
SYNTHESIS AND ELECTROCHEMICAL STUDY OF 

MnO2-TITANIUM TITANATE NANOTUBES (TNTs) 

FOR SUPERCAPACITOR APPLICATION 

 

 

 

 

 

Kwunta  Siwawongkasem 

 

 

 

 

 

 

 

A thesis Submitted in Partial Fulfillment of the Requirements for the 

Degree of Master of Science in Applied Physics 

Suranaree University of Technology 

Academic Year 2018 



การสังเคราะห์และศึกษาสมบัติทางไฟฟ้าเคมีของแมงกานีสออกไซด์และ 
ท่อไทเทเนยีมไทเทเนตเพ่ือประยุกต์ใช้ในตัวเกบ็ประจุยิ่งยวด 

 
 
 
 
 
 
 
 
 
 
 
 

นางสาวขวญัตา  ศิวะวงศ์เกษม 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

วิทยานิพนธ์นีเ้ป็นส่วนหน่ึงของการศึกษาตามหลกัสูตรปริญญาวิทยาศาสตรมหาบัณฑิต 
สาขาวิชาฟิสิกส์ประยุกต์ 

มหาวิทยาลัยเทคโนโลยีสุรนารี 
ปีการศึกษา 2561





 

 

ขวญัตา ศิวะวงศเ์กษม : การสังเคราะห์และศึกษาสมบติัทางไฟฟ้าเคมีของวสัดุแมงกานีส
ออกไซดแ์ละท่อไทเทเนียมไทเทเนต เพื่อประยกุตใ์ชใ้นตวัเก็บประจุยิง่ยวด (SYNTHESIS 
AND ELECTROCHEMICAL STUDY OF MnO2-TITANIUM TITANATE 
NANOTUBES (TNTs) FOR SUPERCAPACITOR APPLICATION.) อาจารยท่ี์ปรึกษา : 
ศาสตราจารย ์ดร.สันติ แมน้ศิริ, 125 หนา้. 

 

ไฟฟ้าเคมี/ แมงกานีสออกไซด/์ ท่อนาโนไทเทเนต/ ตวัเก็บประจุยิง่ยวด 

 

การศึกษาวสัดุแมงกานีสออกไซดแ์ละท่อไทเทเนียมไทเทเนตเพื่อใชเ้ป็นวสัดุขั้วอิเลก็โทรด
ในตวัเก็บประจุยิ่งยวด แมงกานีสออกไซด์และท่อไทเทเนียมไทเทเนตไดจ้ากการสังเคราะห์ด้วย
สารตั้งตน้ ท่อไทเทเนียมไทเทเนตและสารละลายด่างทบัทิมท่ีถูกให้ความร้อนในหมอ้อดัไอด้วย
อุณหภูมิแตกต่างกัน ศึกษาผลของอุณหภูมิท่ีเหมาะสมโดยเร่ิมท่ี 60 80 100 125 และ 150 องศา
เซลเซียส นาน 24 ชัว่โมง เง่ือนไขอุณหภูมิท่ีให้สมบติัท่ีดีท่ีสุดจะถูกน าไปใช้ส าหรับศึกษาผลของ
ปริมาณแมงกานีสออกไซด์ท่ีเหมาะสมต่อท่อไทเทเนียมไทเทเนต ซ่ึงก าหนดไดจ้ากความเขม้ขน้
ของสารละลายด่างทบัทิมคือ 0.005 0.01 และ 0.05 โมลาร์ วสัดุท่อไทเทเนียมไทเทเนตได้จากการ
สังเคราะห์ด้วยวิธีการไฮโดรเทอร์มอลท่ีอุณหภูมิ 130 องศาเซลเซียส นาน 24 ชั่วโมง จากผง
ไทเทเนียมไดออกไซด์ร่วมกบัสารละลายโซดาไฟท่ีความเขม้ขน้สูง การวิเคราะห์และศึกษาลกัษณะ
โครงสร้างทางสัณฐานดว้ยเทคนิคต่าง ๆ ดงัน้ี เทคนิคการเล้ียวเบนดว้ยรังสีเอก็ซ์ การส่องกราดและ
ส่องผ่านดว้ยกลอ้งล าแสงอิเล็กตรอนพร้อมศึกษาธาตุองค์ประกอบดว้ยการกระจายพลงังานของ
รังสีเอ็กซ์ สารตวัอย่างถูกกระตุน้ดว้ยพลงังานแสงช่วงแสงอินฟาเรด และเทคนิคการกระตุน้สาร
ตวัอย่างดว้ยรังสีเอ็กซ์เพื่อวดัค่าพลงังานพนัธะ ศึกษาสมบติัการดูดซับบนพื้นผิว ดา้นสมบติัทาง
ไฟฟ้าเคมีอธิบายด้วยเทคนิคไซคลิกโวลแทมเมตรี หลักการอัดและคายประจุ และการวดัค่า
อิมพีแดนซ์จากการจ่ายสัญญาณไฟฟ้ากระแสสลบัฟังกช์นัไซน์ 

ท่ีอุณหภูมิสังเคราะห์ 60 องศาเซลเซียส พบว่าโครงสร้างสารตวัอย่างสามารถแยกเฟสของ
ไทเทเนียมไทเทเนตและแมงกานีสออกไซด์ไดช้ดัเจน เร่ิมมีการรวมเฟสท่ี 80-100 องศาเซลเซียส 
จากนั้นเร่ิมเปล่ียนท่ี 125 องศาเซลเซียส และมีการเปล่ียนเฟสอยา่งชดัเจนท่ี 150 องศาเซลเซียส เฟส
เหล่าน้ีสัมพนัธ์ไปถึงลกัษณะทางสัณฐานคือ เม่ือเกิดเฟสร่วมกนัอยา่งสมบูรณ์จะพบวา่แมแ้มงกานีส
ออกไซดบ์างส่วนจะเกาะตามท่อแต่ยงัมีกระจายอยูต่ามช่องวา่งระหวา่งท่อไทเทเนตดว้ยโดยท่ี 



II 

 



 

 

KWUNTA  SIWAWONGKASEM : SYNTHESIS AND 

ELECTROCHEMICAL STUDY OF MnO2-TITANIUM TITANATE 

NANOTUBES (TNTs) FOR SUPERCAPACITOR APPLICATION 

THESIS ADVISOR : PROF. SANTI   MAENSIRI, D.Phil. 125 PP. 

 

ELECTROCHEMICAL/ MnO2/ TITANATE NANOTUBES/ SUPERCAPACITOR 

 

Manganese oxide-Titanium Titanate nanotubes (MnO2-TNTs) were used as 

electrode materials for supercapacitor applications. The synthesis process of MnO2-

TNTs is TNTs treated with KMnO4 solution media by hydrothermal method. The 

reaction temperature varies on 60, 80, 100, 125, and 150C for 24 h. That optimization 

of reaction temperature was chosen to synthesis in composition ratios effect. The 

concentrate of KMnO4 solution are 0.005M, 0.01M, and 0.05M used to MnO2 variation 

on TNTs.   

TNTs precursor were synthesized by hydrothermal method at 130C for 24 h. 

Anatase TiO2 and highly concentrated of NaOH use as TNTs product then decorated 

with hierarchically MnO2. MnO2-TNTs were characterized by x-ray diffraction 

technique (XRD), scanning electron microscopy (SEM), energy dispersive 

spectroscopy (EDX), transmission electron microscopy (TEM), Fourier transform 

infrared (FTIR), x-ray photoelectron spectroscopy (XPS), and Brunauer-Emmett-Teller 

(BET) method. Electrochemical properties were investigated in order to the 

performance of electrode materials to application of supercapacitor. Cyclic 

voltammetry (CV), galvanostatic charge discharge (GCD) and electrochemical 

impedance spectroscopy (EIS) were used for explaining the capacitive behavior and 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background and significance of the study 

Energy sources has been limiting hence energy storage are requirement for 

power system. Batteries, fuel cells and electrochemical capacitors (ES) are the 

application areas of energy conversion and storage technology. ES also named 

supercapacitor or ultracapacitors could be considered as an alternative to conventional 

batteries. They are used in many application such as hybrid electric vehicles (Chu and 

Braatz, 2002), trolleybuses (Bartłomiejczyk and Mirchevski, 2014), and uninterruptible 

power supplies (UPS)  (Zhan et al., 2015). ES is a component that can store and 

accommodate certain amount of energy in a very short time (Libich et al., 2018), high-

power density, long life cycle and fast charging rate. A type of ES includes 

electrochemical double layer capacitor (EDLC) and pseudocapacitor (faradaic 

supercapacitors). These based on charge storage mechanism of surface reaction at the 

electrode materials/electrolyte interface and faradaic redox reactions occurs into the 

surface of electrode materials (Wang et al., 2012). The specific capacitance and energy 

density are depend on surface area of carbon electrode materials (Liu et al., 2013). 

Transition metals oxide use as pseudocapacitive electrode materials show faradaic 

processes on oxidation states for electron transferring during faradaic reactions with the
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 reversible adsorption, redox reactions and reversible electrochemical doping-dedoping 

(Conway and Pell, 2003). In general, morphologies of material can tailor the specific 

surface area which shortens the path of ions and electrons contribute to improvement 

of electrochemical supercapacitor performance. Previous report, the nanorod showed 

high specific capacitance more than nanosphere, nanosheet and nanoflower because of 

their specific surface area (Ye et al., 2017). The cost and environmental effect are 

significant key in practical applications. Titanium dioxide (TiO2) is the most attention 

of transition metals oxide materials. The hollow nanotubes allowed the ions to diffusion 

with a short distance that interlayer positions providing a large specific surface area. 

