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ECO-FRIENDLY METHOD FOR SYNTHESIS OF 

MESOPOROUS SILICA 

Irina PETREANU1, Amalia SOARE2, Violeta-Carolina NICULESCU3, Radu-

Claudiu FIERASCU4, Jana GITMAN5, Mircea TEODORESCU6 

Mesoporous silica is an important class of materials, with remarkable 

structures and features, and applications in catalysis, drug carrier, pollutant 

removal, or nanocomposite filler. The synthesis of mesoporous silica is carried out 

by Stöber method, modified by adding a surfactant acting as pore-forming agent. A 

new, eco-friendly method using microwave-assisted extraction for surfactant 

removal was proposed. The obtained silica powder was characterized by infrared 

spectroscopy (FTIR), electron microscopy (SEM), Dynamic Light Scattering (DLS), 

and X-ray diffraction (XRD). The results show many similarities with hexagonally 

ordered mesoporous silica, obtained through the classical method consisting of 

reflux extraction of surfactant in acidified dioxane solution. 

Keywords: eco-friendly synthesis, mesoporous silica, microwave, Dynamic Light 

Scattering, X-Ray Diffraction.  

1. Introduction 

Mesoporous silica nanomaterials (MSNs) comprise a wide range of highly 

ordered porous structures composed on silicate species (SiO2), with pore width 

between 2 to 50 nm. [1] The porous nanostructure provides a high surface area, up 

to 1000 cm2/g and a large pores volume. Moreover, the MSNs possess many 

hydroxyl functionalities on the surface, that enrich the surface chemistry. [2, 3] 

Since the beginning of the 1990, the advancement of mesoporous silica 

materials started with the synthesis of MCM 41 (Mobil Crystalline Materials-41) 

and continued with SBA-15 (Santa Barbara Amorphous-15) synthesis, in 1998. 

These nano-structured silica materials have both a hexagonally symmetry of pores 

and differ by pores size and wall thickness. Subsequently, new ordered 
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mesoporous silica structures were developed, for example: MCM-48, SBA-16 or 

KIT-5 (with cubic pore symmetry), and other. [1, 3] The high surface area and 

specific porosity made those materials suitable for various applications like 

catalysis, controlled drug delivery, aqueous and gaseous pollutants removal, or 

filler for advanced polymer composite materials. [3, 4, 5] 

Several synthesis methods for obtaining silica materials with controlled 

shape, dimension, and morphology are known. All these take place in solution 

(water or alcohol), in acid or alkaline catalysis, use alkoxisilanes or silicates as 

precursors, and involve repeated hydrolysis (eq. 1) and condensation reactions 

(eq. 2) as in the “sol-gel” process. Such examples are Stӧber method, core shell 

type or mesoporous silica syntheses. [5, 6] 

  (1) 

 (2) 

Synthesis of mesoporous silica particles uses a modified Stöber method, 

where reactions occur in aqueous alkaline solution. The silica network is formed 

around a soft template, which could be ionic surfactant (cetyltriethylammonium 

bromide, CTAB; sodiumdodecyl benzenesulfonate, SDBS) or neutral 

macromolecules (P123, Pluronic) that self-assembles in solution. [6, 7, 9] In order 

to obtain a porous structure, the soft template must be removed after silica 

particles formation. The template removal could be made by chemical reaction 

(refluxing in acidic solution of dioxane or other solvent), by calcinations, at above 

300 ℃, by ultrasonication in solvent or by supercritical CO2 extraction. [7] The 

shape and size of porous morphologies could be influenced by the surfactant used 

as template, and the number of silanol (Si-OH) superficial groups varies 

depending on the surfactant removal method. [7, 8] 

The chemical removal of the template requires the reflux boiling of silica 

nanoparticles in solvent for a long while, at high temperature (e.g. min. 12 h, at 

110 ℃, in acidified water-dioxan solution). [9] Because it involves a long time 

and high energy consumption the present study proposed a method for shortening 

this period by microwaves heating of silica nanoparticles in solution. 

It is known that microwaves assisted syntheses have some advantages over 

the conventional heating techniques because they increase yields and decrease 

reaction times. There are studies about microwaves synthesis of silica, for 

example, Lovingood et al. studied the mechanism of microwave-assisted growth 

of silica nanoparticles and obtained nanoparticles ranging from 30-250 nm. [10] 

The authors concluded that in microwaves controlled reaction, the nanoparticles 

were formed through equilibrium between polymerization and depolymerisation. 

