Effective adsorption of Ag-TiO,using aCu-containing
solution

ABSTRACT

Titanium dioxide is hard to coat on glass or boehmite at low pH.In this study, a method to coat
titanium dioxide functionalized by Ag on the glass surfaces using aCu-containing solution is
proposed. This method facilitated the coatingof titanium dioxide functionalized by Ag.on glass
surfacesusing 3-aminopropyltrimethoxysilane (APTMS).Resultsshowed that Ag-TiO, nanoparticles
can be coated on Al and glass surfaces. Furthermore, they can be coated on boehmite at low pH
without using APTMS.
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1. Introduction

Titanium dioxide (TiOy) is an important material because it is widely used in several applications.
Typically, TiOyhas three forms: anatase, rutile, and brookite. Anatase TiO,has better photocatalytic
properties than rutile TiO,[1, 2]. TiO,nanoparticles (NPs) .are used'in several applications such as
photocatalysts, self-sustained fuel cells, biocides, solar “cells;..oxygen reduction catalysts, and
optoelectronic devices. The photocatalytic activity of TiO,can be improved in Ag-doped TiO,NPs.
Ag-doped TiO,can be used in more applications than TiO, (e.g., as a photocatalyst, in solar cells,
andto enhance the antibacterial efficiency ofsterilization).,[3—1812]. The enhanced photocatalytic
activity of TiO, doped with transition metals.can be attributed to the increasein its absorption in the
visible-light region. Additionally, TiO,doping with Ag also increases its disinfection capability [8].
Especially with the emergence of new variants of SARS-CoV-2. In recent work, antimicrobial cotton
fabrics were developing with Ag/TiO, nanoparticles synthesized.[12]TiO, or Ag-TiO,can be used
for applications, such as bactericidal-applications, by coating them on a glass substrate. This method
allows the reuse of the material. The resultant solution should be at low pH, which induces a stable
dispersion of the nanoparticles: The electrostatic potential on a surface, called zeta potential, is an
important factor. Anatase TiO, stably disperses in a strongly acidic medium at pH <2. However, it is
difficult to coat anatase TiO,on glass using 3-aminopropyltrimethoxysilane(APTMS) at low pH,
because the protons’ in;the surface SIAOH groups were not detached and created a negatively
charged surface, which. is not-enough capable of attracting positively charged TiO, NPs[4213]. This
study examines eoating anatase TiO, on glass surfaces using APTMS. In this study, Cu(NOs), was
added to aid“the ‘adsorption of anatase TiO, on glass plates treated with APTMS to form a
self-assembled. monolayer at ~20°C. Ag-TiO,coating on glass surfaces was also investigated.
Furthermore.adding Cu(NO3), enabled Ag-TiO,NPs to be successfully coated on boehmite without
APTMS.

2. Experimental

2.1. Preparation of anataseTiO, NPs, Ag—anatase TiO, NPs, andsolution containing Cu ions

Anatase TiO, NPs were prepared using an agueous anatase TiO, suspension (500 mL, 0.02%). This
mixture was heated to the boiling stage under vigorous stirring for ~20 min.

Ag-anatase TiO, NPs were prepared using an agueous anatase TiO, suspension (500 mL, 0.02%).
This mixture was heated to the boiling stage under vigorous stirring for ~20 min before adding an
aqueous AgNOssolution (5 mL, 1%). Next, sodium citrate(5 mL, 1%) was added after 5 min of the
addition of the AgNO; solution. Boiling was continued for ~5 min until the particle surfaces turned
black.

An aqueous Cu(NOg)zsolution (200 mL, 0.01%) was boiledfor ~2min, anda sodium citratesolution
(2mL, 1%) was added to the solution,after which the color of the solution became deepblue. The



final productis a Cu-citriccomplex ion-containing solution.
The pH of the solution was subsequently adjusted to 2-3 by adding diluted HNO3.

2.2. Preparation of Ag-TiO,and TiO,adsorbed on substrates

An Al plate whichpurchased from KENIS LIMITEDwas cleaned using deionized water,
sonicatedusing a neutral detergent for 15 min to remove grease from its surface, and sonicated again
in deionized water for 20 min. To form a boehmite layer on the Al surface, the Al plate was boiled in
deionized water for ~15 min.