This is a prerequisite for electrochemical pseudocapacitance more than nanorod 

structure (Zhang et al., 2008). Titanium Titanate nanotubes (TNTs) is 1-dimensional 

nanostructured TiO2 materials that was studied after discovery of the carbon nanotubes 

(Cesano et al., 2009). Nanotube materials have intrinsic multifunctionality because of 

tube opening, inner, outer and interstitial regions. The cost productions, chemical 

stability, friendly material, large surface area, ion-exchangeable and wide band gap are 

factor of semiconducting materials. The potential applications of TNTs are electrode 

materials in dye-sensitized solar cells (Yun et al., 2014), lithium anode material (Fang 

et al., 2008), methanol fuel cells (Mohamed et al., 2016), hydrogen chemical sensing 

(Sikhwivhilu et al., 2012), photocatalytic activity (Shi et al., 2014), photochromic 

(Miao et al., 2007), thermoelectric (Miao et al., 2010), and dielectric materials (Hu et 

al., 2009). Many methods to TNTs synthesized by example surfactant-assisted self-

assembly (Shen et al., 2006), organogel template (Jung et al., 2002), and hydrothermal 

method which most interested because simplicity methods and growth of large area 

number (Shi et al., 2014; Vu et al., 2014; Zhang et al., 2007; Manfroi et al., 2014). 
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TNTs was formed through dissolution of TiO2 raw materials, accompanied by growth 

sodium TNTs layered sheets, then sheets exfoliation and folding into tubular structures. 

The large surface area due to layer and tunnel of Na-TNTs can be used as new electrode 

materials for high energy and power densities, anode materials for hybrid Na-ion 

capacitor and high performance in asymmetric supercapacitors. Nevertheless, the poor 

electrical conductivity of electrode materials is a key factor for enhancing the 

performance of electrode materials.  

Manganese oxide (MnO2) is one of based material which has been much 

attention use as electrode material due to high theoretical specific capacitance of 1370 

F/g. High specific capacitance value is expected that from redox process involving one 

electron per manganese atom (Lang et al., 2011; Toupin et al., 2004). And their low 

cost, structural flexibility, nature abundance, and environmentally (Ye et al., 2017). 

There are many technique in MnO2 synthesized as sol-gel (Ching et al., 1997), high 

temperature decomposition (Gaillot et al., 2003), microwave assisted emulsion (Yu et 

al., 2009), and hydrothermal method (Zhang et al., 2014). However, the 

electrochemical performance of MnO2 were improved through the control of electronic 

conductivity and densely packed behavior without porous structure. Therefore, the 

various substrates with large surface area and high electronic conductivity have been 

used to composite MnO2 material for improving their electrochemical properties.  

Here, MnO2-TNTs materials were interested to study owing to MnO2 is 

alternative metal oxides with highly theoretical specific capacitance. While TNTs 

substrate expected that composited MnO2 improving the performance of electrode 

material. MnO2-TNTs electrode material focus on the effect of phase structure with 
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hydrothermal treatment temperature relation and the composition ratios effect between 

MnO2 and TNTs to electrochemical properties.  

The phase structure, morphology, composition, and surface adsorption were 

investigated by x-ray diffraction (XRD), scanning electron microscopy (SEM), energy 

dispersive x-ray microscopy (EDX), transmission electron microscopy (TEM), Fourier 

transform infrared spectroscopy (FTIR), x-ray photoelectron spectroscopy (XPS) and 

Brunauer-Emmett-Teller (BET) method. Cyclic voltammetry (CV), Galvanostatic 

charge-discharge (GCD), and the electrochemical impedance spectroscopy (EIS) uses 

for explaining the electrochemical properties. 

 

1.2 Objective of the dissertation 

1.2.1 To synthesize the electrode material of MnO2-TNTs by hydrothermal 

method. 

1.2.2 To characterize the prepared MnO2-TNTs materials by XRD, SEM, 

TEM, FT-IR, BET, and XPS techniques. 

1.2.3 To study the electrochemical properties of the MnO2-TNTs electrode   

materials. 

 

1.3 Scope and limitation of the study 

1.3.1 The effect of temperature and composition ratios in MnO2-TNTs 

material synthesized by hydrothermal method. 

1.3.2 The crystal structure, morphology, and composition are investigated.  
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1.3.3 The electrochemical properties of MnO2-TNTs electrode material are 

explained. 

 

1.4 Expected results 

1.4.1 To improve the skill in synthesis and characterization of MnO2-TNTs 

materials.  

1.4.2 To understand the MnO2-TNTs electrode material on electrochemical 

properties. 

1.4.3 To publish the research articles. 

 



 

 

CHAPTER II 

LITERATURE REVIEW 

 

2.1 Electrochemical capacitors 

Ideal capacitor consists of two parallel electrodes separated by non-conductive 

materials. A voltage is applied across the capacitor, during charging the positive and 

negative charges are migrated to opposite’s polarity of surface of electrodes. The ratio 

of electric charge (Q) on each electrode to the voltage (V) difference between them that 

is  

Q
C

V
=                                                                                                              (1) 

where C is an electrical capacitance with directly proportional to the area (A) of each 

electrode. The medium dielectric constant () are inversely to a distance (D) between 

the electrodes present as 

0 rε ε A
C

D
                                                                                                      (2) 

where 0 is the permittivity of free space and r is dielectric constant of the material 

between the plates (Libich et al., 2018). Energy and power densities are primary 

parameter for determining capacitor of a quantity per unit weight or per unit volume. 

The energy is a quantity can be stored in capacitor was calculate by equation (3), it will 

enhanced by varying the voltage or the capacitance of electrode materials (Yassine and 

Fabris, 2017).
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The power density derived from energy per unit time present as in equation (4) derived 

from energy per unit time present as in equation (4) which illustrate the rate of energy 

delivery.  Considering with the resistance of component are often matched with 

impedance that give rise to equation (5) 

21
E CΔV

2
         (3) 

E
P

Δt
         (4) 

2

max
max

V
P

ESR
         (5) 

where E is energy density, C is capacitance, V is voltage, P is power density,  t is 

time, and ESR is equivalent series resistance. 

Special kind in energy storage device is high power and energy densities which 

based on principles of conventional capacitor. ES provided by a function of energy and 

power densities are represented in horizontal and vertical axes, respectively. Also called 

Ragone plots as show in Figure 2.1(a) (Hameer and Niekerk, 2015). There is a 

combination of traditional capacitor and battery/fuel cell with high power and relate to 

low energy density. Supercapacitors is very attend with their long life cycles and high 

charge rates (González et al., 2016). 
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Figure 2.1 The Ragone plots of various energy storage devices (Meng et al., 2013). 

2.1.1 Electric double layer supercapacitors 

EDLC or electrostatic supercapacitor is similar to traditional capacitor for 

charging separation. There has been higher substantially amount of energy because the 

charge separation take place across very small distance in the electrical double layer. 

Interphase of electrode, electrolyte and other the charge large number can be stored by 

extended surface area of electrode materials (Pandolfo and Hollenkamp, 2006). When 

charging the electrons travel from the negative electrode to the positive electrode 

through external load. The cations from electrolyte move towards the negative electrode 

while the anions move toward positive electrode. These reverse take place during 

discharge. A typical of electrochemical supercapacitors divided by charge transfers 

across the electrode/electrolyte interface. This without ion exchanges occur between 

the electrode and electrolyte. The concentration of electrolyte constant during charge 

and discharge processes refer to energy stored in the double layer interface (Wang et 

al., 2012). 
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Figure 2.2 Schematic of charge storage mechanism of an EDLC when a charge object 

is placed into a liquid electrolyte (Shao et al., 2018) . 

Energy storage mechanism between two electrode and electrolyte in electrochemical 

processes can be expressed (Zheng et al., 1997; Vol'fkovich and Serdyuk, 2002) as 

follow equation at one positive electrode: 

S1 S1E A E / /A e        (6) 

one negative electrode: 

S2 S2E C e E / / C        (7) 

and the overall charging-discharging process: 

S1 S2 S1 S2E E A C E / /A E / / C      (8) 

where the two electrodes can be noted as ES1 and ES2, an anion as A-, a cation as C+, 

and the electrode/electrolyte interface as //, respectively. 
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Figure 2.3 Schematic of different charge storage mechanism of an pseudocapacitive 

(a) underpotential deposition, (b) redox pseudocapacitance and (c) intercalation 

pseudocapacitance (Shao et al., 2018). 

2.1.2 Pseudocapacitors  

Different type of charge storage mechanism of a pseudocapacitive arise by 

underpotential deposition, redox pseudocapacitance, and intercalation/insertion. Well 

known for the adsorption of hydrogen atom on catalytic noble metal along with the 

electrodeposition of metal cations described by 

zM xC xze C M         (9)   

where M is noble metal, x is number of adsorbed atoms, z is the valence of adsorbed 

atoms, and xz is number of transferred electrons. Redox pseudocapacitance based on 

electron transfer between an oxidized species and a reduced species. Cations adsorption 

on oxidized species surface with fast and reversible electron transfer cross the interface 

between the electrode and electrolyte as show 

(a) (b) (c) 
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zOx zC ae RedC       (10) 

where Ox is oxidized species, C is the surface absorbed electrolyte cations, Red is 

reduced species, and a is number of transferred electrons. Intercalation/insertion are 

also occurred by metal valence change to maintain electric neutrality as 

y x yMA xLi xe Li MA       (11) 

where MAy is the layer-lattice intercalation host material and x are the electron 

transferred number. This a cation intercalation pseudocapacitance as transitional 

behavior between Li-ion batteries and supercapacitor (Shao et al., 2018). Three 

reactions in pseudocapacitive are occurred at electrode. The first is surface reversible 

adsorption of ions from the electrolyte. The second type is redox reactions that involve 

ions from the electrolyte which depend on surface mechanism and surface area. Other 

type is doping-dedoping of electrically conducting polymers in the electrode (Wang et 

al., 2012).                                                                                                                        

Asymmetry or hybrid electrochemical capacitor, there are asymmetric hybrid, 

symmetric composite hybrid, and battery-like hybrid. Asymmetry concept is one 

electrode consists of electrostatic material while the other consists of faradaic 

capacitance material. The different electrode materials can be used for improving the 

performance of supercapacitor for overall cell voltage, power and energy density. 