They noted that acetone stabilized the silicic acid monomer in reaction solution 

and, along with high ratio [H2O]/[TMOS] and the acid catalysis contributed to 

depolymerisation reactions. Silicic acid concentrations and the irradiation time 
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controlled the particle size. Another study described the synthesis of silica 

nanoparticles, in alcoholic solution, using TEOS as silica source and ammonium 

catalyst. After 2-18 minutes of microwaves irradiation, low molecular weight 

silica nanoparticles, with non-reacted functional groups, Si-OH and Si-OEt, was 

obtained. It was noticed that water and ammonia concentrations governed the 

conversion and the particle size. [11] 

The present work emphasized the possibility to reduce time and energy 

consumption during mesoporous silica synthesis, through a microwave-assisted 

process. The template removal from mesopores was modified by heating the 

reaction mixture through microwave irradiation, in a laboratory oven. The 

composition and structure of products were analyzed and compared with those 

obtained for the conventional synthesized materials. The influence of two solvent, 

dioxane and ethanol, on the synthesis has been studied.  
 

2. Experimental 
 

2.1. Materials and methods 

Tetraethyl orthosilicate (TEOS, 98 %), from Merck, Darmstadt, 

Germany), Cetyl-trimethylammonium bromide (CTAB, 98 %) and Dioxan 

(99.8%) from Merck, Darmstadt, Germany; Natrium hidroxide (NaOH, 99 %) and 

hydrochloric acid (HCl, 35-38%) from Silal Trading, Bucuresti, Romania; Ethyl 

alcohol (96 %), Methanol (99.9 %) and Acetone (p.a.) from Chimreactiv, 

Bucuresti, Romania; distilled water.  
 

2.2. Mesoporous silica synthesis 

Synthesis of mesoporous silica occurred in two stages. In the first stage, 

the surfactant, CTAB, self-arranged in micelles formed a hexagonal template. The 

silica network was built around it. This synthesis was done following a previously 

developed method. [9] The second stage consisted of the template removal. In this 

method, the CTAB template was removed by boiling the first-stage silica in an 

acidified solution of dioxan, at reflux: 110 ℃, for 12 hours. In the present work, a 

different approach assisted by microwaves was used for removing the CTAB. 

Thereby, hydrolysis and condensation reactions took place in an aqueous solution, 

with alkaline catalysis. In the alkaline solution, prepared from 3.5 mL of 2M 

NaOH solution and 480 mL distilled water, 0.9 mg CTAB was added. The 

solution was magnetically stirred for 5 minutes and then heated up to 70 ℃. When 

the temperature reached this value, 5.6 mL TEOS was added to the hot solution, 

drop by drop, under stirring. The reaction mixture was then kept for three hours at 

this temperature, with continuous stirring. In the meantime, the solution became 

cloudy, meaning that the sol of silica was formed. During the three hours of 

reaction, the sol turns into a gel of silica. After cooling, the product was separated 

by vacuum-forced filtration on the sintered glass disk (G3) glass funnel. Further, 
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the precipitate was successively rinsed on the filter, with distilled water, methanol, 

and acetone. Then, the reaction product was dried at 60 ℃, in a vacuum oven, for 

two days. A powder of silica particles, with CTAB inside the pores, resulted. It 

was denoted (MS_I). Further, the product was divided in three parts, each being 

treated through a different approach for the template removal. 

In this study, the CTAB template was digested in a microwave oven, in an 

acidified solution of dioxane at 110 ℃, for 2 hours. Moreover, to study the 

influence of solvent, another sample was treated by microwaves in an acidified 

ethanol solution, for two hours, at 110 ℃. A laboratory microwave oven Mars 6 

iWave, from CEM Corporation, and EasyPrep Vessels, of 100 mL capacity each 

were used. This trial aimed to reduce the boiling times and the energy 

consumption. Practically, each vessel was loaded with: 0.5 g MS I, 20 mL H2O, 

25 mL Dioxane, and 2 mL concentrated HCl. After the microwaves treatment, the 

silica was separated by filtration on the G3 sintered disk glass funnel and then 

rinsed with methanol, distilled water, and acetone. The obtained precipitate was 

then dried in the vacuum oven, at 60 ℃, for three days and the dried silica powder 

was denoted MS_II_Diox. The other sample obtained at microwaves, from 

acidified ethanol solution (0.5 g MS I, 20 mL H2O, and 25 mL ethanol), was 

denoted MS_II_Et.  

