under basic condition by using

NaOH, many Ag nanoparticles tended to be observed on the surface of anatase. The Ag
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nanoparticle tended to re-dissolve, then go to sintering process by electron beam
illumination. Furthermore, in the case of small size and low amount of Ag, the
sublimation of achieved Ag tended to investigated under high energy of electrons beam
from TEM [103]. Therefore, the Ag nanoparticles were disappeared after increase of
magnification under high energy of electrons beam during TEM analysis, as shown in
the Figure 73(d).

4.1.3.3 Optoelectronic Properties
4.1.3.3.1 X-ray Absorption Near Edge Structure (XANES)
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Figure 74. XANES spectra of Ag-TiO2 prepared by using NaOH, NaBH4, and
D-glucose comparing to the Ag foil and AgCl.

Table 10 The quantitative analysis of Ag species in as prepared photocatalysts

investigated through the Linear combination fit (LCF).

Sample Ag® (Wt.90) Ag* (wt.%) Ag? (wt.%) R-factor
2ST- NaBH4 100 0 0 -
2ST-D-glucose 75.7 24.3 0 0.003

2ST-NaOH 72.9 27.1 0 0.004
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Figure 74 demonstrates the XANES spectra of Ag-anatase prepared by using
NaBHj3, D-glucose, and NaOH. The measurement process was conducted with the same
conditions as previous sections. The results suggested that the XANES spectra patterns
of prepared samples were similar to Ag foil. Hence, the major Ag species tended to be
AgP. According to the linear combination fitting, the percentage of Ag® within as
prepared Ag-TiO2 prepared by using NaOH, d-glucose, and NaBH4were 58.1, 74.0 and
100 wt.%, respectively, whereas the rest was the Ag* composed in each samples. In
addition, the Ag?* was not found in this experiment. It could be noticed that the major
Ag species obtained in sample synthesized by using NaBH4 and D-glucose as reducing

agents, and preparing under basic conditions by using NaOH was zero oxidation state.

The results suggested that NaBHa4 presented the strong performance as the
reducing agent. For using D-glucose as the reducing agent, it was obviously seen that
D-glucose could reduce Ag*to Ag®. However, the performance in Ag* reduction was
not strong as NaBH4 which resulted in remaining of Ag®. In the case of using NaOH,
the Ag20 tended to be formed through the equation (31). Therefore, the amount of Ag*
could be more than using NaBH4 and d-glucose as the reducing agent. It was obviously

seen that the types of reducing agent possibly influenced the archived Ag species.
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4.1.3.4 Photocatalytic Activity
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Figure 75. (a) Photocatalytic efficiency under UV irradiation within 1 h and
(b) pseudo-first order kinetics plot of Ag-anatase prepared

by using different reducing agents.

The photocatalytic activity results of prepared photocatalysts were demonstrated
in the Figure 75. The photocatalytic activity of prepared photocatalysts were studied by
using rhodamine B dye (10 mg/L) as the representative of organic pollution. Under UV
irradiation for 1 h, the rhodamine B dye solution was degraded by using 0.05 g of
prepared photocatalysts, as shown in Figure 75(a). The calculated k constant from the
pseudo-first order kinetics relation (see Figure 75(b)) of the photocatalysis of Ag-
anatase synthesized by using NaOH, D-glucose and NaBHs were 38.97, 76.66 and
74.06 (10 min'), respectively. Moreover, the dye degradation efficiency of these two

samples were around 90.37% for using NaOH, 99.06% for using D-glucose, and
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98.65% for using NaBH4 as the reducing agent. The results demonstrated that Ag-
anatase prepared by using both D-glucose and NaBHa could degrade rhodamine B dye
solution almost 100%. Although photocatalytic efficiency of Ag-TiO2 which was
prepared by using D-glucose as a reducing agent was slightly more than using NaBHa,
the D-glucose tended to perform poorly performance as the reducing agent under
ambient temperature [102]. Therefore, to enhance the photocatalytic performance of
Ag-TiO2 by using D-glucose as reducing agent could possibly require further controlled
experiment. In the case of preparation of Ag-TiOz under basic condition by using NaOH,
the photocatalytic activity of prepared Ag-TiO2 was the lowest. According to the
equation (31), Ag20 could be synthesized by using NaOH. Likewise, the stability of
Ag20 was low due to its high solubility under basic conditions [104]. Therefore, Ag20
tended to re-dissolve to Ag* ions under photocatalysis test. It could be noted that the
Ag species and the pH values played an important role in affect photocatalytic

performance.

4.2 Preparation of g-C3N4 Photocatalysts

4.2.1 Study the calcination temperature for g-CsNa4 synthesis

In this research, the g-CsNa4 photocatalysts were synthesized through simple
calcination process at various temperatures which were 400, 500, 550, and 600 °C by
using urea as a precursor without additive. The achieved g-CsNa4 samples were
characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), transmission electron microscope (TEM), Brunauer, Emmett and Teller (BET)
surface area and porosity analyzer, and ultraviolet-visible-near infrared spectrometer
(UV-VIS-NIR). The strong correlations between calcination temperature, properties,
and photocatalytic activity were investigated. Further, the soaking time of g-CsNa
synthesized at 600 °C was extended to 1, 2, 3, and 4 h for study of the influence of
soaking time on dye adsorption (DA%) and dye degradation (DE%) efficiency. The
results demonstrated that the g-CsNa4 could not be formed completely under calcination
at 400 °C. Whereas, the calcination at higher temperature and longer soaking time
possibly enlarged surface area and enhanced photocatalytic activity. Herein, the highest
photocatalytic performance was achieved from the g-CsNa4 synthesized at 600 °C with

soaking time for 4h. This superior g-CsNa presented the 92.64% of rhodamine B dye
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degradation efficiency within 10 min. Therefore, it is worth noting that the thermal
process plays an important role in controlling properties and photocatalytic
performance of g-CsN4. Moreover, the achieved excellence g-CsNs photocatalysts

could be applicable for environmental remediation.

4.2.1.1 Crystallographic Information
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Figure 76. XRD patterns of g-CsNa synthesized (a) at various calcination

temperatures and (b) at 600 °C with various soaking times.

The XRD diffraction spectra of samples synthesized at various temperature were
shown in the Figure 76. The samples prepared up to 500 °C presented the similar XRD
diffraction patterns which were the characteristic diffraction peaks of g-CsN4 (JCPDS
Card No. 87-1526) without impurity phase. The diffraction peaks were detected at
around 13.1° and 27.4° which were corresponding to (100) and (002) plane of g-C3Na,
respectively. The first observed peak at 13.1° could be the attributes to in-plane
structural stacking motif [52, 54, 105]. For the strong diffraction peak at around 27.4°
was result of interplanar stacking of aromatic units [3, 52, 54, 106]. Further, the results
suggested that the characteristic peaks tended to shift to the higher 2-theta degree which
caused the enlargement of interplanar distance of both stacking motif and aromatic units.
However, XRD peak which tended to be (100) of sample prepared at 400 °C presented
shifting to the lower 2-theta. It could be indicated that at 400 °C could possibly be too
low to process polycondensation which resulted in formation of intermediate product
[107].
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4.2.1.2 Chemical Compositions

Figure 77 illustrates the functional group of g-CsNa4 synthesized at various
temperatures by using FTIR spectroscopy. All of synthesized samples demonstrated the
similar spectra patterns which presented the strong bands in the range of
1100-1750 cm™. The strong peaks observed at around 1241, 1319, 1411, and 1461 cm’
L were corresponding to the aromatic C-N stretching, whereas the C=N stretching could
be found at 1569 and 1650 cm™ [52-55]. Further, the separated strong peak investigated
at 810 cm™* was attributed to the breathing mode of s-triazine units. The broad bands at
3074-3321 cm* were assigned to N-H stretching and O-H stretching from adsorbed
H20 [51-55]. However, the C=0 stretching was observed at 1735 cm™ of g-C3Na
calcined at 400 °C. Moreover, the broad peaks in the range of 1100 -1750 cm™ and at
810 cm™ were presented in the sample calcined at this temperature.

The results suggested that the intermediate product could be observed from
calcination of urea at 400 °C confirmed by XRD diffraction pattern and C=0 stretching
which was assigned to isocyanic acid (HNCO). This would be the result of heating of
urea at around 370 — 400 °C, as presented in the equation 60 [108]. The calcination of
urea at higher temperature than 400 °C possibly resulted in g-CsN4 formation
completely. In addition, the sharper peaks observed from g-CsNa4 calcined at higher

temperature indicated the well rearrangement of CN units [54].