Summary of types of supercapacitor devices present as Table 2.1. 
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Table 2.1 The summarize of different types of supercapacitor on electrode materials 

and charge storage mechanism (Zhi et al., 2013). 

Supercapacitor Electrode material Charge storage mechanism 

1). EDLC Carbon Electrochemical double layer 

(EDL) and non-Faradaic 

process 

2). Pseudocapacitor Metal oxide,  

conducting polymer 

Redox reaction, Faradaic 

process 

3). Hybrid 

capacitor 

-asymmetric hybrid 

 

 

-symmetric  

composite hybrid 

 

-battery-like hybrid 

Anode: pseudo capacitance 

materials, cathode: Carbon 

 

Metal oxide/Carbon, 

conducting polymer/Carbon 

 

Anode: Li-insertion 

materials, cathode: Carbon 

Anode: redox reaction, 

cathode: EDL 

 

Redox reaction plus EDL 

 

 

Anode: Lithiation/delithiation, 

cathode: EDL 

 

2.2 Electrochemical study for supercapacitor 

The electrochemical properties were evaluated by transient technique such as 

cyclic voltammetry, chronopotentiometry, and chronoamperometry, etc. Stationary 

technique such as electrochemical impedance spectroscopy, and rotating disk electrode, 

etc. Electrochemical cell comprises three-electrodes configuration are the counter 

electrode (CE) and the working electrode (WE). The current flows through CE and WE 
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before voltage is measured (or controlled) in comparison with the reference electrode 

(RF) and WE. The RE used in ideal nonpolarizable behavior reveal that constant 

voltage over large current densities. This WE voltage is accurately measured (or 

controlled) (Lu, 2013). 

2.2.1 Cyclic voltammetry 

Cyclic voltammetry (CV) is technique that explains the surface and electrolyte 

reaction of supercapacitance behavior, this possible to measure the voltage window of 

an electrode. The principle is applying a linear voltage ramp to electrode by two voltage 

limits. Current-voltage curve is usually obtained present as in Figure 2.4(a). The applied 

voltage is as follows 

0V(t) V νt= +    for V  V1     (12)  

0V(t) V t= −    for V  V2      (13) 

where V1 and V2 are the boundary of voltage window and  is the voltage scan rate 

(V/s). The volume metric specific capacitance can be calculated as  

2

1

v

v

I
C dV

ν
          (14) 

where C is the specific capacitance and dV is the integral area of current (I) with respect 

to V.  However, CV technique is useful to explain the qualitative and kinetic analysis 

via cycling and can be calculated their capacitance. But in the laboratory cells are 

difficulty to handle with large device. Galvanostatic cycling is better in experiments 

and can extend to industrial. 
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2.2.2 Galvanostatic charge-discharge  

Galvanostatic charge-discharge (GCD) technique is a method most used in 

determining the specific capacitance, cycle lifetime, energy, and power density of 

supercapacitor. GCD is also called chronopotentiometry that current applied and the 

voltage is detected as a function of time as in Figure 2.4(b). The voltage variation is

t
V(t) Ri i(V)

C
= +          (15) 

dropV
R

I
=


          (16)  

where V is the voltage potential (V), C is specific capacitance (F/g), t are time relation 

and R is the series resistance () deduced from the voltage drop (Vdrop) occurring over 

the current inversion (I). The specific capacitance was calculated by following 

relations as 

s

ΔI t
C

ΔV m
        (17) 

where I, t, V, and m are the constant current (A), time (s), the total potential 

difference (V), and the weight of active materials (g), respectively.  

  

Figure 2.4 (a) CV curves and (b) GCD duration of electrochemical study (Shao et al., 

2018). 

(a) (b) 
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2.2.3 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) useful tool for explaining the 

electrode-electrolyte interface and the properties of electrode materials. The small 

amplitude alternative voltage signal was applied to cell with the wide frequency range 

fin analyze electrical characteristic. The impedance response was recorded and 

normally show as Nyquist plots which illustrated the imaginary and real impedance or 

resistance. An alternative approach is to consider the complex capacitance as 

C'(ω) C''(ω) jC''(ω)         (15) 

2

Ζ''(ω)
C'(ω)

ω Ζ(ω)
        (16) 

2

Ζ'(ω)
C''(ω)

ω Ζ(ω)
        (17) 

where C() and C() are the real and imaginary part of complex  capacitance C(), 

Z() and Z() are the real and imaginary part of complex  impedance Z() while  

is an angular frequency (Taberna et al., 2003). Nyquist plots format on electrochemical 

impedance data also known as a Cole-Cole plot or a complex impedance plane plot. 

Where Rs is the solution resistance, Rp is the polarization resistance and Cdl is interface 

capacitance. Figure 2.5 is Nyquist plot and randles circuit show as  
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Figure 2.5 (a) Nyquist plot of the impedance diagram at each excitation frequency and 

(b) randles equivalent circuit of electrochemical cell (Fernández-Sánchez et al., 2005).  

 

2.3 MnO2-TNTs as electrode materials 

Ideal electrode materials require to high specific surface area for conducting 

specific capacitance. Porosity affects the specific capacitance and rate capability 

meanwhile electronic conductivity is role to rate capability and power density. In 

addition, the stability of thermal and chemical are significant in cyclic stability. Focused 

on pseudocapacitance materials are suitable with electroactive site for charging storage 

mechanism. As Figure 2.6 the metals oxide are considered by theoretical capacitance 

and electronic conductivity relation. RuO2 is highest conductivity whereas highest 

capacitance in the Co3O4. Thus, capacitance of electrode material depending with many 

parameter as system testing or effective of electrolyte ions (Zhi et al., 2013). However, 

MnO2 is alternative electrode materials that high theoretical specific capacitance. MnO2 

based materials exhibit different dimensional arrangements built on MnO6 Octahedra 

assemblies. MnO6 share their corners, face and edges to channeled (1D), layered (2D) 

and interconnected (3D) as Figure 2.7 

(a) 

(b) 
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Figure 2.6 Pseudocapacitance and electronic conductivity of alternative metal oxides 

(adapted from Zhi et al. (2013)). 

Ghodbane et al. (2009) reported MnO2 electrode materials were study on 

microstructural effect. The crystallographic of MnO2 pyrolusite, ramsdellite, 

cryptomelane, Ni-todorokite, Octahedra molecular sieve (OMS-5), birnessite, and 

spinel show as figure 2.7(a-g). Figure 2.8 shows the largest specific capacitance 

relatively with the highest specific surface area in spinel form. Inspite of the OMS-5 

shows highest ionic conductivity. Among of various form, the 3D microstructure shows 

highest value of specific capacitance and followed by 2D and 1D.  
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Figure 2.7 Crystallographic forms of MnO2 based materials (Ghodbane et al., 2009). 

(d) 
(e) 

(f) 
(g) 

(a) (b) 
(c) 
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Figure 2.8 The specific capacitance, ionic conductivity, and surface area of MnO2 

forms electrode materials were perform in 0.5M K2SO4 electrolyte (Ghodbane et al., 

2009). 

Generally, Birnessite- type MnO2 may be called manganous-manganite or -

MnO2 are most common form that poorly crystalline oxide of tetravalent manganese. 

-MnO2 is composed of ions such as Na, Ca, and K etc. which are nonessentials 

(McKenzie, 1971). The -MnO2 has been lamellar layered structure with MnO6 

octahedra layer for intercalated the different species within. -MnO2 nanoflower was 

assembled by hierarchical of nanosheets for shorten transport path length of electrons 

and cations. They were constructed by hydrothermal method with different KMNO4 

proportional. The specific capacitance of MnO2 derived from high KMnO4 

concentration more than at low concentration. This ascribe to the multi branched 

hierarchical self-assembled with very thin nanosheets structure for large contact area 

with electrolyte ions (Zhao et al., 2015). The morphology effected -MnO2 which 

contains pyrolusite and ramsdellite on supercapacitor application. The nanorod show 
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highest specific capacitance followed with nanoflower, nanosheets and nanosphere 

since the high crystallization and specific surface area (Ye et al., 2017). 

 

Table 2.2 Crystallographic form of some MnO2 based materials (Ghodbane et al., 2009; 

Ye et al., 2017). 