For comparison, a part of the silica MS_I was treated for removing the 

CTAB at reflux in an acidified solution of dioxane (110 ℃, 12 hours). [9] 

Thereby, the reaction mixture was heated in the synthesis flask, on the oil bath, 

using a heated plate with magnetic stirrer. After this time the mesoporous silica 

powder was separated by filtration on G3 glass filter, and dried for three days at 

60 ℃ in the vacuum oven. The resulted sample was denoted MS_II. 
 

2.3.  Characterization methods and devices 

Elemental analysis was realized with a Flash 2000 device (Thermo 

Scientific, UK) with Poropack Q separation column and TCD detector. Infrared 

spectra were recorded with a Cary 630 ATR-FTIR spectrometer (Agilent 

Technologies, Inc., Santa Clara, CA, U.S.). Microstructural characterization was 

realized with the electronic microscope Sigma VP FEG Carl Zeiss, Germany (the 

samples were placed on adhesive carbonic support). The mean hydrodynamic 

diameter (d, nm), polydispersity (PdI), and zeta potential (ZP, mV) of silica 

particles were measured by Dynamic Light Scattering (DLS) technique (Zetasizer 

Nano ZS, Malvern Instrument, UK) and the Small-angle X-ray diffraction 

analyses were performed using a 9 kW Rigaku SmartLab diffractometer (Rigaku 

Corp., Tokyo, Japan, operated at 45 kV and 200 mA, CuKα radiation—1.54059 

Å), in scanning mode 2θ/θ, between 1° and 7° (2θ). 
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3. Results and discussion 

Four samples of silica were selected and analysed by elemental analysis 

and Fourier Transform Infrared Spectroscopy (FTIR), to determine the 

composition and to confirm the removal of CTAB template by microwaves 

treatment. The four samples were: MS_I, the sample obtained in the first stage of 

synthesis, having CTAB inside the pores; MS_II, resulted after removing the 

CTAB template by refluxing in the acidified solution of dioxane (110 ℃ for 12 

hours); MS_II_Diox and MS_II_Et, were the samples obtained after removing the 

CTAB by boiling the MS I by microwaves, for two hours, in the acidified solution 

of dioxane, respectively ethanol. 

The elemental composition presented in Table 1 shows the amount of 

organic elements, carbon, hydrogen, and nitrogen in the silica samples expressed 

as atomic percent. It can be noticed a decrease in these values for all samples 

treated for CTAB removal.  
Table 1. 

Atomic percent of the elements in silica samples, determined by elemental analysis 

Nr. crt. Sample *N (%) *C (%) *H (%) 

1 MS_I 2.02 27.37 5.79 

2 MS_II 0.15 10.24 2.67 

3 MS_II_Diox 0.4 3.99 1.36 

4 MS_II_ Et. 1.34 5.75 1.7 

*Nitrogen, Carbon, Hydrogen 
 

Considering that the organic molecule of CTAB (Fig. 1) contains all three 

elements (C, H, N) detected by elemental analysis, the decreasing of their values 

reflects the removal of CTAB from silica samples.  
 

[CH3-(CH2)15-N+(CH3)3]Br
- 

 

Fig. 1 Chemical structure of CTAB 
 

In this respect, the microwave-assisted methods lead to lower values for C 

and H than the refluxing method. Although the nitrogen values are higher for the 

microwave treated samples than for the refluxed ones, all these values are much 

lower than the nitrogen in MS_I. It means that the microwave-assisted methods 

are efficient for CTAB removal. 

The Fourier Transform Infrared (FTIR) spectra of silica samples were 

recorded in the Attenuated Total Reflection (ATR) mode. Fig. 2 shows the 

overlapped spectra of silica with CTAB inside the pores (MS I) and mesoporous 

silica after the removal of the CTAB template assisted by microwaves 

(MS_II_Diox and MS_II_Et). In the inset is the infrared spectrum of mesoporous 

silica, obtained through reflux removal of CTAB (MS_II). 
 