The Al plate was then functionalized by immersing it in an aqueousAPTMS solution (2% (v/v))
for 25h at ~20 °C. APTMS can dissolve the Al plate because of its alkalinity (pH = 11). To prevent
this, the APTMS solution was neutralized using diluted HCI solution before using it to functionalize
the Al substrate. The functionalized substrates were then rinsed using deionized water and ‘annealed
at 110°C.

The Ag-TiO, adsorbed on the substrates was prepared by a chemical assembly of Ag—anatase
TiO, NPs on the prepared boehmite Al surface. This was conducted by immersing the platein an
Ag-anatase TiO, NP solution for 50h until the NPswere deposited on the surface.

Ag-TiO; adsorbed on the substrates was also prepared by a chemical assembly:of.the Ag-TiO,
NPs on the APTMS-functionalized Al plates. These plates were immersed in an Ag—anatase TiO, NP
solution for 50h until a film of the NPsis formed on the APTMS-modified substrate.

Glass slides were ultrasonically cleaned in deionized water,”isopropyl alcohol, acetone, and
deionized water for 15 min each followed by immersion in H,O/H,05/30% NH,OH (5:1:1) for 16 h.
For functionalization, the slides were further cleaned by sonication in deionized water for 15 min and
then immersed in an aqueous APTMS solution (2% (v/v)) for 24'h at room temperature. The
functionalized substrates were subsequently rinsed using deionized water and annealed at 110°C
[14,15]f2+223}. Some of them were then immersediin a TiO, NP solution for 75h. The other
substrates were immersed in an Ag-anatase TiOz NP solution for 75 h until a film of particles was
formed on the APTMS-modified substrate.

2.3. Characterization

Using a field emission microscope, (JSM6500F) operated at an accelerating voltage of 15kV,
scanning electron microscopy (SEM) images’ were obtained.Transmission electron microscopy
(TEM) images were obtainedusing a field emission transmission electron microscope (HD-2300C)
operated at an accelerating voltage of 200kV.

2.4. Materials and methods

1) Materials

AnataseTiO, NPs were obtained from anatase TiO,(Kanto Chemical Co. Inc, Japan). The particle
diameter of-the anatase TiO, used in this study was 100-300 nm. The following reagents were
obtained:-3-aminopropyltrimethoxysilane (Tokyo Chemical Industry Co., Ltd. Japan), sodium
citrate(Wakao PureChemical Corporation. Japan), AGQNO; (YONEYAMA YAKUHIN KOGYOU Co.,
Ltd: Japan), and-Cu(NO3),(Kanto Chemical Co. Inc, Japan); all reagents were of analytical grades.

2) Methads of preparing Ag-TiO;

The particle size of anatase TiO, decreases during boiling because of the collision of the particles
[10]. Thus, the anatase TiO, NPs were boiled for ~20 min to decrease their particle size. A part of the
solution was then added to a solution containing a mixture of AgQNO; (1%) and sodium citrate (1%).
After ~3 min, the surfaces of the TiO, particles turned black. Diluted HNO; was then added for
adjusting the pH to 2-3 because acidic conditions promote the deposition of Ag NPs on the TiO,
surfaces. Ag remains stable on the TiO, surface for over 5 months [146].

3. Results and discussion
Figure 1(a)shows the TEM images of the prepared Ag-TiO,particles after adjusting the pH of the
solution to 3 using diluted HNO;. The X-ray spectroscopy (EDS) pattern in Figure 1(b)confirms a



successful adsorption of Ag NPs on all surfaces.
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Fig. 1. (a)-TEM images of an anatase (TiO,) surface coated using Ag at pH 3, fb) high-angle annular
dark-field image of Ag-TiO, (c) point EDS pattern of the TiO, surface. The copper signal is from
the TEMsample grid.