Compound Mineral Crystal symmetry Features 

-MnO2 Hollandite Tetragonal (I4/m) (22) tunnel 

R-MnO2 Ramsdellite Orthorhombic (Pbnm) (12) tunnel 

-MnO2 Pyrolusite Tetragonal (P42/mnm) (11) tunnel 

-MnO2 Nsutite Complex tunnel (22)/(12) 

-MnO2 Birnessite Rhombohedral (R-3m) (1) layer 

Mg-Bir Mg-Birnessite Monoclinic (C2/m) (1) layer 

Na-Bir Na-Birnessite Monoclinic (C2/m) (1) layer 

-MnO2 Akhtenkite Hexagonal (P63/mmc) Dense stack 

-MnO2 Spinel Cubic (Fd3m) (11) tunnel 

-MnO2 Psilomelane Monoclinic (P2/m) (23) tunnel 

-MnO2 Todorokite Monoclinic (P2/m) (33) tunnel 

 

The Charge storage mechanism of MnO2 electrode used in aqueous electrolyte 

consists of intercalation/deintercalation and surface adsorption. The 

intercalation/deintercalation of protons (H+) or metal cations (C+) such as Li+, K+, Na+ 

from the electrolyte into the bulk structure of material. The reaction was described by 
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2MnO H e MnOOH       (18) 

or metal cations 

2MnO C e MnOOC       (19) 

The surface adsorption of electrolyte C+ on MnO2 can be express as 

2 surface 2 surface(MnO ) C e (MnO C )     (20) 

this mechanism was proposed to a redox reaction in MnO2 electrode via the III and IV 

oxidation state of Mn (Toupin et al., 2004). 

 

 

Ti atom      TiO6 Octahedra blocks 

Figure 2.9 Crystal structure of TiO2 polymorphs are (a) Rutile, (b) Anatase, (c) 

Brookite (orthomrhobic), and (d) TiO2(B) (Zhang et al., 2015). 

TiO2-based material including three distinct polymorphs are rutile, anatase, and 

brookite as figure 2.9. The crystallinity structures have been titanium cations are six-

fold coordinated to oxygen anions, formed distorted TiO6 octahedra joined by sharing 

the octahedra edges (some have corner sharing well). The different type of crystal 

structure provided by structural package in the TiO6 octahedra building blocks. The 

rutile, anatase, and pure titania or called TiO2(B) are the same chemical formula TiO2. 
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While TiO2(B) structural are very open crystal structure and shares more similarity with 

titanate than other phase.  

 

 

Ti atom      TiO6 Octahedra blocks 

Figure 2.10 Crystal structure of (a) monoclinic titanate H2Ti3O7, (b) orthorhombic 

titanate HxTi2-x/4x/4O4 (  is vacancy), (c) monoclinic titanate H2Ti4O9. The (010) plan 

projection of (d) monoclinic titanate and (e) orthorhombic titanate (Zhang et al., 2015). 

Normally, Layered titanate material is similar formula as MxTiyOx/2+2y·zH2O 

(where M = H, Li, Na, K, etc.). The structure is 2D layers constructed by connected 

TiO6 octahedra blocks which inter-layer spaces confine cation and neutral molecules. 

Based on crystal symmetry can be divided into monoclinic and orthorhombic. 

Monoclinic titanate is zigzag layers built upon the structural entity which composed of 

several collinear edge-sharing TiO6 octahedra in the (010) plans. The variation 
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stoichiometry of monoclinic titanate that related to the number of TiO6 octahedra 

composing in the structural entity. For example, H2Ti3O7 is 3 octahedra blocks entity 

while H2Ti4O9 structure entity has 4 octahedra blocks represent as in Figure 2.10(a) and 

2.10(b), respectively. Figure 2.5(c) is orthorhombic crystal structure which frequently 

termed lepidocrocite titanate. The TiO6 octahedra arrangement in orthorhombic titanate 

is closely related to monoclinic titanate visualization. The direction of orthorhombic 

titanate layer is straight and continuous for the absence of corner-sharing and charge 

balance must be maintained from partial occupancy of Ti sites.  These difficult to 

predict because their low crystallinity and structural similarity in close characteristic 

XRD peak positions (Zhang et al., 2015). However, TNTs structure have been wide 

variety of possible compositions such as Na2Ti3O7, H2Ti3O7, NaxH2-xTi3O7, NaxH2-

xTi3O7·nH2O, Na2Ti2O4·(HO)2, Na2Ti2O4·(HO)2, Na2Ti2O5·H2O, H2Ti2O5·H2O or 

even the lepidocrocite-type titanates with compositions of NaxTi2-x/4x/4O4 or HxTi2-

x/4x/4O4 . 

1D nanostructure as titanate nanotubes with crystal structure belongs to 

monoclinic or orthorhombic system. A Long cylinder with a hollow cavity lying 

through the center along their length. The crystallite size is very small, close similarity, 

and the precise position of hydrogen atom inside in the crystals is difficult to find. The 

walls of titanate nanotubes always multilayered and the number of layers varies from 

two to ten and tubular scrolled like onion or concentric in type. 
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Figure 2.11 Schematic diagram show (a) a presentation of displacement vector AA' 

when wrapping up a sheet to form a scroll-type nanotube and (b) cross sectional view 

of the H2Ti3O7 trititanate nanotubes (Chen et al., 2002). 

The formation of TNTs, Ti-O-Ti bonds of the TiO2 powder is broken under the 

action of NaOH. Second step is the nanosheets were formed before curving to 

nanotubes. The high surface energy of the nanosheets resulted in their curl and 

subsequent formation of the nanotubes. The green sample was given by washing 

process for Na ions exchanged by proton in the solid solution system. These behaviors 

can be explained as follows (Vu et al., 2014; Bavykin and Walsh, 2009) dissolution of 

TiO2 precursor:  

2
2pr 3 2TiO 2NaOH 2Na TiO H O      (22) 

dissolution crystallization of nanosheets:  

2
3 2 3 nanosheet

2Na TiO Na TiO      (23) 

curving of nanosheets:  

2
3 2 3 2 3nanosheet nanotube

2Na TiO Na TiO Na TiO    (24) 

(a) (b) 
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washing of nanotubes: 

H

2 3 2 2 3nanotube nanotube
Na TiO 2H O Na TiO 2NaOH    (25) 

Sodium Hydrogen Titanate (NayH2-yTinO2n+1·xH2O) is the product from hydrothermal 

reaction by TiO2 particle and NaOH aqueous solution. Hydrogen Titanate or protonate 

polytitanate (H2TinO2n+1·xH2O) followed by a proton exchange of the sodium hydrogen 

Titanate washing process (Choi et al., 2010). Many synthetic methods for derive the 

nanotubes or nanotube arrays that can be grouped into three major synthetic techniques 

present as Table 2.3. 

 

Figure 2.12 Schematic drawing of the exfoliation and scrolling mechanism of 

nanosheets to nanotubular production (Nakahira et al., 2010). 

TNTs based materials have effective in ion-exchange ability because their high 

charge recombination rate. The band gap found to be 3.3 eV, limit the electron and 

whole photo generation.  Temperature stability of Co-doped TNTs synthesis procedure, 

undoped and doped were prepare at different temperature. Note that the existence of 

TNTs phase supports the existence of some Na+/H+ replacement in the TNTs structure. 

Temperature synthesis was compared that structure and morphology of Co-doped TNTs 
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are maintained homogeneously nanotubular structure. The size of ionic radius effect for 

increasing oxygen vacancies as a results of ion substation bring around Co-doping 

stabilizes with the TNTs in wider synthesis temperature range. This is a significant 

reduction of the autoclave dwell time thus a cost saving in energy consumption (Ferreira 

et al., 2013).  
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Table 2.3 Comparison of the three preparation methods for fabrication of 1D TiO2-

derived nanomaterial. 

 

Energy storage application, hydrogen titanate nanotubes have been investigated 

as lithium intercalation hosts for a remains phase stable after repeated cycling (Li et al., 

2006). Three-dimensional pore structure as unique for electron and OH- ions contact 

Method Diameter 

(nm) 

Advantages Disadvantage 

Template 

synthesis 

2.5-600 1) Well dimension 

controlled 

2) Wide diameter range 

1) Sacrificial template 

2) Amorphous 

3) Quantity limited 

 

Anodization 

of Ti foils 

20-110 1) Efficient 

immobilization 

2) Ordered array 

1) Large diameter and tick 

wall 

2) Fluoride ion needed 

3) Low surface area  

 

Alkaline 

hydrothermal 

method 

10-200 1) Various morphologies 

2) Simple and cost 

effective 

3) High specific surface 

area and aspect ratio 

4) Not template needed 

1) Poor morphology and 

dimension controlled 

2) Uncontrolled chemical 

structures 
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the Co species uniformly distributed on TNTs retain large specific surface area. The 

enhancement of electrical conductivity was investigated by the EIS technique, Co-

functionalized TNTs electrode certain that better electrochemical performance because 

introduced of Co species (Hou et al., 2011). Layered sodium titanate nanostructure 

(Na2Ti2O4(OH)2) were use as electrode materials for high energy density supercapacitor 

under pseudocapacitance storage. Electrochemical evaluation (Figure 2.13(d), highest 

observed for Na2Ti2O4(OH)2 which predominantly result from the redox process is the 

reduction which the initial process as  

2 2 4 2 2 2 2 2 2
Na Ti O (OH) 2C 2 Na Ti O (OH) (OC)     (26) 

The metal cations C+ are incorporation of proton/cations and electrons in the 

Na2Ti2O4(OH)2 lattice. At high scan rate is a reduction reaction which indicating the 

energy storage under pseudocapacitive. This redox reaction at the thin surface of 

Na2Ti2O4(OH)2 electrode involving the insertion and extraction of cations could be 

present as  

ch arg ing

2 2 4 2 2 2 2 2 2
disch arg ing

Na Ti O (OH) Na Ti O (OH) (OC) 2C 2e   (27) 

Charging process show that oxidation state of Ti change from +3 to +4 and reversible 

reactions occur during discharging. These occurrence pseudocapacitive and electric 

double layer behavior, results from its layered structure which without in Na free TiO2 

structure relation with XRD results (Aziz et al., 2013) as in Figure 2.11(c). 
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Figure 2.13 The flower like aggregates of (a) sodium titanate nanofiber (STNF120) 

and (b) Na free TiO2 (anatase) developed by washing the STNF. (c) The phase 

formation of STNF as various reaction temperatures and (c) the specific capacitance as 

various scan rate (Aziz et al., 2013). 