(NH2)2CO — HNCO + NHz(g) (60)
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Figure 77. FTIR patterns of g-CsNa synthesized at various temperatures.
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Figure 78. FTIR patterns of g-C3sNa synthesized at 600 °C with various soaking times.
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4.2.1.3 Morphological Structure

The morphology of synthesized g-CsN4 samples were investigated by TEM
images, as shown in Figure 79. The TEM image of g-C3sN4 calcined at 400 °C revealed
that the thin sheet and spherical shape particles were intermingled (Figure 79(a)). For
heating up to 500 °C, the spherical structure of g-C3sN4 was disappeared, whereas the
separated thin sheet with hexagonal shape was observed, as seen in Figure 79(b).
Further, a few pores could be found on the surface of g-CsNa calcined at this
temperature. Figure 79(c) demonstrates the TEM images of g-CsNs achieved from
calcination at 550 °C. The results indicated that the morphology of g-CsNa4tended to be
thinner after rising of calcination temperature. In addition, a few pores have a tendency
to be fused which resulted in enlargement of specific surface area of samples prepared
at higher temperature [52]. Consequently, the calcination of urea at 600 °C possibly
induced the structure of achieved g-CsN4 become thinner and fluffier, as illustrated in
Figure 79(d). Moreover, the comparative quantity of prepared g-CsN4samples with the

same weight of 0.1 g was shown in the

Figure 80. It could be noted that the volume of g-CsNa4 increased as calcination
temperature increased. Furthermore, the color of g-CsN4 become yellowish after

temperature increased to 500 °C.
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Figure 79. TEM images of g-CsNa prepared at (a) 400 °C, (b) 500 °C, (c) 550 °C, and
(c) 600 °C.

@ ® © ©

Figure 80. Photos of g-C3sN4 prepared at (a) 400 °C, (b) 500 °C, (c) 550 °C, and (c)
600 °C with the same weight of 0.1 g.
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4.2.1.4 Brunauer—-Emmett-Teller Surface Area and Porosity Analysis
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Figure 81. Nitrogen gas adsorption—desorption isotherm of g-CsN4 synthesized at

various calcination temperatures.

The nitrogen gas adsorption—desorption isotherm of prepared g-CsNs at various
calcination temperatures and soaking times were demonstrated in the Figure 81 and
Figure 82, respectively. The initial nitrogen gas adsorption—desorption isotherm graph
demonstrated the monolayer-multilayer adsorption which was presented as the
abbreviated figure in the Figure 81 and Figure 83. Likewise, the hysteresis loop could
be observed. Therefore, the adsorption—desorption isotherm of all prepared samples
were Type 1V isotherm corresponding to the mesoporous solid structure which could
be result of agglomeration. The BET surface area, average pore size, and maximum
pore volume of prepared samples were demonstrated in the Table 11. The sample
calcined at 400 °C has the lowest BET surface area, whereas the calcination temperature
which increased up to 600 °C could enlarge the BET surface area of g-CsNa for around
4.7 times. Furthermore, the maximum pore volume tended to increase as calcination
temperature increased which could be result from fusion of containing pores observed
at higher calcination temperature. The results suggested that polycondensation process
at high temperature up to 500 °C can effectively exfoliate and enlarge the surface area
of prepared g-CsNa.
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Figure 82. Nitrogen gas adsorption—desorption isotherm of g-CsNa4, 600 °C

at various soaking time.

Table 11 The BET surface area, adsorption average pore diameter, and maximum pore

volume of g-CsN4 prepared at various temperatures and soaking time.

Samples Adsorption average
(°C, soaking time) Seer (M°/g) pore diameter (nm)

400,4 h 21.12 5.427

500, 4 h 38.33 6.334

550,4 h 63.49 8.915

600, 4 h 103.27 7.685

600, 3 h 108.64 7.607

600, 2 h 104.00 7.879

600, 1 h 102.08 7.521
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In the case of g-CsNa calcined at 600 °C with various soaking times, the BET
surface inclined to increase as soaking time increase from 1 to 3 h. Nevertheless, BET
surface area of sample soaked at 4 h was slightly reduced. It could be implied that the
shrinkage of sheet structure of g-CsNa4tended to be observed after increase of soaking
time up to 4 h. Hence, after g-C3sN4 became fluffier, the high degree of agglomeration
would be obtained. As a result, the BET surface area of sample soaked at 4 h was lower

than that of sample soaked at 2 and 3 h.

4.2.1.5 Optoelectronic Properties
4.2.1.5.1 Ultraviolet Visible Near Infrared Spectrometer
(UV-VIS-NIR)

The band gap energy plays an important role in the light reactive regions of
photocatalysts materials. Therefore, the visible light responsive photocatalysts should
have the narrow band gap energy which can respond to the wavelength of light within
the range of 400-700 nm. Herein, the UV-VIS-NIR spectroscopy was adopted to
measure light absorption spectra of prepared g-CsNa4. Then, the band gap energy of

prepared photocatalysts were estimated through the Tauc's relationship.

According to the estimated band gap energy, it could be regarded that the rising
of calcination temperature possibly resulted in redshift in the absorption band edge of
prepared g-CsNa4, as seen in Figure 83. The Tauc's relationship of g-CsN4 calcined at
400, 500, 550, and 600 °C presented the approximated band gap energy of 2.92, 2.79,
2.76, and 2.82 eV, respectively. The results suggested that increase of calcination
temperature influenced the enhancement of visible light absorption performance.
However, the fluffy morphology and small size of g-C3N4 calcined at 600 °C tended to
cause the quantum confinement effect (QCE) [52, 109, 110]. Therefore, the band gap
energy of g-CsNa prepared at this temperature was higher than that of g-CsN4 calcined
at both 500 and 550 °C.
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Figure 83. (a) UV-NIR-Vis absorption spectra and (b) band gap energy estimated
through the Tauc's relationship of synthesized g-CsNa.

4.2.1.6 Photocatalytic Activities

The photocatalytic activity of prepared g-CsN4 were performed for rhodamine B
dye degradation efficiency under visible light irradiation with constant room
temperature. The visible light intensity of 120 mW/cm?was directly irradiated catalyst-
dye suspension composed of 0.05 g of catalysts and 10 ppm of rhodamine B.
Furthermore, rhodamine B dye solution without catalysts was tested to investigate
degradation under visible light irradiation. For the influence of soaking time on
photocatalytic activity, the soaking time of prepared samples synthesized at 600 °C
were extended to study at 1, 2, and 3 h.
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Figure 84. The rhodamine B dye degradation efficiency of prepared g-CsN4 via

various calcination temperatures and soaking times.
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efficiency of synthesized g-CsNa under visible light irradiation.

The photocatalytic activity of all synthesized g-CsN4 were shown in Figure 84.
The rhodamine B dye solution without catalysts exhibited stability under visible light
irradiation. For this reason, it could be implied that rhodamine B dye cannot degrade

by itself under UV irradiation. Therefore, removal of rhodamine B dye was the result
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of g-CsNa presented in the suspension. The photocatalytic performance focused under
irradiation for 10 min and dye adsorption efficiency were shown in the Table 12. In
accordance with the dye degradation results, DE% of g-CsNa which were calcined at
400 - 600 °C with soaking time of 4 h were 2.53, 16.01, 62.37, and 92.64 %,
respectively. The results suggested that dye degradation efficiency were depending on
increase of calcination temperature. This result was well agreed with increase of BET
surface area and DE%. In the case of g-CsN4 prepared at 600 °C with various soaking
times, the DE% of samples soaked at 1 to 3 presented 57.81, 60.29, and 81.10 %,

respectively.

For dye adsorption efficiency study, 0.05 g of synthesized g-CsNa4 was directly
mixed with 120 mL of rhodamine B (10 ppm). Before irradiation, the prepared samples
were test the adsorption-desorption equilibrium under the dark condition for 60 min.
The suspension was conducted under constant stirring through the experiment. Some
of the solution were remove every 10 min to measure the absorbance. The results
demonstrated that the maximum absorbance intensity tended to be steady after keeping
for 30 min. Therefore, the 30 min was mentioned as the adsorption-desorption
equilibrium point. The results suggested that g-CsNa4 calcined at higher temperature
tended to have higher values of DA%. In addition, soaking under longer time possibly
resulted in enhancement of dye adsorption efficiency (see Table 12). Figure 85
demonstrates the correlation between dye degradation efficiency (DE%) and dye
adsorption efficiency (DA%) of prepared g-CsN4. Both of DE% and DA% of prepared
g-CsN4 were increased as calcination temperature and soaking time increased. It could
be indicated that the development of microstructure of prepared g-CsNa was obviously
affected by thermal condensation process. The BET surface area which was developed
depending on increase of calcination temperature directly affected to the enhancement
of dye degradation efficiency. Although BET surface area of g-C3Nas soaked at 4 h was
lower than that of samples soaked at 2 and 3 h, the agglomeration of small and fluffy
structure of it tended to be well dispersed in dye solution with the highest g-CsN4
particles. Furthermore, the high dye adsorption ability could possibly promote the
improvement of dye degradation efficiency. As a result, g-CsNa calcined at 600 °C with

soaking time of 4 h presented the highest dye degradation efficiency.
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Table 12 The dye adsorption and dye degradation efficiency under visible light

irradiation for 10 min of g-C3Na synthesized at various temperatures and soaking times.

Sample (°C, h) DA% DE% k (10 min') R?
400 °C,4h 3.73 2.53 3.66 0.95
500 °C, 4 h 4.01 16.01 23.42 0.97
550 °C, 4 h 11.04 62.37 210.19 0.95
600 °C, 4 h 31.95 92.64 163.36 0.89
600 °C, 3 h 23.02 81.10 214.30 0.92
600 °C, 2 h 17.61 60.29 155.39 0.97
600 °C,1h 12.37 57.81 174.49 0.96

Rhodamine B 0.00 -0.84 -0.57 0.84

To further study of the photochemical stability, g-C3N4 calcined at 600 °C with
soaking time of 4 h was repeatedly performed under visible light irradiation for 30 min
under the same conditions. The reusability of synthesized g-CsNs for 4 cycles was
illustrated in the Figure 86. The results demonstrated that DE% of synthesized g-CsN4
was maintained nearly 100% after four cycles of photocatalytic reaction. Figure 87
presents the stability of the chemical function containing in the g-CsNa through the
FTIR spectra. The results showed that the FTIR spectra of g-CsNa4 after using in
rhodamine B dye degradation presented the similar patterns as the fresh g-CsNa. It could
be noted that g-CsNa4 calcined at 600 °C with soaking time of 4 h has the excellence
stability which was deserved to be used as high performance photocatalyst under visible

light irradiation.