Figures 2-5 show that the developed Ag-TiO, NPs could be adsorbed on Al or glass surfaces.
Because Al dissolves at a pH = 2, the pH was adjustedto 3 using diluted HNO; for the synthesis.
Figure 2(a) shows the SEM image of the Ag-TiO, NP adsorption on the APTMS-modified Al
surface. The energy dispersive EDS pattern in Figure 2(b) indicates that Ag-TiO, was adsorbed on
the Al surface.However, only a small deposit was observed on the Al surface,which was not
modified by APTMS,with the boehmite layer.
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Fig. 2.(a)(b) SEM image of the Al surfacefunctionalized with APTMS at pH 3 adjusted using dilute
HNOgs; (c) point EDS pattern of the Al surface

Figure 3(a) denotes the SEM image of the Ag—TiO, NP adsorption on the Al surface with a boehmite
layer. The energy dispersive EDS pattern in Figure 3(b) indicates that only Ag was adsorbed on the
Al surface.
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Fig. 3.(a) SEM image of the Al surfaceat pH 3 adjusted using dilute HNO3, which coated by
Ag-TiO; solution without copper ion. ;(b) point EDS pattern of the/Al surface

Next,the Al surface with a boehmite layer that was immersed in a solution containing a mixture
of Ag-TiO, and Cu(NOg),was examined.Figure 4(a) shows the SEM image of the adsorption of
Ag-TiO, NPs on the Al surface with the boehmite layer. Many Ag-TiO, particles were observed on
Al surface. The energy dispersive EDS pattern in"Figure 4(b) indicates that Ag-TiO, was adsorbed
on the Al surface.
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Fig. 4.(a)(b) SEM image of the Al surface at pH 3 adjusted using dilute HNOj3, which coated by
aqueous Ag-TiO; solution including copper ion;’(c) point EDS pattern of the Al surface.

As shown in Table 1, taking from the reference [4517], the Cu-citric complex ion is changed from a
negative charge at pH 5-7 to a positive charge at pH 2—-4. At pH 2-4, the Cu-citric complex ion is
formed [CuH,CgHsO;]". However, an electron is released from Ag-TiO, surface. Then, the
following reaction occur [Cu(Ligand)]+ e —Cu’ + Ligand .[4517]Cu prevents Ag present in
Ag-TiO; surface from dissolving by:the law of ionization tendency (Figure5).

Table 1. Citric.Acid Complexes That Were Formed at Different pH Values and Their Dissociation
Constants

pH complex Dissociation constant
(Kais)*[L2/mol?]

2-4 [CuH,CsHs07]" 1.0x10°

4-5 [CuH,CsH507] 1.0x10”"

5-7 [CuCsHs07]” 7.4x10°

7-11 [Cu(OH)CsHs0,1" 1.8x107°
[CuCeH,0;1* 1.5x107°

>11 [Cu(OH)CgH,0,1> 1.8x10™°
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Fig. 5.(a)(b) SEM image of the glass surface at pH 2 adjusted using dilute HNO3, which coated by
aqueous anatase(TiO,) solution including copper ion; (c) point EDS pattern of the glass surface.

When HNO; was added to the solution, the morphology of the Cu-citric complex ion changed; the
Cu-citric complex ion changes similar to the abovementioned reason. Several OH groups of the
boehmite were present on the surfaceof the boehmite, which may serve as a proton conductor for the
electrochemical reactions in aqueous environments.Cu donated its valence electrons to OH groups
(-OH,"and changed to Cu?*. Then,the positively charged Ag-TiO, bonded to boehmite.Furthermore,
Cu“" was recovered by citric acid and became [CuCgHsO-] .The color of the mixed solution before



adding HNO3 was deep brown; after adding HNOg, the solution first turned light green, and after

leaving turned deep brown when the solution was recovered,whichreason is considered for gradual

recovery of the solutions’ original color of dark blue ([CuCsHsO;]) from light blue
| ([CuH,C¢HsO;]%)(Figures) [4517].

Fig.6. The color of the mixed solutionincludingCu-citric complex ion.
(a)The color of the mixed solution before adding HNO3(b)The colorof the mixed solution after
adding HNO3