 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Table 2.4 List of difference TiO2 based electrode materials. 

Electrode 

materials 

Cs 

(F/g) 

Electrolyte Potentials 

windows 

    (V) 

References 

TiO2 nanorods 8.50 1M Na2SO4 

 

0 to 0.8 Ramadoss and Kim 

(2013) 

TiO2 nanotubes 19.20 1M NaOH -0.6 to 0.3 Salari et al. (2012) 

TiO2 nanofibers 65.80 1M Na2SO4 0 to 0.4 He et al. (2016) 

10NiOx/TiO2 

nanotubes 

698.30 1M KOH 0 to 0.6 

 

Cui et al. (2016) 

CoS/TNTs 

nanotubes 

362.00 

427.00 

374.00 

493.00 

2M KOH 

2M KCl 

1M Na2SO3 

1M Na2SO4 

-0.2 to 0.6 

-1.0 to 0 

-1.0 to 0 

-1.0 to 0 

Ray et al. (2015) 

Na2Ti3O7 

TiO2 

nanoflowers 

300.00 

60.00 

1M KOH 

1M KOH 

 

-0.2 to 0.7 

-0.1 to 0.6 

Aziz et al. (2013) 

 

 Table 2.4 show the electrochemical supercapacitance performance of the 

different TiO2 based materials. Morphology of nanotube could be more effective and 

lower effective in the TiO2 structured which compared by complex TNTs structured. 

However, TiO2 based materials showed high performance for composite with NiOx and 

CoS that can be perform in different electrolyte as in Na2SO4, NaOH, KOH, Na2SO3, 

and KCL etc. The data from table 2.4 was illustrated by Figure 2.14. 
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Figure 2.14 The specific capacitance of TiO2 based electrode materials as a function 

of electrolytes and their morphology (data adapted from Table 2.4). 

 

The electronic conductivity of MnO2 are 10-6 – 10-5 S/cm while TiO2 show 10-5 – 10-2 

S/cm (Lu et al., 2013). Zhou et al. (2016) report MnO2 deposited on TiO2 nanotube 

arrays has a stabilization effect on the cycling stability because of 

(i) The thinnest shell of MnO2 builts on TiO2 nanotube walls that showed 

smallest electrical conduction and ion diffusion resistance in the MnO2.  

(ii) 1D nanotube structure as unblock pathway for reducing the ion diffuse and 

diffusion time to contact with active materials. 

(iii) The conductive TiO2 core as superhighway in the charge storage and the 

delivery that minimizes the electron transport resistance in the electrode of MnO2. 

(iv) The TiO2 scaffold counteracts the strain during ion intercalation into the 

MnO2 matrix. 

The combination of MnO2 with TiO2 nanosheets for improving electrode 

stability and enhancing the ion/charge transport properties at the electrode and 
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electrolytic surface of MnO2. The combined effect in the facilitated charge transfer to 

the MnO2 phase induced by the addition of TiO2 suggest that can be increased surface 

area accessibility for electrolyte ion transport derived from 3D tremella-on-sheet 

structure. However, high addition caused to second growing of MnO2 active materials 

which some overlayer active materials enlarge the diffusion path for electron transfer 

(Zhu et al., 2015). 

Hierarchically birnessite type MnO2 nanoflakes with different titania based 

nanowires (i.e. MnO2/H2Ti3O7 and MnO2/TiO2). As in Figure 2.11 for morphology and 

the specific capacitance which show good electrochemical behavior with MnO2/TiO2 

electrode material. This is because the highly porous structure and surface texture of 

TiO2 facilitate the ion transfer into porous structure which would lead to substantial 

redox faradic reactions and surface adsorption of electrolyte cations. Moreover, 

asymmetric supercapacitor of these electrode by activated graphenes as 

MnO2/H2Ti3O7//AG and MnO2/TiO2//AG are investigate in comparison. The energy 

density value of MnO2/TiO2//AG supercapacitor  showed more than twice of 

MnO2/H2Ti3O7//AG asymmetric supercapacitor (Zhang et al., 2014). 
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Figure 2.15 (a-b) The TiO2 covered with a layer of densed MnO2 ultrathin nanoflakes 

and (c) the specific capacitance versus current density (Zhang et al., 2014). 

 Although Sodium TNTs (Na2Ti2O4(OH)2) electrode showed higher effective 

compared with Na free TiO2 when performed in KOH electrolyte. In the Na2SO4 

electrolyte MnO2/H2Ti3O7 has more effective than MnO2/TiO2 comparation. However, 

TiO2 supported by MnO2 perform much better in Na2Ti3O7 with the calculated specific 

capacitance and stability retention. Possibly, Na2Ti3O7 materials is the poor electronic 

conductivity.  And the electrostatic repulsion between Na+ in the Na2Ti3O7 network and 

Na+ in the electrolyte which migrates toward the surface or insert into the bulk of MnO2 

(Liu et al., 2017). MnO2-TNTs as electrode-based materials were reported their specific 

capacitance and condition test with 3-electrode system show in Table 2.5. 

 

 

 

(c) 

(a) 

(b) 
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Table 2.5 MnO2-TiO2 electrode based-materials the specific capacitance in Na2SO4 

aqueous electrolyte. 

Electrode materials Cs 

(F/g) 

Current 

density (A/g) 

Reference 

Electrodeposition method     

MnO2 nanospheres on C paper 120.00 1 Ye et al. (2017) 

MnO2 nanosheets on C paper 150.00 1  

MnO2 nanoflowers on C paper 175.00 1  

MnO2 nanorods on C paper 280.00 1  

Hydrothermal method    

MnO2 nanospheres (60 C 12h) 180.00 1 Liu et al. (2012) 

MnO2 nanoflowers (160C 12h) 197.00 1 Zhao et al. (2015) 

MnO2 (120C 16h) 200.00 1 Zhang et al. (2014) 

MnO2 (200C 16h) 106.25 1 

MnO2 nanotubes (140C 24h) 325.00 1 Huang et al. (2014) 

MnO2/MnO2 (140C 12h) 108.00 5 Shao et al. (2015) 

TiO2/MnO2 (160C 5h) 128.40 1 Luo et al. (2013) 

MnO2/TiO2 (140C 24h) 250.00 1 Zhang et al. (2014) 

MnO2/H2Ti3O7(140C 24h) 132.00 1 

MnO2/TiO2 (140C 24h) 286.69 1 Zhu et al. (2015) 
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Table 2.6 Energy power densities of MnO2-TiO2 electrode-based materials. 

Electrode materials Energy density 

(Wh/kg) 

Power density 

(kW/kg) 

Reference 

MnO2  38.5 to 29.75 0.36 to 3.57 Yu et al. (2009) 

TiO2/MnO2 63.7 to 7.5 0.10 to 1.00 Xiong et al. (2016) 

MnO2/TiO2//AG 29.8 to 4.9 0.18 to 5.40 Zhang et al. (2014) 

MnO2/H2Ti3O7//AG 13.6 to 0.8 2.10 to 2.70  

TiO2/MnO2//TiO2/MnO2 7.4 to 2.8 0.13 to 1.98 Zhou et al. (2016) 

TiO2-MnO2//AC 12.2 to 9.6 1.70 to 20.00 Xiong et al. (2016) 

TiO2-MnO2-C//AC 18.1 to 14.1 1.70 to 20.00  

 

 

 

Figure 2.16 Ragone plots of MnO2-TiO2 electrode-based materials (adapted from 

Table 2.5). 



 

CHAPTER III 

RESEARCH METHODOLOGY 

 

3.1 Materials 

3.1.1 Titanium dioxide (TiO2), MW= 79.87 g/mol, 99.00%, Riedel-de Haën 

3.1.2 Sodium hydroxide (NaOH), MW = 40 g/mol, 99.00%, Merck kGaA 

3.1.3 Potassium Permanganess (KMnO4), MW= 158.034 g/mol, 99.00%, 

UNIVAR 

3.1.4 Sodium sulfate (Na2SO4). MW= 142.24 g/mol 

3.1.5 Potassium chloride (KCl) 

3.1.6 Acetylene black 

3.1.7 Polyvinylidene difluoride (PVDF) 

3.1.8 N-methyl-2 pyrrolidinone (NMP) 

3.1.9 Nickle foam 

3.2 MnO2-TNTs Preparation 

3.2.1 Synthesis of TNTs precursor 

TiO2 powders 2 g were dissolved in distilled water 160 mL under stirring 

continuously. After 1 h. NaOH powder 64 g added into TiO2 solution and magnetically 

stirred for 24 h. Homogeneous solution was transferred into a Teflon-lined stainless-

steel and hydrothermal reaction operated at 130C under 150 rpm constant stirrer for
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24 h. The precipitated TNTs leached with distilled water by several times until neutral 

pH then oven dried at 70C. 

3.2.2 Synthesis of MnO2-TNTs materials 

To study the effect of reaction temperature, 25 g of TNTs powder and 40 mL of 

0.01M KMnO4 solution were transferred to the ultra-sonicate for 10 min. Purple 

solution was transferred into Teflon-lined stainless-steel autoclave and hydrothermal 

reaction was operated at various temperature as 60, 80, 100, 125, and 150C for 24h. 