In this research, the strong relation between calcination temperature, BET surface
area and photocatalytic performance were obviously observed. The increase of
calcination temperature could directly result in morphology change, whereas
calcination at temperature of 400 °C could not result in achieved pure g-CsN4. The
morphology of g-CsN4 calcined at 600 °C was turned into fluffier and relatively small
when it was compared to the samples achieved at lower calcination temperature.
Therefore, g-CsN4 calcined at higher temperature tended to have higher BET surface

area. The results suggested that the enlargement of BET surface area possibly
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influenced the enhancement of dye adsorption and degradation efficiency. However,
the calcination at temperature of 700 °C cannot achieved g-CsNa photocatalysts due to
the sublimation of urea.
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Figure 86. The rhodamine B dye degradation efficiency for four photocatalytic
reaction cycles of g-CsNa4 calcined at 600 °C, 4h.
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Figure 87. FTIR spectra of prepared g-C3sN4 before and after rhodamine B
degradation under visible light irradiation.
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4.3 Preparation of g-C3N4/Ag-TiO2 Composites

4.3.1 Study the Ratios of g-CsN4 to Ag-TiO2 on Photocatalytic Performance

One of the important properties of photocatalysts is the wide range of light
responsive region. Hence, the heterstructure method become one of the interesting
strategies to achieve the high performance photocatalysts which can be activated under
wide range of irradiation light. In this research, g-CsNs which possessed the high
photocatalytic performance under visible light irradiation was heterostructured with
UV-responsive Ag-TiO2 photocatalysts. The studied ratios of g-CsN4 to Ag-TiO2 were
1:1, 1:2, and 2:1, which were named as 1GCN:1ST, 1GCN:2ST, and 2GCN:1ST,
respectively. The synthesized g-CsN4/Ag-TiO2 photocatalysts were characterized by
XRD, FTIR, TEM, FE-SEM, BET, UV-VIS-NIR, XANES, XPS, and HPLC.
Furthermore, the correlations between relevant properties and photocatalytic

performance under visible light and UV irradiation were discussed.

4.3.1.1 Crystallographic Information
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Figure 88. The XRD diffraction patterns of prepared composites comparing to
Ag-TiOz2and g-CsNa.
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According to the XRD diffraction patterns of prepared Ag-TiOz2 illustrated in the
Figure 63, the characteristic spectra of Ag was not observed in the Ag-TiO2 with 2 wt.%
of Ag loading. As can be seen in the Figure 88, the characteristic peaks of prepared
composites with various ratios of g-CsN4 to Ag-TiO2 were presented. The results
demonstrated the characteristic diffraction peaks of anatase phase at 25.3° (101), 36.9°
(004), 48.1° (200), 53.9° (105), and 55.1° (211) which could be confirmed by JCPDS
card No.21-1272 [88] for all of prepared composites. The diffraction pattern of g-CsNa
with tri-s-triazine-based g-C3sN4 was investigated in only the 2GCN:1ST photocatalysts.
The results suggested that, the amount of Ag loading, ratio of g-CsN4 to Ag-TiO2, and
the crystallinity of each component tended to affect the appearance of XRD diffraction
pattern. Therefore, it could be noted that the diffraction pattern of g-C3sN4 was absence

in composites due to the low ratio within the composite.

4.3.1.2 Chemical compositions
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Figure 89. The FTIR spectra of prepared composites, Ag-TiOz, and g-CsNa.
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Figure 89 shows the FTIR spectra of prepared composites comparing to the
synthesized Ag-TiO2 and g-CsNa. For g-CsNa4, the absorbance peaks observed at 1569
and 1650 cm™ were attributed to the C=N stretching mode. The absorbance bands
located at between 1241 and 1461 cm™ were corresponding to the aromatic C-N
stretching mode, whereas the absorbance peak at 810 cm™ demonstrated the triazine
ring within the g-CsNa structure. In the case of Ag-TiOz2, the absorbance peaks observed
at 517 and 671 cm™ were used to confirm the Ti-O-Ti. For prepared composites, the
groups of absorbance bands of g-CsN4 and Ag-TiO2 were found at the same positions.
Moreover, the absorbance peaks of Ti-O-Ti was clearly investigated in only 1GCN:2ST,
which included the highest ratio of Ag-TiOz.

4.3.1.3 Morphological Structure

@

Figure 90. TEM images of prepared photocatalysts (a) Ag-TiOz (2-ST), (b) g-CsNa,
(c) 1GCN:1ST, (d) 1GCN:2ST, (e) 2GCN:1ST and
(F) the overall particle distribution of 2GCN:1ST.
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Figure 90 presents the TEM images of prepared Ag-TiO2 (2-ST), g-CsN4, and
composites with various ratios of g-CsNa4 to Ag-TiO2. For all of TEM images, some of
the Ag-TiO:2 particles were observed under envelopment of g-CsNa4 sheets (see Figure
90(c)-(e). However, Ag nanoparticles rarely deposited on anatase surface were
observed after heterojunction with the g-CsNa. In order to investigate the distribution
of g-CsN4 and Ag-TiO2 within 2GCN:1ST, the magnification was reduced to around
20,000X, as shown in the Figure 90(f). The results demonstrated that the agglomerated
Ag-TiO2 tended to distribute over the fluffy structure of g-CsN4. Moreover, the wide
range of particle size distribution of prepared Ag-TiO2 was clearly observed.

For investigation of d-spacing of Ag nanoparticle and adjacent anatase, the JEM-
2100F Field Emission Electron Microscope was applied. Figure 91 presents the HR-
TEM image of prepared g-C3sN4/Ag-TiO2 which was focusing on the Ag nanoparticle.
The results suggested that the characteristic d-spacing of Ag was 0.23 nm which was
corresponding to the (111) plan, whereas the d-spacing of (200) was 0.21 nm. In the
case of anatase, the estimated d-spacing was 0.24 nm identified as (004) of anatase.
Moreover, the EDS spectra, demonstrated in the Figure 92, can be used to confirm the

existance of Ag after heterostructure construction.

0.24 nn

Anatase (094)° :

0.23 nm
Ag (111)

K

Figure 91. HR-TEM image of g-CsN4/Ag-TiOz2 focusing on the Ag nanoparticles.
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Figure 92. EDS spectra of g-CsN4/Ag-TiO2 focusing on the Ag nanoparticles.

To investigate the 3D structure of prepared 2GCN:1ST composites, the FE-SEM
(SU8230, Hitachi High Tec.) with 3.0 kV, 200,000X was applied, as shown in the
Figure 93. The results demonstrated that the morphology of g-CsN4 appeared as the thin

membrane adhering to the agglomerated Ag-TiOz.

Figure 93. FE-SEM image of 2GCN:1ST (g-C3N4/Ag-TiO2) composites.
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Figure 94. The N2 adsorption-desorption isotherm plots with BET surface area linear
plots of prepared Ag-TiOz, g-CsN4/Ag-TiOz2 (2:1), and g-CsNa.

One of the significant properties which affects to the photocatalytic performance
is surface area of photocatalyst materials. The large surface area can possibly develop
not only the adsorption ability, but also the reactive side area for photocatalysis reaction.
Herein, the BET surface area and porosity analysis was adopted to investigate the

surface area of prepared photocatalysts.

Figure 94 presents the Nz adsorption-desorption isotherm plots of prepared
photocatalysts. As prepared photocatalysts demonstrated the adsorption-desorption
isotherm of type IV with hysteresis loops found at high relative pressure (P/Po).
Therefore, the results suggested that the prepared photocatalysts possessed the
mesoporous structure [111, 112] which could be caused by agglomeration of particles.
Further, the slope of BET surface area linear plots illustrated as the abbreviation figure
within the Figure 94 tended to be decrease as BET surface area increased. The BET
surface area results of prepared Ag-TiO2, 2GCN:1ST, and g-CsNswere 8.14, 30.13 and
103.27 m?/g, respectively. The results suggested that the lowest surface area of prepared
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photocatalysts was obtained from Ag-TiOz2. On the other hands, the highest surface area
photocatalysts prepared in this research was g-CsNa. Furthermore, it could be noted that
the prepared Ag-TiO2 possibly be enlarged its surface area by combination with the

high surface area materials as g-CsNa.

4.3.1.5 Optoelectronic Properties
4.3.1.5.1 Ultraviolet Visible Near Infrared Spectrometer
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Figure 95. The UV-VIS-NIR spectra of prepared composites comparing with Ag-
TiO2 and g-CsNa.
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As illustrated in the Figure 95, the estimated band gap energy of 1GCN:1ST,
1GCN:2ST, and 2GCN:1ST were 2.65, 2.74, and 2.64, respectively. According to the
band gap energy of Ag-TiO2(3.02 eV) and g-CsN4 (2.82 eV), the estimated band gap
energy of prepared g-CsN4/Ag-TiO2 tended to be reduced after heterostructured
preparation. The results indicated that the band gap energy of prepared composites were
lower than that of single phase of both Ag-TiO2 and g-CsNa. Furthermore, the high
ratios of Ag-TiOz2 in the composites could possibly result in increase of estimated band
gap energy. Therefore, it could be noted that the band gap energy of all prepared
composites and g-CsN4 were suitable to be activated under visible light irradiation. In

contrast, only UV radiation can be used for activating the Ag-TiOz.