Thus, the Ag-TiO, NPs can be deposited on the surfaces at either pH = 3 or 2.This suggests that
Ag-TiO, was bonded to boehmite.
Next, coating anatase TiO, on an ATMPS-functionalized glass surface was examined. The surface
| isoelectric point of anatase TiO,was observed at'a pH = 6 [1618]. Hence, under more
acidicconditions, hydrogen ions were adsorbed on.the ©@H groups, resulting in a buildup of positive
charges. Conversely, under alkaline conditions, the OH groups dissociate from the surface, resulting
in a buildup of negative charges. Hence, anatase TiO, will be stably dispersed in a strong acidic
| solution with a pH = 2 or less [4719]..However, the anatase TiO, NPs were found to slightly deposit
on the glass surfaces at a pH =-2:n this case, protons in the surface SIAOH groups were not
detached, and a complete negatively charged surface was not created, which was incapable of
| attracting positively charged“TiO, NPs.[4820].Therefore, the ATMPS-functionalized glass surface
was immersed in a solution containing a mixture ofanataseTiO, and Cu(NOs),. However, TiOthat
were not coated by Ag cannet irradiate electron.Figure 5(a) illustrates the SEM image of the
adsorption of TiO, NPs _on the glass surface. The energy dispersive EDS pattern in Figure 5(b)
indicates that TiO5 was adsorbed on the APTMS-modified glass surface as some TiO, NPs were
observed.
Next, Ag-TiO, was:used instead of TiO,. The ATMPS-functionalized glass surface was immersed in
a solution=containing a mixture of Ag-TiO, and Cu(NOs),. Figure 7(a) shows the SEM image of
Ag-TiO, NP adsorption on the glass surface. The energy dispersive EDS pattern in Figure 7(b)
indicates that Ag—TiO, was adsorbed on the APTMS-modified glass surface. A considerable amount
of Ag-TiO; NPs was observed on the surface.Because negative charge accumulates around the
positively-charged APTMS due to electron released from Cu,such as the reason before .Therefore,
positively charged Ag-TiO, was deposited on glass surface.For comparison,Figure 7(c) shows the
SEM image of Ag-TiO, NP adsorption on the glass surface immersed in a solution that does not
| contain Cu(NO3),. Ag-TiO,NPdeposits were few.
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Fig. 7. (a) SEM image of the:glass surface at pH 2 adjusted using dilute HNOs, which coated by
Ag-TiO; solution including copper ion; (b) point EDS pattern of the glass surface;(c) SEM image of
the glass surface at pH*2 adjusted using dilute HNO3, which coated by Ag-TiO2 solution without
copper ion.

4. Conclusiens

In this study;. TiO, and Ag-TiO,were adsorbed on Al and glass surfaces using a solution
containingCu ions. The Cu ionsenhanced the adsorption of Ag-TiO.on Al and glass
surfaces:Negative charge accumulates around the positively charged APTMS by irradiation electron
from Ag-TiO2. And Cu acts not to dissolve Ag form Ag-TiO2 surface by law of ionization tendency,
such as the reason before. This can be attributed to the buildup of negative charges, which occurred
after the addition of HNOsto the solution as a result of its reaction with Cu.Producing substrates that
have localized surface plasmon resonance and antibacterial effects is easy using this method.



References

[1] M. Pelaez: N. T. Nolan, S. C. Pillai; M. K. Seery, P. Falaras, A. G. Kontos, P. S. M. Dun-lop, J. W.
J. Hamilton; J. A. Byme, K. O’shea, M. H. Enterazai, D. D. Dionysiou, A review on the visible
light active titanium dioxide photocatalysts for environmental applications, Appl. Catal. B,
2012; 125;331-349.

[2] MogesTsega, F. B. Dejene, Influence of acidic pH on the formulaition of TiO, nanocrystalline
powders with enhanced photoluminescence property, Heliyon, 2017; 16;e00246.

[3] Y. Cui, J. Briscoe, S. Dunn, Effect of ferroelectricity on solar-light-driven photocatalyticactivity
of BaTiO3—influence on the carrier separation and stern layer formation, Chem. Mater. 2013;
25;4215-4223.

[4]Lili Ling, Yawei Feng, Hao Li, Yao Chen, Jieya Wen, Jian .Zhu, -Zhenfeng Bian,
Microwave-induced surface enhanced pollutant adsorption and photocatalytic ‘degradation on
AgQ/TiO,, Appl. Surf. Sci. 2019; 483;772-778.

[5] Beung-Hoon Jeon, Do-Hyeon Yang, Yong-Dae Kim ¢, Jae Sup.Shin, Chang-Soo Lee, Fabrication
of silver nanoparticles in titanium dioxide/poly(vinylalcohol)” alternate thin films: A
nonenzymatic hydrogen peroxidesensor application, Electrochim. Acta. 2018; 292;749-758.