70             I. Petreanu, A. Soare, V.C. Niculescu, R.C. Fierascu, J. Gitman, M. Teodorescu 

 
Fig. 2. FTIR spectra of the silica samples: MS I, with CTAB inside the pore, MS_II_Diox and 

MS_II_Et, silica samples, after removing the CTAB template, in Dioxan solution, respectively in 

ethanol solution. In inset – FTIR spectra of MS_II sample 
 

There is a large band of absorption, present in all spectra between 3200-

3600 cm-1, corresponding to hydrogen bonds formed between the silanol groups 

or between water molecules absorbed on silica. Two sharp peaks specific for 

methylene (-CH2-) groups are present in the MS_I spectrum, but not in the other 

spectra, at 2925, 2858 cm-1. Also, the peak from 1479 cm-1 corresponds to the 

characteristic absorption of C-H bonds. The absence of these three peaks from 

MS_II, MS_II_Diox, and MS_II_Et spectra reflects the removing of hydrocarbon 

chains, ethyl, and cetyl from silica samples. The peak from 1647 cm-1, present in 

the spectra of silica with CTAB template, MS I, and mesoporous silica after 

microwaves treatment MS_II_Diox and MS_II_Et is specific for –NH absorption. 

This peak does not appear in the FTIR spectra of silica sample treated at reflux for 

removing the CTAB (MS_II). This could be due to incomplete degradation of 

CTAB, respectively due to the three methyl amine residue present in microwave 

treated samples. The strong and sharp peak from 1058 cm-1 is due to the 

asymmetric stretching vibration and the weak and broad peak from 570 cm-1 is 

given by symmetric stretching of Si-O-Si bonds Also, the peak from 793 cm-1 

could be attributed to Si-O-Si symmetric stretching vibration. The peaks from 960 

cm-1 and 430 cm-1 are due to Si-O-C bonds asymmetric stretching, and respective, 

bending vibrations. All peaks characteristic for Si-O-Si and Si-O-C bonds are 

present in all four silica spectra. [12, 13, 14]  

The microstructural images of mesoporous silica particles, recorded 

through Scanning Electronic Microscopy (SEM) for the sample obtained by 

refluxing (MS_II) and that obtained by microwaves (MS_II_Diox), are presented 

in Fig. 3 (a and b). We notice a well-defined nanoparticles structure for MS_II 

than for MS_II_Diox sample.  
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a) b)  

Fig. 3 SEM images of mesoporous silica samples: a) MS_II; b) MS_II_Diox 
 

To determine the hydrodynamic characteristics (d, PdI) through the 

Dynamic Light Scattering (DLS) method, the samples were diluted in ultrapure 

water, in the concentration of c = 0.5 mg/mL, and 15 successive cycles were run 

at 25 °C. Three measurements were done for each sample and the data were 

presented in mean ±SD (square deviation) (Table 2). The zeta potential (ZP) 

investigations were performed using the principle of laser Doppler velocimetry 

with the same equipment. The samples were diluted in 1mM NaCl, to ensure the 

optimal conductivity of the colloidal systems, and the measurements were 

performed at 25 °C. The reported ZP values (Table 2) are the averaged results of 

three measurements with 15 successive cycles. The graphic representation of 

particle size distribution and Zeta Potential distribution for all four samples are 

presented in Fig. 4. 
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Fig. 4 The particle size distribution (left) and the Zeta Potential distribution (right) for the analyzed 

silica samples: MSI, MS_II, MS_II_Diox and MS_II_Et 

 

The average diameter of the silica particles varies between 194.5 – 423.6 

nm. The smaller dimensions have the particles of the samples obtained by 

microwave treatment: MS_II_Diox and MS_II_Et. The PdI values show a broad 

polydispersity for all silica particles, except MS_II_Diox, and MS_II_Et, the 

microwave–obtained sample, which have a moderate polydispersity. The negative 

values of zeta potential for all mesoporous silica (MS_II, MS_II_Diox, and 

MS_II_Et) show a negative charge of particles dispersed in solution, which is due 

to silanol superficial groups, -Si-OH. 
Table 2 

The hydrodynamic parameters of silica particles, determined by (DLS) method 

No Sample c = 0.5 mg/mL 

d (nm) PdI ZP (mV) 

1 MS_I 420.4± 

32.12 

0.666± 

0.193 

29.4± 

0.208 

2 MS_II 423.6± 

23.20 

0.569± 

0.145 
-18.5± 0.28 

3 MS_II_Diox 208.3± 

2.84 

0.362± 

0.012 

-22.5± 

0.306 

4 MS_II_Et 194.5± 

4.82 

0.325± 

0.011 
-21.5± 0.62 

Generally, X-ray diffraction patterns reflect the crystalline structure of 

materials. Despite the silica is an amorphous material; the ordered pores structure 

of mesoporous silica gives specific reflection peaks in the small angle diffraction 

range, such as (100), (110), and (200), reflections characteristic for hexagonal 

pore structure, extended on a long-range, in one direction. [9, 16]. All XRD 

patterns of the four silica samples (Fig. 5) show the characteristic reflection peak 