4.3.1.5.2 X-ray absorption near edge structure (XANES)
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Figure 96. XANES spectra for oxidation state investigation of prepared composite.

In the case of investigation of Ag oxidation state, the XANES analysis with the
fluorescence mode was applied. As demonstrated in the Figure 96, the normalized
absorption of XANES spectra of prepared Ag-TiO2 and g-CsN4/Ag-TiO2 were
presented. Herein, to study the influence of g-CsN4 to Ag-TiOz ratio on the obtained
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Ag species, the 3 to 1 named as 3GCN:1ST was added to the experiment. In addition,
the 1GCN:1ST composite was prepared without acid treatment (named as No acid
treatment) in order to study the effect of acidic condition on the Ag species. The
characteristic absorption peaks of Ag metallic foil with zero oxidation state at 3,376 eV
and 3,397 eV were investigated from all of prepared photocatalysts. Hence, one of the
main Ag species could possibly be Ag®. Moreover, the pre-edge peak located at around
3,353 eV for identification of the existing of Ag™ were observed [72, 113, 114]. In
addition, the intensity of pre-edge peak at 3,353 eV of Ag* of prepared samples tended
to increase as ratio of g-CsNa4 increased. For the characteristic shoulder of metallic Ag
at 3,376 and 3,397 eV, the spectra intensity were obviously reduced depending on
increase of g-CsN4 ratios. As a result, the Ag species of prepared g-CsN4/Ag-TiO2
composites photocatysts were mixed with Ag® and Ag" species. In the case of
quantitatively study of investigated Ag species, the linear combination fit (LCF) had

been done by using Athena software.

Table 13 The quantitative analysis of Ag species in as prepared photocatalysts

investigated through the linear combination fit (LCF).

Sample Ag® (Wt.%) Ag* (wt.2%) Ag?*(wt.%) R-factor
2 Wt.% Ag loading (2-ST) 100 0 0 -

No acid treatment 52.3 47.7 - 0.001
1GCN:1ST 48.8 51.2 0 0.003
1GCN:2ST 68.2 31.8 0 0.001
2GCN:1ST 40.5 59.5 0 0.003
3GCN:1ST 4.1 95.9 0.004

As can be seen in the Table 13, the amount of Ag species existing in the prepared
photocatalysts were demonstrated with very low values of R-factor (lower than 0.005),
presented the reliability of fitting and accuracy. The results showed that the Ag-TiO2

contained 100 wt.% of metallic Ag with zero oxidation state as expected.
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For as prepared g-CsN4/Ag-TiO2 composites, the amount of Ag* within the 1IGCN:1ST,
1GCN:2ST, 2GCN:1ST, and 3GCN:1ST were 51.2, 31.8, 59.5, and 95.9 wt.%,
respectively. Another Ag species was Ag°, whereas Ag?* was not observed in this
experiment. For prepared composites without acid treatment, the estimated amount of
AgP and Ag* were 52.3 and 47.7 wt.%, respectively. The results suggested that although
there was no acid treatment, the Ag* could be observed with high ratio compared to the
Ag°. However, the amount of Ag* of prepared 1GCN:1ST without acid treatment was
lower than that of LGCN:1ST with acid treatment. Hence, the acid treatment process
could possibly promote the oxidation state change of Ag from AgP to Ag* through the
oxidation reaction. Furthermore, the amount of Ag* tended to increase following the
increase of g-CsNg4 ratios. The investigated absorption peak intensities of 3,353 eV at
pre-edge peak of prepared composites were increased upon the ratio of g-CsNs
increased. These results could be confirmed by the linear combination fit (LCF) results.
It could be noted that the Ag ions presented the tendency of preferred bond with N
within g-CsN4 [113] resulted in increase of Ag* after heterojunction with g-CsNa.

In addition, in this research, the XANES spectra were not only used for estimation
of amount and oxidation state of achieved Ag, but also applied for investigation of
electronic density of the unoccupied states near the Fermi level of Ag. The absorption
edge presented at the energy of 3,351 eV can be referred to the electronic transition of
2ps2 = 5s-4d hybridized orbitals. The electronic transition observed in this energy
position could possibly be the attributed to unoccupied states 5s-4d. However, the node
at 3,351 eV was absent in Ag-TiO2 because the Ag 4d band was almost full [115, 116].
Furthermore, this results could indicate that nano-sized characteristics of Ag-clusters
which deposited on the anatase surface [11]. For the Ag species with oxidation state of
+1, the pre-edge absorption peak was shifted to higher photon energy investigated at
around 3,353 eV. The increase of pre-edge peak intensities were obviously related to
the amount of existing of Ag™ which were caused by the high performance in electronic

transition of excited electrons to unoccupied states.
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4.3.1.5.3 X-ray photoelectron spectroscopy (XPS)

Herein, the XPS spectra of chemical surface of prepared photocatalysts were
analyzed by XPS JPS-9010 TR, JEOL with Mg K. (with photon radiation of energy
1,253.6 eV) as the X-ray light source. Before XPS analysis, prepared samples were
sputter coated with gold for 3 s to be used as reference for charge correction. In this
research, the XPS analysis can investigate the depth profiling of prepared
photocatalysts within a few nanometer. As can be seen in the wide scan XPS spectra
(see Figure 97(a)), the Ti, Ag, Au, O, C, and N were found as surface elements of

prepared Ag-TiOz photocatalysts, whereas In was the sample substrate.

Figure 97(b)-(f) presents the chemical surface investigated by XPS spectra of
prepared Ag-TiO2 photocatalysts. The C 1s spectra demonstrates the main peak at 284.3
eV which corresponding to the C-C coordination of sp? carbon within the PVP structure
which tended to be remaining in the prepared sample with small amount, as agreed with
estimated atomic%. Furthermore, the other possible peak positions investigated within
the C 1s spectra were 284.2 to 285.8, 287.3, 289.1, and 292.9 eV which were attributed
to C-C, C=0, C-N, and n—=* transitions, respectively [117-120]. For Ag 3d, the two
distinct peaks were observed at binding energy of 367.5 and 373.5 eV with a 6.0 eV of
spin-orbit splitting which corresponding to the Ag 3ds2 and Ag 3dss2, respectively. In
this case, to specify the chemical state of Ag tended to be difficult to interpret by using
only binding energy. Therefore, the association between kinetic energy of Ag Auger

electrons and binding energy would be discussed.

In order to investigate the chemical species of Ag deposited on surface of as
prepared photocatalysts, the relationship between kinetic energy and binding energy of
the Ag Auger electron was considered at Ag M4VV, as demonstrated in the Figure 98.
The binding energy of this Auger peak was observed at 895.5 eV which is the
characteristic peak of metallic Ag with zero oxidation state. Therefore, the species of
Ag nanoparticles which were deposited on the TiO2 surface were metallic silver. The

results were well agreed with the XANES analysis results.
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Figure 97. XPS survey spectra of chemical surface of prepared Ag-TiO2 (a) wide
scan, (b) C 1s, (c) Ag 3d, (d) N 1s, (e) Ti 2p, and (f) O 1s.
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Figure 98. XPS spectra focused on the Auger peak positions at MsVV of Ag obtained
from Ag-TiOo.

In the case of N 1s, the possible XPS peak was investigated at 399.7 eV which
referred to the N-C=0 [121, 122]. The chemical bond tended to be obtained from the
PVP which was used as binding substance in the Ag-TiO2 preparation process. The
XPS spectra of Ti 2p can be separated into two peaks observed at 458.7 and 464.4 eV
with the spin orbit splitting energy of 5.7 eV which were corresponding to the Ti 2ps2
and the Ti 2pus, respectively. This binding energy can be used to confirm the existing
of Ti** state within TiO2 (anatase) [6]. For O 1s, the main peak of XPS spectra were
presented at 530.0 eV which associated with the Ti-O. Moreover, the two possible
peaks located at 531.0 and 531.9 eV tended to be the C=0O within the PVP binding
substance and the absorbed hydroxyl group on the sample surface as OH", respectively.
The results suggested that as prepared samples composed of possible elemental surface

as expected.
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Figure 99. XPS survey spectra of chemical surface of prepared g-CsN4/Ag-TiOz2 (a)
wide scan, (b) C 1s, (c) Ag 3d, (d) N 1s, (e) Ti 2p, and (f) O 1s.

For the chemical surface analysis of prepared g-C3sN4/Ag-TiO2, the XPS spectra
were shown in the Figure 99. According to the wide scan XPS spectra, all the expected
elements were observed, whereas the S was investigated due to the acid treatment by

using H2SOa.
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The C 1s reveals the chemical bonding of C-C, C-C, C=0, and N-C=N which were
corresponding to the 284.4, 285.6, 287.5, and 288.5 eV, respectively [6, 120, 122]. The
N-C=N tended to be contributed by g-CsN4, as well agreed with FTIR results.
Furthermore, the C=0 possibly be found due to the existing of PVP, whereas the C-C
can be regularly in both PVP and g-C3aNa. In the case of Ag 3d corresponding to Ag°,
the binding energy (BE) of 3ds2 and 3ds2 could possibly be identified at 367.8 and
373.8 eV, respectively. The spin energy was 6 eV which can be used to confirm the
existing of Ag species on the surface of prepared photocatalysts. Furthermore, the BE
of Agz20 tended to be placed at 367.2 and 373.2 eV which were attributed to Ag* 3dsi2

and 3ds2, respectively.