[6] Hui Mao, Zhengxin Fei, Chaoqun Bian, Leilei Yu, Shengyi Chen, Yongteng Qian, Facile
synthesis of high-performance photocatalysts based on Ag/TiO2 Composites, Ceram. Int. 2019;
45; 12586-12589.

[7] Kairui Liu, Peifang Yan, Hong Jiang;.Zhi-Xia, Zhanwei Xu, Shi Bai, Z. Conrad Zhang, Silver
initiated hydrogen spillover. on anatase TiO, creates active sites for selective
hydrodeoxygenation of guaiacol, J. Catal. 2019; 369; 396-404.

[8] Robert Liu, H. S. Wu, Ruth Yeh, C. Y. Lee, Yungtse Hung, Synthesis and Bactericidal Ability of

TiO, and Ag-TiO, Prepared by-Coprecipitation Method, Int. J. Photoenergy. 2012; 7.

[9]Yuyang Sun, Lulu-Yang, Fan Liao%, Qian Dang, Mingwang Shao, Parameter optimization for
Ag-coated, TiOy, nanotube arrays as recyclable SERS substrates, Appl. Surf. Sci. 2018; 443;
613-618.

[10]V. “Poornima Parvathi, R, Parimaladevi, Vasant Sathe, M. Umadevi, Environmental
photochemistry by plasmonic semiconductor decorated GO nanocomposites: SERS detection and
visible light driven degradation of aromatic dyes, Appl. Surf. Sci., 2019; 473; 864-872.

[11]

Arjun Kumar, V. Vetrivelan, G. Ramalingam, A. Manikandan , S. Viswanathan, P. Boomi, G. Ravi,

Computational studies and experimental fabrication of DSSC device assembly on 2D-layered
TiO, and MoS,@TiO, nanomaterials,Physica B: Condensed Matter, 2022;:\ol 633, 15 May, 413770

[12]Daniel J. da Silva, Alana G. Souza, Greiciele da S. Ferreira, Adriana Duran, Aline D. Cabral,

Fernando L. A. Fonseca, Rodrigo F. Bueno,Derval S. Rosa, Cotton Fabrics Decorated with




Antimicrobial Ag-Coated TiO, Nanoparticles Are Unable to Fully and Rapidly Eradicate SARS-CoV-2,
ACS Appl. Nano Mater. 2021, 4, 12, 12949-12956.

[13]K.C. Hsu, D.H. Chen, Highly sensitive, uniform, and reusable surface-enhanced Raman

scattering substrate with TiO, interlayer between Ag nanoparticles and reduced graphene oxide,
ACS Appl. Mater. Interfaces, 2015; 7; 27571-27579.

[14]Ming-DeL.i, Yan Cui, Min-Xia Gao, Jia Luo, BinRen, and Zhong-QunTian, Clean
Substrates Prepared by Chemical Adsorption of lodide Followed by Electrochemical,
Oxidation for Surface-Enhanced Raman Spectroscopic Study of Cell Membrane, Anal.
Chem. 2008; 80; 5118-5125.

[15]Masayoshi Kaneko, Long-term stabilization of mixed silver nanoparticles on-an Al surface with
poly(2-vinylpyridine) films, Vib. Spectrosc, 2016; 86; 61-66.

[16]Masayoshi Kaneko,Coating Ag on an Anatase TiO2 Surface andAdsorption on a
3-Aminopropyltrimethoxysilane-Modified Al or Glass Surface, AJOPACS,2021;9(1);11-21.

[17]H.Natter and R.Hempelmann,Nanocrystalline Copper by Pulsed Electrodeposition : The Effects

of Organic Additives,BathTemperature,and pH,J.phys.Chem,1996;100;19525-19532.

[18] Kunio Furusawa, Measurement of zeta potential, BUNSEKI, 2004; 5 ; 247-254.

[19] HidehiroKamiya, Motoyuki, lijima, Dispersion, Behavior Control of Nanoparticles and its
Applications, FUNSAI, 2012; 55; 12-18.

[20]Masayoshi Kaneko, Anatase TiO, adsorption’on 3-aminopropyltrimethoxysilane-modified Al or
glass surfaces, Heliyon, 2019; 5 ; e01734.




\é%\
o
=

r

i

,