The MnO2-TNTs brown precipitated was dried at 70C in the oven for MnO2-TNTs 

powder. The effect of reaction temperatures, samples were labeled as 

“temperature_MnTNTs” for 60C_MnTNTs, 80C_MnTNTs,…, 150C_MnTNTs. 

To study the effect composition ratios between MnO2 and TNTs, preparation 

procedure is the same as previously described in figure 3.1. However, the composition 

ratios between MnO2 and TNTs were varied are 0.005M:25g, 0.01M:25g, 0.05M:25g 

of KMnO4:TNTs. These samples were labeled as “xMnTNTs” where x = 0.005M, 

0.01M, and 0.05M. 
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Figure 3.1 Flow chart of MnO2-TNTs preparation by hydrothermal method. 

 

3.3 Basic characterization 

3.3.1 X-ray Diffraction technique 

X-ray diffraction (XRD) is a technique for evaluating the information of phase 

structure. The existence of certain phase relations between two or more waves are take 

place. 

TiO2 2 g + DI water 160 ml NaOH 64 g 

Hydrothermal reaction 

Washing to natural pH 

Stirred at room temperature for 24 h 

 

130C for 24 h (150 rpm) 

 

TNTs powder  KMnO4 40 mL 

Hydrothermal reaction 

Ultra-sonication for 10 min. 

60, 80, 100, 125, and 150C for 24 h 

MnO2-TNTs powder  

 

0.005M, 0.01M, and 0.05M 

Oven dried at 70C 
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Figure 3.2 Diffraction of x-rays by a crystal (Cullity and Stock, 2001). 

 

When a crystal diffracts x-ray present as in Figure 3.2. The diffraction of x-rays 

by a crystal which atoms were arranged by parallel set planes A, B, C, D, … with spaced 

a distance d part. The wavelength is the incident beam on crystal for creating angle θ, 

called the Bragg angle. Where θ was measured by the incident beam and the crystal 

planes under consideration. Different path and phase were measured in the wavelengths 

of x-rays. Incident rays 1 and 1a are strike the atoms at in the K and P plane then scatted 

in all directions. A diffracted beam may be defining as a beam is composed of many 

scattered rays reinforcing one another. The indirection 1 and 1a were scattered by all 

of atoms in the first plane. This will be true of all the separately planes and it remains 

to finding the condition for reinforcing the scattered rays at atom in different planes. 

Rays 1 and 2 are scattered by atoms K and L, and the difference path of rays is  

ML LN d sin θ d sin θ− =  +         (28) 

This is also the difference path for overlapping rays was scattered by S and P, there is 

no path difference between rays scattered by S and L or P and K. The scattered rays 1 
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and 2 will be completely in phase if this path difference is equal to a whole number n 

of wavelength which formulated by W.L. Bragg’s is known as Bragg’s law  

nλ 2d sin θ=           (29) 

The order of diffraction is n, it may take on any integral value consistent with sin θ. 

Value  and d were fixed there may be several angles of incident at which diffraction 

occur. This first order, the scattered rays 1 and 2 would differ in length of path and in 

phase by one wavelength. Rays 1 and 3 by two wavelengths and rays 1 and 4 by three 

wavelengths and so on throughout the crystal to form diffracted beam (Cullity and 

Stock, 2001). 

TNTs and MnO2-TNTs powder were XRD characterized by Bruker D2 

PHASER of Bruker AXS GmbH, Germany. XRD instrument useable at the center for 

scientific and technology equipment. Suranaree University of Technology. 

3.3.2 Scanning electron microscopy 

Scanning electron microscopy (SEM) is used tool visualize the structure present 

as image. When the signal collected from the beam specimen interacts with one location 

to another. The electron beam impinges the specimen, many types of signal are 

generated that can be displayed as an image. The detector system converts the signals 

with point by point intensity and produces an image. Secondary electrons (SE) and 

backscattered electrons (BSE) are most detected as in Figure 3.3. The signals are 

collected when a positive voltage is applying to the collector screen in front of the 

detector while a negative voltage on the collector screen. BSE signal is captured 

because the low SE are repelled by the scintillator/photomultiplier (PMT) are then 

amplified (Amp) for display on the cathode ray tube (CRT). 
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Figure 3.3 Diagram of backscattered and secondary electron collection of these signals 

by the Everhart–Thornley detector (Goldstein et al., 2003). 

Energy dispersive x-ray spectroscopy (EDX) in scanning electron microscopy 

were used to analysis energy characterization that enable the chemical element of 

sample. Primary electron transverse a path through sample, electron undergo interaction 

that generate x-ray without colliding directly with another electron. This produce the 

continuous distribution of x-ray type that called Bremsstrahlung x-ray radiation. The 

characteristic of x-ray radiation shows as Figure 3.4. The electron is scattered with little 

loss of energy and if collide directly with another electron that remove the electron from 

its orbit led to electronic vacancy, which is filled by an electron from an outer electronic 

layer and of higher energy. During this transition the electron loses energy by emitting 

an X-ray. This is characteristic X-ray radiation reveal that energy value of the X-ray 

emitted during this electronic transition is characteristic for each chemical element, 

electronic layer, and electronic transition. The energy characteristic is captured by 

dispersive x-rays detector (de Assumpção Pereira-da-Silva and Ferri, 2017). 
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Figure 3.4 The principles in forming Bremsstrahlung and characteristic X-ray radiation 

(de Assumpção Pereira-da-Silva and Ferri, 2017). 

 

Figure 3.5 The schematic structure of a transmission electron microscope (Wang, 

2001) 
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SEM image and EDX analysis of all the sample are also evaluated by SEM of 

JEOL JSM 7800F from Japan. SEM instrument is available at the center for scientific 

and technology equipment. The scientific center of Suranaree University of 

Technology. 

3.3.3 Transmission electron microscopy 

Transmission electron microscopy (TEM) was using to perform a real space 

image on the atom distribution in the nanocrystal and on its surface. As in Figure 3.5 

TEM composed of illumination system, a specimen stage, an objective lens system, the 

magnification, the data recording and the chemical analysis system (Wang, 2001). The 

specimen stage is a key for carrying out structure analysis, because it can be used to 

perform in-situ observations of phenomena induced by annealing, electric field or 

mechanical stress giving the possibility to characterize the physical properties of 

individual nanostructures. Objective lens is the heart of a TEM for determines the limit 

of image resolution. Magnification system consists of intermediate lenses and 

projection lenses. The data recording system tends to be digital with the use of a charge 

couple device (CCD), allowing quantitative data processing and quantification. Finally, 

the chemical analysis system is the energy dispersive x-ray spectroscopy (EDS) and 

electron energy-loss spectroscopy (EELS). EDS and EELS can be used complimentary 

to quantify the chemical composition of the specimen, EELS can also provide 

information about the electronic structure of the specimen. 

All the sample were investigated by TEM equipped with FEI TECNAI G2 20. 

The instrument is available at research instrument center. Khon Kaen University. 
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3.3.4 Fourier Transform Infrared spectroscopy 

 Infrared absorption also called FTIR or mid-IR absorption. FTIR use in the 

context of chemical analysis. When the monochromatic light of energy encounter 

matter and there are reflected, absorbed, or scattered. IR radiation is absorbed by 

molecules in the sample, transitions between vibrational energy states of the chemical 

bonds occur. These energy vibrations with respect to chemical bonds which contain the 

information of function groups and chemical structure of the compounds in the sample 

(Bouyanfif et al., 2018).  

FTIR spectra was recorded by Tensor 27 spectrometer in the attenuated total 

reflection (ATR) mode. The sample holder was use as background spectra with 64 scans 

and were taken from 4000 to 400 cm-1 with a resolution of 60 cm-1. The FTIR spectra 

of sample are present to the transmittance correlate with wave number. FTIR Tensor 27 

available at the center for scientific and technology equipment. Suranaree University of 

Technology. 

3.3.5 X-ray Photoelectron spectroscopy 

 X-ray Photoelectron spectroscopy (XPS). XPS technique was analyzed the 

surface chemical state. The surface chemistry of materials information and valuable 

quantity can be obtained by scanning x-ray beam across the sample surface. The core 

electrons are emitted from a sample and adsorb incident photons from an X-ray source. 

The kinetic energy of the emitted core electrons was determined by conservation of 

energy. The photoelectron ejects are kinetic energy that measured relatively with the 

energy required to just remove the electron concerned from initial to fermi level of solid 

(Zhi et al., 2013; Aziz and Ismail, 2017). Work function of solid are involve as 

correlation to equation (30)  
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Figure 3.6 Diagram of photo electric effect (Engelhard et al., 2017). 

kE hν BE φ          (30) 

where Ek is the kinetic energy, h is the Plank’s constant,  is the frequency, BE is 

binding energy and  is the work function of solid. The peak of photoelectrons detected 

versus binding energy were plot in resulting.  

All sample was characterized by XPS at beamline 5.3, available at the 

synchrotron light research institute (SLRI) public organization. 

3.3.6 Brunauer-Emmett-Teller method 

Brunauer-Emmett-Teller method also know BET. BET technique uses for 

determining nitrogen adsorption at surface area of porous materials. In the linear form 

BET equation as   

0 0
a a a

m m

p 1 (C 1)p

n (p p) n C n Cp
       (31) 

where na the amount adsorbed at the relative pressure p/p0, 
a

m
n  is the monolayer 

capacity, and C is the BET constant. BET method use calculates the total and specific 

surface area as follows equation     
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a
s m mA (BET) n La          (32)  

s
s

A (BET)
a (BET)

m
        (33) 

where As(BET) and as(BET) are the specific surface areas and total surface area. L, am, 

and m are the Avogadro constant, molecular cross section area, and molecular weight 

absorbent, respectively. 