However, the specification of Ag species tended to be well understand by
applying the kinetic energy of Auger electron (Ag MsVV). As can be seen in the Figure
100, the Ag M4VV peak was presented at approximated BE of 896.8 eV. The results
suggested that the species of Ag was Ag™.
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Figure 100. XPS spectra focused on the Auger peak positions at MsVV of Ag
obtained from g-C3sN4/Ag-TiOz.
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Hence, the results suggested that the XPS analysis results were well supported
through interpretation by XANES analysis. The deconvoluted N 1s spectra presents
three possible peaks within the same region. The investigated BE were 398.3, 399.4,
and 400.8 eV, which were attributed to C=N-C, N-(C)s, and C=N, respectively [7, 25].
The C=N-C was corresponding to the sp? hybridization of triazine ring in the g-CsNa4
with tri-s-triazine based structure [6, 122]. The XPS spectra of Ti 2p presents the two
distinct peaks within the BE regions of 455 - 470 eV. The existing of Ti** from TiO2
were investigated at 459.1 and 464.9 eV which were corresponding to 2ps;z and 2pi
with spin orbit splitting of 5.8 eV. Moreover, the possible peaks were located at the BE
of 458.0 (2p3r2) and 463.8 eV (2p12) which attributed to the existing of Ti**[123, 124].
The results suggested that TiO2 tended to dissolve in the high concentration of H2SOa.
Furthermore, the Hz was possibly be released due to the high concentration of H* which
resulted in the reduction of Ti*" to Ti* [125]. Therefore, the XPS spectra peaks of Ti%*
were observed. The narrow scan XPS spectra of O 1s presented the possible four
decovoluted peaks at BE of 528.8, 529.4, 530.5, 531.6, and 532.6 eV which
corresponding to O in Ag20, Ti**-O, Ti**-O, C=0, and absorbed Oz or OH" on the
surface, respectively [124, 126].

4.3.1.6 Photocatalytic Activities

In order to study the effect of preparation conditions on the photocatalytic activity,
the g-CsN4/Ag-TiO2 photocatalyts were prepared through the additional conditions.
Firstly, the heterostructured photocatalysts 1GCN:1ST prepared without using H2SO4
for acid treatment was named as No acid treatment. Secondly, the g-C3sN4 powder was
directly mixed with Ag-TiO2 was named as Directly mixed. These additional prepared
samples were studied the photocatalytic activity compared to the 1GCN:1ST which was
prepared via the heterostructure method proposed in this research. The photocalytic
activity study was performed under visible light irradiation by using the same

photocatalytic activity study conditions as previous sections. The photocatalytic

activity results were presented in the relationship of C/Co and the pseudo first-order
kinetics plots, as shown in the Figure 101 (a) and (b), respectively. The dye degradation
efficiency results were shown in Table 14. The dye degradation performance (DE%) of
1GCN:1ST, No acid treatment, and Directly mixed were 90.41, 51.73, and 47.54%,
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respectively. The results demonstrated that as prepared g-CsN4/Ag-TiO2 photocatalyts
(1GCN:1ST) expressed the highest photocatalytic performance. Furthermore, the acid
treatment tended to play an important role in enhancement of photocatalytic activity.

Consequently, the preparation of heterostructured photocatalysts reported in
this research could possibly be used as effective photocatalysts materials. Hence, the
optimal ratio for prepared high performance UV-visible light responsive g-CsN4/Ag-
TiO2 photocatalyts were further studied.
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Figure 101. The rhodamine B dye degradation efficiency under visible light

irradiation of composites prepared with various conditions.
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Table 14 The rhodamine B dye degradation efficiency (DE%) under visible light

irradiation for 30 min of prepared photocatalysts.

Sample DE% k (10 mint) R?
1GCN:1ST 90.41 75.91 0.978
No acid treatment 51.73 24.74 0.984
Directly mixed 47.54 21.75 0.968
25 25
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Figure 102. The absorbance spectra of rhodamine B dye under UV irradiation in the
presence of (a) g-CsNa, (b) Ag-TiOz, and (c) g-CsN4/AgTiO:s.
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Figure 103. The rhodamine B dye degradation efficiency under UV irradiation of
prepared composites compared to the g-CsN4 and Ag-TiOo.

Table 15 The rhodamine B dye degradation efficiency (DE%) under UV irradiation
for 60 min of prepared photocatalysts.

Sample DE% k (10 min?) R?
GCN (g-C3Na) 29.48 6.12 0.95
1GCN:1ST 80.68 27.63 0.99
1GCN:2ST 93.80 4411 0.99
2GCN:1ST 95.01 50.04 0.99
3GCN:1ST 93.37 47.55 0.98
4GCN:1ST 85.13 30.04 0.99
ST (Ag-TiO2) 98.52 74.29 0.99

Under UV irradiation, 0.05 g of as prepared g-CsN4/Ag-TiO2 were dispersed in
120 ml of 10 mg/L rhodamine B dye solution. The photocatalytic activity of prepared
composites were studied comparing to the single components of prepared g-CsN4 and
Ag-TiO2. For more evidential confirmation of photocatalytic activity results of prepared
composites, the ratio of g-CsN4 to Ag-TiO2 were extended to study at 3:1, named as
3GCN:1ST, and 4:1, named as 4GCN:1ST. The absorbance spectra of rhodamine B dye
in the presence of prepared g-C3Ns, Ag-TiO2, and 2GCN:1ST under UV irradiation
were shown in the Figure 102 (a), (b), and (c), respectively. The dye degradation
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efficiency were presented in the relationship of C/Co and irradiation time (min), as
shown in the Figure 103. As prepared g-CsNa4 performed 29.48% in rhodamine B dye
degradation which was the lowest dye degradation efficiency within 60 min, whereas
Ag-TiO2 can degrade rhodamine B for around 98.52% which was the highest
photocatalytic activity studied within the equal times. The results demonstrated that
although the prepared g-CsN4 demonstrated high performance in rhodamine B dye
adsorption, the dye degradation efficiency under UV irradiation was obviously very
low because of narrow band gap energy to be activated under UV. For the prepared
composites, the dye degradation efficiency within 60 min of 1GCN:1ST, 1GCN:2ST,
2GCN:1ST, 3GCN:1ST, and 4GCN:1ST were 80.68, 93.80, 95.01, 93.62, and 85.13 %,
respectively, as shown in the

Table 15. The results suggested that the photocatalytic efficiency tended to decrease as
the ratio of g-CsN4 increased. Among the studied heterostructured composites, the
prepared g-CsNa/Ag-TiO2 with the ratio of 2 of g-CsN4 to 1 of Ag-TiOz2 presented the
highest photocatalytic efficiency.
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Figure 104. The absorbance spectra of rhodamine B dye under visible light

irradiation in the presence of (a) g-CsN4, (b) Ag-TiOz, and (c) g-CsN4/AgTiOz.
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Figure 105. The rhodamine B dye degradation efficiency under visible light

irradiation of prepared composites compared to the g-CsNa4 and Ag-TiOo.

Table 16 The rhodamine B dye degradation efficiency (DE%) under visible

irradiation for 10 min of prepared photocatalysts.
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Sample DE% k (10 min) R?
GCN (g-CaNa) 92.64 163.36 0.89
1GCN:1ST 46.19 75.911 0.98
1GCN:2ST 43.12 80.41 0.97
2GCN:1ST 98.13 134.22 0.58
3GCN:1ST 55.80 100.39 0.97
4GCN:1ST 56.99 136.37 0.97
ST (Ag-TiO2) 1.93 -0.48 0.06

Under visible light irradiation, the absorbance spectra of rhodamine B dye in the
presence of g-CsNas, Ag-TiO2 and 2GCN:1ST were illustrated in the Figure 104(a), (b),

and (c), respectively. The relative dye concentration (C/Co) vs. irradiation time was

shown in the Figure 105. The results showed that Ag-TiO2 presented plentifully dye

degradation performance under visible light irradiation. The estimated rhodamine B
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dye degradation efficiency within 15 min of g-CsN4, 1GCN:1ST, 1GCN:2ST,
2GCN:1ST, 3GCN:1ST, and 4GCN:1ST were 92.67, 46.19, 43.12, 98.13, 55.80, and
56.99 %, respectively, as shown in the Table 16. The results suggested that as prepared
g-CsN4/Ag-TiO2 composites with the ratio of 2 to 1 presented the high photocatalytic
efficiency under both UV and visible light irradiation. Therefore, it could be noted that
the optimum ratio of g-CsN4 to Ag-TiO2 for synthesis the superior photocatalytic

performance materials was 2 to 1.