(100) at 2θ = 2°. The other specific peaks of (110) and (200) reflections appear in 

the MS_II_Diox and MS_II_Et patterns, at 2θ = 3.5° respectively 2θ = 4°. The 
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MS_II pattern shows a broad reflection between 3°-4.5°, but not two distinct 

peaks. In the pattern of the MS_I silica sample, the (110) and (200) reflections are 

absent, the only peak is that of (100), at 2θ = 2°. One can conclude that ordered 

hexagonal long-range structure is characteristic just for mesoporous silica with 

CTAB removed by microwave treatment (MS_II_Diox and MS_II_Et). 
 

 
Fig. 5 Small-angle XRD patterns for mesoporous silica samples 

 

4. Conclusions 
 

Several mesoporous silica samples were synthesized through different 

approaches starting from a classic method described in the literature. This method 

was modified to decrease the synthesis time and energy consumption by changing 

the classic refluxing degradation of the template with microwave-assisted 

degradation. The synthesized samples were characterized by elemental analysis, 

Fourier Transform Infrared Spectroscopy, Scanning Electron Microscopy, 

Dynamic Light Scattering, and X-ray diffraction. The composition of samples was 

determined by elemental analysis and FTIR and the results highlight the removal 

of soft organic template. Thereby, the decrease of carbon, hydrogen, and nitrogen 

atomic percents (elemental analysis) confirms the CTAB degradation. Moreover, 

the disappearance of some peaks, 2925, 2858, and 1479 cm-1, characteristic of the 

hydrocarbon chain supports the template degradation, too. The SEM images of 

mesoporous material show a homogeneous aspect of microstructure, with clearly 

outlined spherical particles for the sample obtained by reflux and less defined 

particles for the samples treated by microwave. However, the average particle 

diameter, determined by DLS, is lower for the microwave-synthesized materials. 

The XRD patterns of microwave-synthesized samples present the three reflection 

peaks at (100) (110), and (200), characteristic of log range hexagonal ordered 

porous materials. It can be concluded that template CTAB can be removed from 

mesopores of silica materials by microwave-assisted digestion and mesoporous 

silica with hexagonal ordered porous microstructure could be obtained. The 
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microwave-assisted synthesis strongly decreases the time and energy consumption 

for obtaining the mesoporous silica particles. 

R E F E R E N C E S 

[1] Shinde, Preeti S., Pradnya S. Suryawanshi, Kanchan K. Patil, Vedika M. Belekar, Sandeep A. Sankpal, 

Sagar D. Delekar, and Sushilkumar A. Jadhav,A Brief Overview of Recent Progress in Porous Silica as 

Catalyst Supports, 2021, Journal of Composites Science, 5(3), 75. https://doi.org/10.3390/jcs5030075 

[2] Thommes, Matthias, Kaneko, Katsumi, Neimark, Alexander V., Olivier, James P., Rodriguez-Reinoso, 

Francisco, Rouquerol, Jean and Sing, Kenneth S.W.."Physisorption of gases, with special reference to 

the evaluation of surface area and pore size distribution (IUPAC TechnicalReport)" 2015, Pure and 

Applied Chemistry, 87(9-10), 1051-1069. https://doi.org/10.1515/pac-2014-1117 

[3] Tang, F., Li, L. and Chen, D., Mesoporous Silica Nanoparticles: Synthesis, Biocompatibility and Drug 

Delivery. 2012, Adv. Mater., 24: 1504-1534. https://doi.org/10.1002/adma.201104763 

[4] Morsi Rania E. and Mohamed Rasha S., Nanostructured mesoporous silica: influence of the preparation 

conditions on the physical-surface properties for efficient organic dye uptake. 2018. R. Soc. Open Sci., 

5: 172021. http://dx.doi.org/10.1098/rsos.172021 

[5] Lok P. Singh, Sriman K. Bhattacharyya, Rahul Kumar, Geetika Mishra, Usha Sharma, Garima Singh, 

Saurabh Ahalawat, Sol-Gel processing of silica nanoparticles and their applications, 2014, Advances in 

Colloid and Interface Science 214, 17-37. https://doi.org/10.1016/j.cis.2014.10.007. 