 The total pore volume (VT) derived the amount of vapor adsorbed at a relative 

pressure. This close to unity that assume the pores filled with condensed adsorptive in 

the normal liquid state. The pore shape structure is generally assumed to be either 

cylindrical or slit shape. The average pore size or pore width (rp) can be obtained from 

the following 

0 ads m
T

p V V
V

RT
         (34)  

T
p

s

2V
r

a
          (35)  

where Vads is adsorbent of gas volume, Vm is the molar volume of liquid adsorbate, R 

is gas constant and T is ambient temperature, respectively. The pore size distribution 

was classified into three class with pore diameter illustrated in Table 3.1. 

Table 3.1 IUPAC classification of pores. 

Classification Pore diameter (nm) 

Micropore Up to 2 

Mesopore 2 to 50 

Macropore 50 or more 
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Physisorption isotherm grouped as in figure 3.7. Type I is given by microporous 

solids relatively with small external surfaces. Where the limiting uptake is giverned by 

the accessible micropore volume rather than by the internal surface area. Type II 

Isotherm is the normal form of isotherm obtained by a non-porous or microporous 

adsorbent which represent unrestricted monolayer-multilayer adsorption. Point B in the 

beginning of the almost linear middle section indicate the stage at monolayer coverage 

is complete and multilayer adsorption. Type III isotherm is not common and there are 

number of systems which give isotherms with gradual curvature and an indistinct point 

B such as adsorbate-adsorbate interactions play an important role. Type IV isotherm 

are its hysteresis loop which associated with capillary condensation taking place in 

mesopores. Initial part of the type IV isotherm is attributed to monolayer-multilayer 

adsorption since it follows the same path as the corresponding part of a type II isotherm 

obtained with the given adsorptive on the same surface area of the adsorbent in a non-

porous form. Type V isotherm is uncommon which relate to the type III isotherm in 

that the adsorbent-adsorbate interaction is weak and obtained with certain porous 

adsorbents. Type VI isotherm are sharpness of the steps depends on the system and the 

temperature, represents stepwise multilayer adsorption on a uniform non-porous 

surface. The step high show represents the monolayer capacity for each adsorbed layer. 

Hysteresis loops may exhibit a wide variety of shapes, two extreme type show as H1 

and H4 while types H2 and H3 may be regarded as intermediate between these two 

extremes. A feature common to many hysteresis loops is that the steep region of the 

desorption branch leading to the lower closure point occur at the relative pressure which 

is almost independent of the nature of the porous adsorbent but depend on the nature of 

the adsorptive (Sing, 1985).  
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Figure 3.7 Type of physisorption of isotherm and hysteresis loop (Sing, 1985). 

 The surface adsorption of MnO2-TNTs samples was characterized by 

BELSORP mini II. At The center for scientific and technology equipment. Suranaree 

University of Technology. 

 

3.4 Electrochemical properties measurement 

3.4.1 MnO2-TNTs electrode fabrication 

MnO2-TNTs powders were mixed acetylene black and polyvinylidene 

difluoride (PVDF) in the weight ratio of 70:20:10. Active mass of working electrode is 

70% of weight. Mixed powder was dispersed by shaking in NMP for 1 h into slurry 

formed, coat on foam nickel as current collector. This fabricated electrode or working 

electrode was dried at 70C in the oven and pressed with 1 MPa for 1 min before 

measurement process. 3-electrode system consist of our working electrode (WE), Pt 

plate and saturated Ag/AgCl electrode used as counter (CE) and reference electrodes 

(RE), respectively. This study Na2SO4 solution use as natural electrolyte. Figure 3.8 
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shows Potentiolstat-Galvanostat Autolab Methrom (PGSTAT302N) of 3-electrode 

system were performed by NOVA 1.11 software. 

 

Figure 3.8 Electrochemical measurement setup at Advance Materials Physics (AMP) 

Laboratory. 

3.4.2 Electrochemical measurement technique 

Three-electrode system are made up by RE, CE, and WE. RE has been stable 

over the reference level during potential measurement. The CE was collected all current 

flowing via WE. The electrochemical properties of our WE will be examined by CV, 

GCD, and EIS technique.  

CV technique was measured within potential windows range 0 to 1V. Potential 

windows was scanned by different scan rates of 2, 5, 10, 20, 50, 100 and 200 mV/s. 

The current response obtained was normalized by active mass of each working 

electrode. 

On the same potential windows, G-CD technique was measured with voltage 

against time. The current was applying at different current density of 0.5, 1, 2, 3, and 5 

A/g. Furthermore, this technique will be cycling test with 1000 cycles for studying their 
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stability of electrode at current density of 5 A/g. The specific capacitance, energy and 

power densities were evaluated from discharge time with G-CD technique. 

EIS technique was testing over the frequency range from 1 kHz to 0.1 Hz at 0.1 

V disturbance. This testing on galvanostat mode and the equivalent circuits was fitted 

by using NOVA 1.11 software. 

 

 

 

 

 



 

CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Synthesis and characterization of TNTs precursor 

The anatase TiO2 and NaOH solution are raw materials for synthesis TNTs 

samples with hydrothermal process at 130C for 24 h. Stirring process increased the 

contact ability between TiO2 and NaOH as declining the transforming time to nanotubes 

(Vu et al., 2014). After hydrothermal method, TNTs suspension washed with deionized 

water neutralized until a pH 7 and dry in oven for white TNTs powder. 2 g of anatase 

TiO2 were disperse in 180 ml of 10M NaOH (10 g/mol) can produce TNTs of 2 g 

powder quantities. The alkaline hydrothermal treatment was employed to synthesized 

large TNTs product. The nanotube morphology was investigated by SEM show 

different length and average diameter of 71.20  1.60 nm. TNTs is made up of Titanium 

(Ti), Oxygen (O) and Sodium (Na) elements which confirmed by EDX analysis. The 

TNTs phase was obtained by XRD technique as pattern in Figure 4.3. The diffractogram 

was recorded in a range of 2θ from 5-70(0.02 min-1) at room temperature. XRD pattern 

shows peak center and plan indexing of 2θ  9.4(200), 24.5(110), 28.4(310), 48.6 

(220) and 61.9(200). Diffraction pattern indicated with titanate nanotubes typical of 

hydrogen titanium oxide hydrate (H2Ti2O5·H2O) (JCPDs No. 47-0124). 
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The most intense peak about 9.4was attributed interlayer distance of TNTs 

neighboring walls (Yin and Zhao, 2008). It is clear that all diffraction peaks are indexed 

to layered titanate (Zhang et al., 2008). The peak at 24.5˚can be associated with the 

presence of hydrogen trititanate which reveal that Na+/H+ exchange in the TNTs 

interlayer region has occurred to some extent after the sample washing process (Ferreira 

et al., 2013) and a common of TiO6 building block reflection at 48.6(Yoshida et al., 

2009). However, XRD peak was broadened because of the nanometer size and the 

bending of some atom planes of the tube (Chen et al., 2002) (Chen et al., 2002). TEM 

image given rise to multiple wall nanostructure of interior nanotubes. The crystalline 

structure from selected area electron diffraction (SAED) pattern were indexed to (220) 

and (110) plan that corresponding with XRD results. 

  

Figure 4.1 (a) TNTs aqueous solutions after washing process and (b) white solid 

prepared TNTs powder. 

 

(a) (b) 
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Figure 4.3 (a-b) Tubular characteristics and (c) phase of TNTs was synthesis by 

hydrothermal method at 130C for 24h (inset (a) is a SAED pattern). 

(a) (b) 

(c) 
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4.2 Synthesis and characterization of MnO2-TNTs samples 

4.2.1 MnO2-TNTs materials  

The TNTs powder are to be dissolved in 0.01M KMnO4 solution for studying 

the influence of the reaction temperature on their properties. MnO2-TNTs solutions 

were transferred into Teflon-lined stainless steel. Hydrothermal reaction was done as 

various temperature of 60, 80, 100, 125, and 150C. Firstly observe that the brown 

solution after TNTs was treated with KMnO4 solution media at 60C whereas another 

shows the precipitation with increasing of temperature. 

     

   

Figure 4.4 The MnO2-TNTs aqueous form after hydrothermal treatment as (a) various 

temperature and (b) MnO2 compositions. 

Effect of composition ratios are also studied by different concentrate KMnO4 

for 0.005M, 0.01M, and 0.05M for control of MnO2 content and hydrothermal reaction 

60C 80C 100C 125C 150C 

0.005M 0.01M 0.05M 

(a) 

(b) 
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were heated at 80C for 24h. These sample labeled by xMnTNTs where molarity x = 

0.005M, 0.01M, and 0.05M. In figure 4.4, after hydrothermal treatment, observed that 

low MnO2 content, the MnO2-TNTs aqueous have been a brown solution whereas 

precipitation with increasing of MnO2 content. 

4.2.2 XRD characterization of MnO2-TNTs materials 

TNTs as precursor which was dispersed in KMnO4 media and transfer to second 

step hydrothermal method for preparing MnO2-TNTs samples. Thermal stability, weak 

remarkable of 2θ  9.4intensity peak was observed after second hydrothermal 

treatment meanwhile other were maintained. The formation of TNTs, Na+ ions which 

could play a role in peeling surface into sheet and rolled them to form a tubular shape. 

XRD show low crystalline characteristics with relatively large specific surface area.  