Base on the above results, as prepared Ag-TiO2 plays an important role in
enhancement of UV light harvesting ability. The results suggested that while prepared
g-CsN4/Ag-TiO2 was being irradiated by UV, g-CsNa could possibly act as charge
separation center to prolong photogenerated electrons life times. On the other hand, the
g-CsNas which has narrow band gap energy presented as the major component for visible
light response of prepared heterostructured composites, the Ag-TiO2 would be
considered as electron acceptor. Hence, it could be worthy noted that g-CsN4/Ag-TiO2
can be the high performance photocatalysts which can be applied under both UV and
visible light irradiation. Further, the important roles of g-CsNa in prepared composites
were not only enhancement of visible light responsive properties, but also increase of
the transportation of photogenerated charge carriers and chemical adsorption ability due

to adjacent surface to Ag-TiOs2.
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Figure 106. The rhodamine B dye degradation efficiency for four photocatalytic
cycles of 2GCN:1ST tested at 60 min under visible light irradiation.
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Figure 107. The FTIR spectra of fresh prepared composite (2GCN:1ST) comparing to
4™ used composite.
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Figure 108. XANES spectra of prepared composites both before and after 4 reaction

cycles comparing to the Ag foil.

Table 17 The quantitative analysis of Ag species in 2GCN:1ST before and after
photocatalysis reaction investigated through the linear combination fit (LCF).

Sample No. of Cycles Ag° (wt.%) Ag* (wt.2%6) Ag?*(wt.%) R-factor

_ 0 100 0 0 -
ST (Ag-TiO2)
1 100 0 0 -
0 44.4 55.6 0 0.005
2GCN:1ST 1 12.5 875 0 0.006
4 8.3 91.7 0 0.006

Herein, the reusing ability of prepared heterostructured composite 2GCN:1ST
was studied for 4 photocatalytic reaction cycles under visible light irradiation. Each
cycle was irradiated for 60 min. As presented in the Figure 106, the rhodamine B dye
degradation efficiency of prepared g-C3N4/Ag-TiO2 composite can be maintained up to
99% for 3 cycles, then the DE% dropped to 75.04%. For the chemical stability
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investigated by FTIR, all of the sharp absorption peaks became broader after using for

4 cycles, as seen in the Figure 107.

Figure 108 illustrates the XANES spectra of 2GCN:1ST after photocatalysis. In
the case of oxidation state of Ag existed in the composites after recycles test, the
intensities of absorption peak at around 3,353 eV were increased after rhodamine B dye
degradation. In contrast, the characteristic absorption peaks of metallic Ag at 3,376 and
3,397 eV tended to be broader after 1 and 4 cycles use. Table 17 demonstrates the
estimated amount of Ag species (wt.%) change containing in the 2GCN:1ST after
photocatalysis reaction compared to Ag-TiO2 with 2 wt.% of Ag loading named as (ST).
The results showed that Ag® species within ST sample remained 100 wt.% after the 1%
cycle used. For 2GCN:1ST, a number of Ag* was increased to 87.5 wt.% after the 1%

reaction cycle, then it was slightly increased to 91.7 wt.% after the 4 reaction cycle.

The results suggested that the amount of Ag* were obviously increased after
photocatalysis. The Ag nanoparticles tended to be oxidized by Oz molecules within the
solution [42].

The possibly reaction to achieve Ag* was presented in the following:

Oxidation: 4AQs) — 4AQT + de (61)
Reduction: Oz(g) + 48" — 207 (62)
Oxidation-reduction: 4Ag(s) + Oz — 2A220¢s) (63)

Furthermore, the CI", which came from the chemical composition of rhodamine
B (C28H31CIN203), could possibly induce formation of Ag* species. Hence, the amount
of Ag" were increased after photocatalysis. According to the photo-switching
mechanism, the Ag* tended to be obtained after irradiation of Ag® by visible light.
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Figure 109. Chromatograms of rhodamine B dye with injection volume of (a) 5 pl

and (b 50 pl, and in the presence of (c) g-CsNa4 with (d) its enlargement scales and

(e) 2GCN:1ST with (f) its enlargement scales after visible light irradiation.

In order to investigate the final concentration of rhodamine B after photocatalysis

reaction, the HPLC analysis was applied. As can be seen in the Figure 109, the

chromatograms of 10 ppm of rhodamine B dye solution and in the presence of prepared

g-CsNs and composites were presented. The Figure 109(a) shows the 10 ppm of

rhodamine B dye solution with injection volume of 5 pl. The absorption peaks were

observed at 1.817, 4.092 and 4.664 min of the retention time. However, after increasing

of injection volume of rhodamine B dye solution to 50 pl (see Figure 109(b)), the

interference impurity absorption peak was found at 2.028 min, whereas the other main

peaks presented slightly shift to 2.018, 4.021, and 4.559 min. The area of maximum

absorption peak observed at 4.559 min was 91.1086 %area.
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The dye solution after photocatalysis reaction by using g-CsN4 under visible light
irradiation for 30 min and its enlargement scales with 100 pl of injection volume
compared to the initial 10 ppm rhodamine B dye solution were shown in the Figure
109(c) and (d), respectively. The results showed that the interference impurity
absorption peaks were observed at the similar retention time to the initial rhodamine B
dye solution. Further, the characteristic peak of rhodamine B was found at 4.757 min
with very low intensity with 0.9965 %area. In the case of dye solution after photocalysis
reaction in the presence of prepared composites, the absorption peaks were similar to
g-CsNs which was used as photocatalysts, as shown in the Figure 109(e) and (f).
Moreover, the characteristic peak of rhodamine B was found at 4.872 min of retention
time with 0.5177 %area. The results suggested that the concentration of rhodamine B
dye solution was obviously decreased after photocatalysis reaction. It was worthy noted
that as prepared composite can obviously degrade 10 ppm of rhodamine B solution

under visible light irradiation with high performance.

4.3.2 Study of the Efficiency in Anionic and Cationic Dye Degradation of
Prepared g-C3sN4/Ag-TiO2 Composites
4.3.2.1 Zeta Potential Measurement

In this research, pH of both rhodamine B and methyl orange dye solution in the
presence of prepared photocatalysts were similar to the pH of DI water in the presence
of the same photocatalysis (see Table 18). Herein, the zeta potential of prepared g-CsNa,
Ag-TiO2, and composites dispersed in DI water was conducted by MALVERN
Zetasizer Nano ZSP without pH adjustment. The pH measurement results of prepared
g-CsNas, Ag-TiO2, and heterostructured composites dispersed in DI water were 6.50,
6.79, and 2.98, respectively. As shown in the Table 18, the zeta potential of prepared
g-CsN4, Ag-TiO2, and composites in DI water were -27.67, -32.67, and 15.70 mV,

respectively. The results suggested that the relative surface charge of both g-C3sN4 and
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Ag-TiO2could possibly be implied as negative charge, whereas the prepared composite
possessed the positive surface charge when exposing to the dye solution. Furthermore,
the highly zeta potential values of prepared photocatalysts tended to influence the

stability property within the suspension system.

Table 18 The measurement of pH and zeta potential of prepared g-CsNs, Ag-TiOz,
and composites.

pH of suspension Zeta potential
Samples )
RhB MO Dl water  (mV) in DI water
DI water 6.10 6.22 6.04 -
g-CsNas 6.60 6.54 6.50 -27.67
Ag-TiO 6.86 6.82 6.79 -32.67
g-CsN4/Ag-TiO2 3.08 2.97 2.98 15.7

4.3.2.2 Photocatalytic Activities

For the photocatalytic activity study, rhodamine B and methyl orange dye with
the same concentration were used as the representative of cationic and anionic pollutant,
respectively. Herein, the performance in dye degradation of prepared photocatalysts
were studied under both UV and visible light irradiation. For under UV irradiation, the
Ag-TiO2was compared the cationic/anionic dye degradation efficiency to as prepared
heterostructured photocatalysts. On the other hand, the g-CsN4 which was synthesized
through the optimal conditions was chosen to compare to the prepared heterostructured

photocatalysts under visible light irradiation.
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Figure 110. Photocatalytic activity of prepared photocatalysts in rhodamine B and

methyl orange dye degradation under UV irradiation.
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Figure 111. Dye concentration and color change in the presence of prepared

photocatalysts upon irradiation times under UV irradiation.

Table 19 The rhodamine B and methyl orange dye degradation efficiency (DE%)
under UV irradiation for 30 min of prepared photocatalysts.
Sample DE% K,30 min (10 min?)
Ag-TiOz, MO 51.25 24.885
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g-CaN4/Ag-TiO2, MO 62.32 19.043
Ag-TiO2, RhB 90.77 75.271
g-CsNs, RhB 36.04 4.3655
g-CaN4/Ag-TiO2, RhB 80.91 44.216

Under UV irradiation for 30 min, prepared g-CsNa4 rarely degraded rhodamine B
dye since the band gap energy was not suitable for UV irradiation. The Ag-TiO2 used
as photocatalysts presented the highest DE% in rhodamine B degradation, whereas the
DE% was decreased to 51.25% in methyl orange degradation. In the case of using
prepared g-CsN4/Ag-TiO2 composites, the rhodamine B and methyl orange degradation
efficiency were 80.91 % and 62.32 % which obviously high, as shown in theTable 19.
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Figure 112. Photocatalytic activity of prepared photocatalysts in rhodamine B and

methyl orange dye degradation under visible light irradiation.
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Figure 113. Dye concentration and color change in the presence of prepared

photocatalysts upon irradiation times under visible light irradiation.

Table 20 The rhodamine B and methyl orange dye degradation efficiency (DE%)
under visible light irradiation for 15 min of prepared photocatalysts.