[6] Niculescu Violeta-Carolina, Mesoporous Silica Nanoparticles for Bio-Applications, 2020, Frontiers in 

Materials, 7, 36. https://www.frontiersin.org/articles/10.3389/fmats.2020.00036 

[7] Ghaedi, Hosein and Zhao, Ming, Review on Template Removal Techniques for Synthesis of Mesoporous 

Silica Materials, 2022, ACS Energy & Fuels, 36(5), 2424-2446. 

https://doi.org/10.1021/acs.energyfuels.1c04435 

[8] Alexander Liberman, Natalie Mendez, William C. Trogler, Andrew C. Kummel, Synthesis and surface 

functionalization of silica nanoparticles for nanomedicine, 2014, Surface Science Reports, 69 (2–3) 

132-158. https://doi.org/10.1016/j.surfrep.2014.07.001. 

[9] Y. Kim, S. J. Kwon, H. Jang, B. M. Jung, S. B. Lee, U. H. Choi, High Ion Conducting Nanohybrid Solid 

Polymer Electrolytes via Single-Ion Conducting Mesoporous Organosilica in Poly(ethylene oxide), 

2017, Chem. Mater., 29(10), 4401–4410. https://doi.org/10.1021/acs.chemmater.7b00879 

[10] D. D. Lovingood,  J. R. Owens, M. Seeber, K. G. Kornev, I. Luzinov, Controlled Microwave-Assisted 

Growth of Silica Nanoparticles under Acid Catalysis, 2012, ACS APPL. Mater Interfaces, 4, 6875-

6883. https://doi:10.1021/nl802075j 

[11] Mily, E., González, A., Iruin, J.J.et al., Silica nanoparticles obtained by microwave assisted sol–gel 

process: multivariate analysis of the size and conversion dependence. 2010, J Sol-Gel Sci Technol., 53, 

667–672. https://doi.org/10.1007/s10971-010-2148-2 

[12] Nandiyanto, A., Oktiani, R., Ragaditha, R., How to Read and Interpret FTIR Spectroscope of Organic 

Materia, 2019, April, Indonesian Journal of Science and Technology, IJOST, 4(1). 

[13] Enrique C. Peres, Jenifer C. Slaviero, Anaelise M. Cunha, Ahmad Hosseini–Bandegharaei, Guilherme 

L. Dotto, Microwave synthesis of silica nanoparticles and its application for methylene blue adsorption, 

2018, Journal of Environmental Chemical Engineering, 6 (1), 649-659. 

https://doi.org/10.1016/j.jece.2017.12.062. 

[14] Socrates, G., 1980. ed. Infrared characteristic group frequencies. Chichester, New York, Brisbane, 

Toronto: J. Wiley & Sons. 

[15] Sikora, A., Shard, A. G., Minelli, C., Size and ζ-Potential Measurement of Silica Nanoparticles in Serum 

Using Tunable Resistive Pulse Sensing. 2016, Langmuir, 32(9), 2216-2224. 

https://doi.org/10.1021/acs.langmuir.5b04160 

16] Fu, P., Yang T., Feng J., Yang, H., Synthesis of mesoporous silica MCM-41 using sodium silicate derived 

from copper ore tailings with an alkaline molted-salt method, 2015, Journal of Industrial and 

Engineering Chemistry, 29, 338-343. https://doi.org/10.1016/j.jiec.2015.04.012.   

https://doi.org/10.3390/jcs5030075
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1002/adma.201104763
https://royalsocietypublishing.org/author/Morsi%2C+Rania+E
https://royalsocietypublishing.org/author/Mohamed%2C+Rasha+S
http://dx.doi.org/10.1098/rsos.172021
https://doi.org/10.1016/j.cis.2014.10.007
https://www.frontiersin.org/articles/10.3389/fmats.2020.00036
https://doi.org/10.1021/acs.energyfuels.1c04435
https://doi.org/10.1016/j.surfrep.2014.07.001
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Youngdo++Kim
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Suk+Jin++Kwon
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Hye-kyeong++Jang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Byung+Mun++Jung
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Sang+Bok++Lee
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=U+Hyeok++Choi
https://doi.org/10.1021/acs.chemmater.7b00879
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Derek+D.++Lovingood
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jeffery+R.++Owens
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Michael++Seeber
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Konstantin+G.++Kornev
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Igor++Luzinov
https://doi:10.1021/nl802075j
https://doi.org/10.1007/s10971-010-2148-2
https://doi.org/10.1016/j.jece.2017.12.062
https://doi.org/10.1021/acs.langmuir.5b04160
https://doi.org/10.1016/j.jiec.2015.04.012