Sample DE% K,15 min (107 min?)
g-CsN4, MO 2.77 0.6469
g-CaNa/Ag-TiO2, MO 65.71 49.210
Ag-TiO2, RhB 3.66 -1.4169
g-CsN4, RhB 98.81 274.17
g-C3N4/Ag-TiO2, RhB 99.74 369.92

Under visible light irradiation for 15 min, as prepared Ag-TiO: hardly degraded
rhodamine B dye within the short time under visible light irradiation. For g-CsNa
photocatalysts, the rhodamine B dye degradation efficiency was very high (DE% =
98.81), whereas the performance in anionic methyl orange dye degradation was
obviously decreased to 2.77%. Otherwise, the prepared g-CsN4/Ag-TiO2 composite
presented the high photocatalytic performance in both cationic rhodamine B (DE% =

99.74) and anionic methyl orange dye (DE% = 65.71) degradation within only 15 min.
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According to the surface charage analysis results, the zeta potential of
g-CsNa dispersed in DI water was reported as negative charge [3], same as Ag-TiOa.
Hence, the surface charge of prepared g-CsNa4 and Ag-TiOz were possibly the same as
methyl orange dye. In addition, the reduction photocatalytic performance in methyl
orange degradation tended to be influenced by the repulsive force between the negative
surface charge and anionic methyl orange charge. Conversely, the cationic rhodamine
B dye could be effectively absorbed on the negative surface charge of prepared g-CsN4
and Ag-TiOz via the electronic attraction [62]. Thus, the dye adsorption ability and
photocatalytic performance were significantly increased in the case of using rhodamine
B as the representative organic pollutants. In the case of prepared composite
photocatalysts, due to the preparation through the acid treatment, the g-CsN4/Ag-TiO2
possessed positively charge which was opposite to the anionic methyl orange.
Therefore, the positive surface charge of prepared composites tended to increase the
attractive force between surface of photocatalysts and anionic dye. Moreover, since the
different molecular structure of rhodamine B and methyl orange, the dye degradation
efficiency could possibly be different. For acidic condition, both anionic methyl orange
dye degradation efficiency and the photogenerated charge separation would be

increased [64].
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Figure 114. (a) pH and (b) the cationic rhodamine B dye degradation efficiency upon

irradiation times under UV irradiation.
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The correlation between pH change and cationic rhodamine B and anionic methyl
orange dye degradation efficiency in the presence of prepared photocatalysts under UV
and visible light irradiation was shown in the Figure 114 to Figure 117. The results
suggested that the pH of dye solution presented steady values through the
photocatalysis reaction in the presence of prepared photocatalysts under both UV and
visible light irradiation. The results suggested that the photocatalysis reaction could not
influence the pH change. Furthermore, the surface charge of prepared photocatalysts
tended to be stable through photocatalytic degradation process. Although as prepared
composites with acidic surface exhibited the very high photocatalytic performance in
both cationic rhodamine B and anionic methyl orange dye degradation under UV and
visible light irradiation, the pH of product solution after degradation process should be
adjusted to become neutral solution. It could be noted that the g-CsN4/Ag-TiO2
composites prepared through the acidic treatment process could possibly be applied as

the superior photocatalytic performance materials.

4.4 Purposed photocatalytic mechanism of prepared photocatalysts

The edge potential of conduction band and valence band of TiO2 and g-CsNa were
calculated through the equations (37) and (38). The photocatalytic process proposed in
this research based on chemical potential of interested band edges and of chemical
reaction in order to produce ROS. The results showed that the conduction band edge
potential of TiO2 and g-CsNa4 were -0.29 and -1.18 eV, respectively, whereas the
valence band edge potential of those two species were 2.91 and 1.64 eV, respectively.

As can be seen in the Aawaa! linusnasmsssds and 119, the calculated conduction band

edge potential of prepared g-CsN4 was more negative than that of TiO2. On the other
hand, the calculated valence band edge potential of prepared TiO2 was more positive
than that of g-CsNa.
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Figure 118. Schematic diagram of photocatalysis in the presence
of prepared heterostructured g-CsN4/Ag-TiO2 composite under UV irradiation.

Under UV irradiation, the high energy of UV can excite electrons within the
valence band of both g-CsN4 and TiO2. The photogenerated electrons from conduction
band of g-C3sNa4 tended to easily transfer to the adjacent lower conduction band potential
of TiO2, then continuously moved to the lower Fermi energy of deposited Ag
nanoparticles. On the other hand, since the valence band potential of TiO2 is more
positive than that of g-CsNa, the photogenerated holes could possibly transfer from
valence band of TiOz to the nearest g-CsN4. According to the chemical potential of
reaction reported in Table 1, the electron acceptor which usually be Oz could trap the
photogenerated electron from the valence band of g-CsN4 to produce the free radical
species such as superoxide radical (O57). The hydroxyl radical ("OH) possibly be
generated in two pathways; 1) chemical reaction between photogenerated hole at the
valence band of TiO2 and OH", and 2) product from UV irradiation of H202 which was
produced near Ag surface. Moreover, the photogenerated charge separation
performance tended to be promoted through the acidic surface of prepared composite.
In addition, the amount of O2 species absorbed on TiO: surface could be enhanced by

acidic surface condition [64].
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Figure 119. Schematic diagram of photocatalysis in the presence
of prepared heterostructured g-CsN4/Ag-TiO2 composite under visible light

irradiation.

Under visible light irradiation, the g-C3sN4 presented as the major visible-light
responsive photocatalyst, as shown in the Figure 119. The proposed photocatalysis
process under visible light irradiation was similar to photocatalysis under UV
irradiation. Since the narrow band gap energy of g-CsNa, the photon energy within the
visible light was suitable to excite electron from the valence band of g-CsNa efficiently.
Whereas, the performance in excitation of electron from valence band of TiO2 tended
to be poor because large band gap energy of TiO2. As presented in the Figure 119, the
photogenerated electron from conduction band of g-CsNa could be trapped by O: to
produce superoxide radical (O5°). Further, some of these photogenerated electrons
could possibly transfer to the adjacent conduction band of TiO2 and the surface of
deposited Ag nanoparticles, respectively. Then, Oz tended to receive photogenerated
electrons to generated ROS such as H202, which was noted as ROS with high
performance in organic decomposition. Furthermore, there was low possibility to
generated "OH at valence band of g-C3N4 due to its lower band edge potential compared
to redox potential of "OH/H20. It could be noted that Ag-TiO2 could perform as
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electrons acceptor which can reduce recombination rate of g-CsNa efficiently under
visible light irradiation.

Therefore, the achieved heterostructured g-CsN4/Ag-TiO2 composites prepared
through acidic treatment process can be used not only under both visible light and UV
irradiation, but also degrade both caionic and anionic dye solution with the high
performance. It was worthy reported that the prepared composites can be applied as the

superior photocatalytic performance materials.
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UNIT 5
DISCUSSION AND CONCLUSIONS

This present research focused on synthesis of high performance photocatalysts
for using under wide range of UV and visible light irradiation. In order to achieve the
satisfying high performance photocatalysts, the preparation of g-C3N4/Ag-TiO:
composite which was the heterostructured material was the goal in this research. Herein,
the experiments for synthesis of photocatalyst materials were classified into 3 parts:
Ag-TiOz, g-C3N4, and g-C3N4/Ag-TiO2 composite.

5.1 The High Efficiency g-CsN4+/Ag-TiO2 Photocatalyst

5.1.1 Preparation of Ag-TiO2 Photocatalysts

In the case of Ag-TiO2 preparation, influence of calcination temperature, amount
of Ag loading (wt.%), and reducing agent were studied. The results demonstrated
clearly that although the calcination process caused an increase of both nanoparticle
size and crystallinity of anatase, deposited Ag nanoparticles tended to be the surface
barrier of TiO2 against the growth of anatase. Therefore, calcination process may
unsatisfied for preparation of Ag-TiO2 presented in this research. According to the
rhodamine B dye degradation under UV irradiation results, as prepared Ag-TiO2
without calcination process presented the highest performance among Ag-TiO2
prepared at various calcination temperatures including commercial P25 and Ag
deposited P25. Next, the optimal amount of Ag loading (wt.%) was 2 wt.%. The dye
degradation efficiency tended to slightly decrease as the amount of Ag loading (wt.%)
increased after reaching to optimal condition. For study of reducing agent, the NaBH4
and D-glucose exhibited different performances in reducing of Ag* to Ag®. Further, the
AgP could be prepared under basic condition by using NaOH. The results suggested that
NaBH4 was the strongest reducing agent which can reduce Ag™ ions to metallic Ag for
almost 100%, as confirmed by XANES and XPS analysis. For rhodamine B dye
degradation, although DE% of Ag-TiO2 prepared by using NaBH4 was nearly to that of
preparation by using D-glucose, the very tiny sizes and stability of Ag nanoparticles

achieved from reduction by D-glucose tended to be a problem in the case of reusing
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ability. For this part, it showed that the highest efficiency was obtained from Ag-TiO2
photocatalyst prepared by without calcination at 2 wt.% of Ag loading and using NaBH4
as reducing agent. Herein, as prepared Ag-TiO2 presented high performance under UV
irradiation not only in rhodamine B dye degradation, but also showed good reusability

that the DE% remained more than 90 % for 4 photocatalysis cycles.

5.1.2 Preparation of g-CsN4 Photocatalysts

For visible light responsive g-CsN4 photocatalyst, low cost urea was used as a
precursor. Herein, the g-C3sNa4 photocatalysts were achieved from thermal condensation
process. The calcination temperatures and soaking times were further studied to
synthesize the high visible light responsive photocatalyst materials. The results
demonstrated that both dye adsorption and dye degradation efficiency were well
developed depending on the increase of calcination temperature and soaking time. In
addition, the calcination at 700 °C resulted in the sublimation of g-C3sNa. The high dye
adsorption ability plays an important role in promoting of dye degradation performance.
It was obtained that the g-CsNa prepared by calcination at 600 °C for 4 h of soaking
time presented the highest photocatalytic activity under visible light irradiation within
a short period of times. For reusing ability of prepared g-CsN4, the DE% demonstrated

constantly performance nearly 100 % for 4 photocatalysis cycles.

5.1.3 Preparation of g-CsN4/AgTiO2 Composites

To achieve UV and visible light responsive photocatalysts, the ratio of g-CsN4 to
Ag-TiO2 were studied for synthesis of the heterostructured g-CsN4/Ag-TiO2 composite.
The optimal ratio of g-C3sN4 to Ag-TiO2 was 2 to 1 named as 2GCN:1ST. Under UV
irradiation for 60 min, dye degradation efficiency of 2GCN:1ST was around 95.01 %,
which was the highest DE% among synthesized composites. In the case of visible light
irradiation, as prepared 2GCN:1ST presented 99.74 % in rhodamine B dye degradation
within only 15 min. It could be noted that the synthesized g-CsN4/Ag-TiO2 composite
with the optimal condition can possibly be applied under both UV and visible light
irradiation. Furthermore, the dye degradation efficiency of this composite was almost
100% within very short time. To study reusing ability, the prepared composite was
performed under visible light irradiation for 1 h to degrade rhodamine B dye solution.
The results demonstrated that DE% was up to 99.99% within 3 photocatalysis cycles.
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Hence, it could be noted that as prepared Ag-TiO2 performed as the main component
for dye degradation under UV irradiation. On the other hand, the g-CsNa4 containing in
the prepared composite was the major composition for response to visible light
irradiation. In addition, the performance in dye degradation efficiency of prepared
heterostructured g-CsN4/Ag-TiO2 composite was studied not only for cationic
rhodamine B dye degradation, but also for anionic methyl orange dye degradation under
both UV and visible light irradiation. The results suggested that performance in anionic
methyl orange dye degradation of prepared composite was obviously reduced from
cationic rhodamine B dye degradation efficiency. The results were well agreed with the
negative surface charge of prepared composited studied by zeta potential. Since the
surface charge of prepared composite is the same charge as anionic methyl orange dye,
the repulsive force between surfaces tended to suppress the dye adsorption.
Furthermore, the dye degradation efficiency tended to depend on the structure of dye.
Then, the anionic dye degradation efficiency would be decreased. However, the
performance in anionic dye degradation of prepared composite was higher than that of
Ag-TiO2 and g-C3sNs under UV and visible light irradiation, respectively. It could be
pointed out that synthesized g-CsN4/Ag-TiO> composite can possibly be one of the
suitable choices for using under wide range of light irradiation. Moreover, the

performance in both cationic and anionic dye degradation were satisfied.

5.2 The Investigation of Ag Species

To study the oxidation state of bulk Ag, the XANES analysis was adopted to
characterize. For the Ag species achieved from Ag-TiOz, the major Ag species was AgP.
As prepared Ag-TiO2with calcination temperature of 400 °C and 500 °C presented 100
wt.% of Ag®. The results suggested that calcination at high temperature up to 600 °C
could possibly induce the formation of Ag?* through the oxidation reaction with Oz in
the atmosphere during calcination process. In the case of 1 - 4 wt.% of Ag loading, the
AgP tended to be completely reduced by strong reducing agent as NaBHa. For study
effects of reducing agent on achieved Ag species, the results demonstrated the
performance in reducing Ag* to Ag°as following: NaBHs>D-glucose. Further, Ag®

could be synthesized under basic condition by using NaOH. There was the tendency for



175

obtaining the stable AgP® species by using NaBH. as reducing agent. In this research,
Ag-TiO2 with 100 wt.% of Ag° species which was prepared through the optimal
conditions was chosen to synthesize the g-CsN4/Ag-TiO2 composite. Afterwards, Ag
species containing within synthesized g-C3N4/Ag-TiO2 composites were investigated.
Furthermore, the Ag™ presented the tendency to be induced by N atoms within g-C3aN4

resulted in increase of the amount of Ag™ species.

For stability study of Ag® species, the oxidation states of Ag in g-C3N4+/Ag-TiO2
composite were analyzed by XANES analysis after 1%t and 4" of photocatalysis reaction
cycle. The Ag* species after the first photocatalysis reaction was increased from 55.6
wt.% (fresh prepared composite) to 87.5 wt.%, then slightly increased to 91.7 wt.%
after 4" cycle. Meanwhile, the DE% in rhodamine B dye degradation was decreased at
4" reaction. On the contrary, the amount of AgP species obtained from Ag-TiO: after
1% cycle used remained the same as fresh Ag-TiO2. Furthermore, the DE% of Ag-TiOz
was kept more than 90 % at 4™ reaction. The result demonstrated that the stability of
AgP species tended to be possibly correlated with reusing ability. Furthermore, the
prepared sample with higher amount of Ag° species tended to be reusable for many

times.

For characterization of surface chemical state focused on Ag species, XPS
analysis was applied with the analysis depths within a few nanometers. As prepared
Ag-TiO2 and g-C3sN4/Ag-TiO2 composites were chosen to study. The results
demonstrated that the major chemical state of Ag on surface of Ag-TiO2was Ag®, which
in accordance with XANES analysis results. In contrast, the XPS spectra of Ag
investigated from g-C3N4/Ag-TiO2 composite was unclear which could be caused by
covering of Ag nanoparticles by g-CsNa4sheets. The XPS spectra of Ag 3d accompanied
by noise. However, the Ag 3d spectra could possibly be included both of Ag® and Ag*,
as well agreed with XANES analysis.

From the investigation of Ag oxidation state, XANES analysis can process with
very small amount of interested element. This method lies in the high sensitivity of
electronic transition in valence state which can accurately provide the oxidation state
feature of bulk element. Moreover, the Linear combination fitting (LCF) can be used in

order to investigate the trend of quantities of containing oxidation state species.
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For using XPS analysis to determine the oxidation state of interested elements,
only chemical surface within a few nanometer depths could be observed. Furthermore,
non-smooth and noise spectra tended to be obtained with very low concentration of
interested element on the surface. It tended to require higher concentration of interested
Ag in order to obtain high intensity and clearly spectra. The observed binding energy
positions and XPS spectra features depend on instrument and measurement conditions.
In addition, for this research, gold (Au) sputtering is required for charge correction.
Therefore, the obtained results could possibly be slightly different from database or
previous research.

Hence, the oxidation state of Ag results suggested that the XANES analysis
presented the high performance in identification of oxidation state analysis although
there was a little amount of containing Ag. Furthermore, the LCF could present the
major Ag species in prepared photocatalysts clearly. On the other hand, the XPS
analysis is one of the high efficiency chemical surface analysis technique which can
provide the chemical composition within on the surface of prepared photocatalysts. The
Ag species can be confirmed by investigated binding energy. Therefore, it could be
noted that XANES analysis could deserve to analyze the overall Ag oxidation state

within samples. XPS analysis can provide chemical surface information clearly.

5.3 The Effect of Ag Species on Heterostructure Photocatalyst

According to the photocatalytic activity study of prepared Ag-TiO2 compared to
bare TiO2 with anatase phase, the dye degradation performance of prepared
photocatalysts presented higher than that of bare anatase under UV irradiation. This
results could be described by using different chemical potential between Fermi level of
Ag nanoparticle and conduction band of anatase. In the case of Ag-TiOz2, the Fermi
level of Ag nanoparticle is much lower than that of TiO2. Hence, the photogenerated
electrons from conduction band of TiO2 can easily transfer to the adjacent Ag
nanoparticle. This electron transportation could possibly avoid the recombination of
photogenerated electron with hole at the valence state. As a result, the photocatalytic
activity of prepared Ag-TiO2 was higher than that of bare anatase without deposited Ag

which performed as the electron acceptor.
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For heterostructured g-C3sN4/Ag-TiO2 composite, the band edge potential of each
components tended to provide the satisfy photogenerated electron transportation. In
accordance with conduction band edge potential, the g-CsN4 included the highest
potential energy following by TiO2 and Ag nanoparticles. Under UV irradiation, the
TiO2 can perform as the UV-responsive center, whereas the g-CsNa4 tended to be dye
adsorption ability enhancer. On the other hand, under visible light irradiation, the g-
CsN4 was determined as the major visible light-responsive center. After exciting of
electrons from g-CsNa, the photogenerated electrons can possibly move easily through
the different chemical potential to the final electron acceptor which was deposited Ag
or adjacent conduction band of TiOz2. It could be noted that selection of compatible band
gap energy and band-edge potential could be the main key point for development of
photocatalytic performance. Herein, the deposition of Ag nanoparticle presented
satisfied for being photocatalytic activity enhancer of TiO2. It was worthy noted that g-
CsN4, Ag, and TiO2 were appropriated for being the heterostructured g-CsN4/Ag-TiO:
composite which provided almost high photocatalytic performance under UV and

visible light irradiation.
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