Interest studied the TNTs was hydrothermal treatment with DI water for 12h 

present tubular characteristics which in agreement with the originated TNTs. Some 

provide a formation rice-shaped titanate nanoparticle with increase treatment time to 

48h then uniformly small size of rice shaped at 72h treatment. Case studied of TNTs 

was treated by hydrothermal method with 10M NaOH solution and DI water suggest 

that the aqueous solution would not provide any internal change of the prepared TNTs 

(Charinpanitkul et al. (2011)). The thermal stability of TNTs powder obtained from the 

thermogravimetric curves. The temperature ranges from 35 up to 800C measured on 

the mass change of sample. Significant weight loss occurring at lower temperatures due 

to the dehydration of physiosorbed water take place (Umek et al., 2007). 
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Figure 4.5 XRD pattern of xMnO2-TNTs (x = 0.01M) with different hydrothermal 

temperature for 24h. The pattern corresponding to H2Ti2O5·H2O and MnO2 

composition phase that transform to TiO2 anatase and MnOOH phase. 

XRD diffractogram shows abroad peak after TNTs was decorated by MnO2. 

This owing to the amorphous of Birnessite-type MnO2 structure (-MnO2). Figure 4.5 

and 4.6 shows the Birnessite-type MnO2 characteristic peak located at 2θ  12.52, 

24.32, 36.68, 48.36, and 65.79. This identified peak to (002), (212), (144), (161), 

(253), and (611) planes of -MnO2 phase (JCPDs No. 023-1046). 2θ  12.52relate to 
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lattice spacing of the layered structure of -MnO2. At low temperature synthesized, 

XRD results of 60 and 80C show clearly seen separation phase between TNTs and 

MnO2. At 100C has combination phase and there are phases transition above 125C. 

Effect of reaction temperature does show significant change phase of TNTs transformed 

to anatase TiO2, most intense peak at 25(101) of anatase TiO2 was observed (Yılmaz 

et al., 2013) while -MnO2 is manganese oxide hydroxide (MnOOH). 

 

Figure 4.6 XRD patterns of xMnO2-TNTs powder was synthesized at 80C for 24h 

with a content of MnO2. 

The phase composition studied on XRD analyze, 0.005M of KMnO4 leading to 

low active of MnO2 formation above that will be high MnO2 formation and 

hierarchically TNTs.  0.05M shows -MnO2 phase while lower than there is associate 

phase between MnO2 and TNTs phase. These relation with the characteristic of MnO2-
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TNTs aqueous after hydrothermal. The reaction and phase combining were completely.  

However, the broad peak features showed the mixture of amorphous and 

nanocrystalline nature of the sample. 

4.2.3 SEM and TEM characterization of MnO2-TNTs materials 

The low magnification SEM image reveals that the hierarchical nanostructure 

MnO2-TNTs samples have been largely agglomeration. The higher magnification 

image further indicates that MnO2 nanoflakes growth form on TNTs nanotube and 

observation MnO2 are in the space between the nanotubes. The effect of hierarchical 

nanostructured at different hydrothermal temperature are explain in below follow by 

step of reaction temperature.  

The materials prepared at low temperature treatment (60C for 24 h) there have 

been MnO2 distribute on TNTs nanotubes and low among in between the space, after 

hydrothermal treatment as in Figure 4.4(a) reveal that the brown solution which may 

be loss amount materials in washing process. XRD results associate with clearly phase 

between MnO2 and TNTs. Figure 4.9(a) present as TEM image of 60C_xMnTNTs (x 

= 0.01M) which present to MnO2 thin layer on tube and the tubular show multiwall. At 

80-100C for 24 h, MnO2 are distribute into TNTs substrate and the space between the 

nanotubes, this show brown precipitated in solution after hydrothermal treatment 

process. XRD results starting to composition phase as any peak are overlap until 

completely with 100C reaction temperature treatment. The number of MnO2 are in the 

space between the nanotubes could be confirming to complete of MnO2 phase 

formation. TEM image observed that dense of MnO2 growth on TNTs tubular this 

confirm completely of hierarchically of MnO2-TNTs. 



60 

 

 

 

 
 

Figure 4.7 SEM image for MnO2 distribute on TNTs which xMnO2-TNTs (x=0.01M) 

sample were synthesized at (a) 60C, (b) 80C, 100C, (c) 80C and (d) 150C for 

24h. 

  Higher reaction hydrothermal treatment (125-150C for 24 h) upon 

morphology of MnO2-TNTs changes. The thin of MnO2 flake are decrease as 

nanotubular morphology of TNTs which without growth on of MnO2 on TNTs. Phase 

(e) 

(a) (b) 

(c) 

) 

(d) 

(e) 
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formation were transformed, main phase of 2  12 for MnO2 and 2  9 for TNTs are 

absence at 125C and new phase are occurrence after 150C. TEM image present that 

characteristic of MnO2 changes and decrease of MnO2 decoration are observe. 

  

  

 

Figure 4.8 EDX analysis of xMnO2-TNTs (where x = 0.01M) sample were synthesized 

at (a) 60C, (b) 80C, 100C, (c) 125C and (d) 150C for 24h. 

(a) (b) 

(c) (d) 

(e) 
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Figure 4.9 TEM image of xMnO2-TNTs (x = 0.01M) were synthesized at (a-b) 60C, 

(c-d) 80C, (e-f) 100C, (g-h) 80C and (i-j) 150C for 24 h. And the high 

magnification of TEM images (b, d, f, h, and j). 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

(i) (j) 
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Because the effect of reaction temperature as the limit of hierarchical 

nanostructure MnO2-TNTs. EDX analysis for confirm of Ti, Mn, O, K and small Na 

elements. To show that TNTs aqueous was washed by DI for ion-exchange. As same 

as composition ratios between MnO2 and TNTs materials which prepared by used in 

0.01M of KMnO4 for MnO2 formation. The weight percentage (wt %) and atomic 

percentage (at %) ratio reveal that Mn higher number in MnO2-TNTs. These EDX 

results were detected on the nanotube area which MnO2 distribution. 

  

  

Figure 4.10 SEM image and EDX analysis of xMnO2-TNTs synthesized at 80C for 

24h where (a, c) x = 0.005M and (b, d) x = 0.05M. 

Figure 4.10(a, b) and Figure 4.7(b) despite the SEM image for composition ratio 

effect in comparison. The number of MnO2 was increase with x in xMnO2-TNTs 

increasing when x = 0.005M, 0.01M, and 0.05M, respectively. As in EDX results 

confirms the high content of Mn element. Low and high magnification TEM image are 

(a) (b) 

(c) 
(d) 
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show in Figure 4.11 clearly show the basic morphology the cover of MnO2 on TNTs. 

The surface of TNTs is homogeneously decorated with a layer of dense MnO2 ultrathin 

nanoflakes. The interconnected MnO2 nanosheets create a highly porous surface 

morphology.  

  
 

  
 

  
 

Figure 4.11 TEM image of xMnO2-TNTs where (a) x = 0.005M and (c) x = 0.05M, 

and (b and d) the high magnification. 

(a) (b) 

(c) (d) 

(e) (f) 
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4.2.4 FTIR and XPS characterization of MnO2-TNTs materials 

The characteristic vibration of MnO2-TNTs materials explains by the infrared 

spectrum. The normally hydroxyl group and interlayer water on the solid surface and 

water blending mode including hydroxyl group on the surface of TNTs. Vibration of 

1400 cm-1 is Mn-OH bending whereas 1100 cm-1 is due to formation of Ti-O groups 

during alkaline synthesis. Deformation of a hydrogen bond on -OH group present at 

919 cm-1. In the range of 600-400 cm-1 are the characteristic band of birnessite type of 

Mn-O vibration mode. The results show that 517 cm-1 is Mn-O-Mn asymmetric 

stretching vibration (Misnon et al., 2014). 150C_xMnO2-TNTs not present IR band at 

shoulder 2900 cm-1, this peak indicating the interlamellar water was removed and the 

Ti-O bonds were modified (Shirpour et al., 2013). This confirmed that the phase and 

structure of MnO2-TNTs are transform by temperatures dependence. The band at 680 

cm-1 attributed to the vibration of bridging oxygen atoms coordinated with Na ions 

clusters, which were greatly weakened for increasing of MnO2 contents in MnO2-TNTs 

materials (Hu et al., 2009). 478, 652, 910 cm-1 are the occurrence of the TiO6 octahedra 

which close to the Mn-O stretching vibrations mode of the octahedral layer. The 

observation of O-H vibrations in FTIR spectrum suggests the presence of absorbed 

water molecules within MnO2-TNTs structure. The hydrous properties of material 

could enhance the cations diffusion thereby increasing the specific capacitance (Ali et 

al., 2014). In addition, the band of IR spectrum and explanation are present as Table 

4.1 which from these references. 
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Figure 4.12 FTIR spectra of (a) xMnO2-TNTs (x = 0.01M) with different hydrothermal 

temperatures and (b) composition ratios effect. 

(a) 

(b) 
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Table 4.1 List of absorption bands for chemical bonding are found in the FTIR spectra. 

Band (cm-1) Assignment 

3700-3000 Hydroxyl group and interlayer water on the solid surface. 

3430 and 1630 A dehydrate sample, blending and stretching of OH groups of 

weakly bonded on the surface of adsorbed water molecule. 

1730 and 3150 Bending and stretching mode of the chemisorbed/ interlamellar. 

2900  Strong interaction between Ti ions and O-H groups(shoulder). 

1400 Mn-OH bending vibration. 

1100 Formation of Ti-O groups during alkaline synthesis. 

974  Bending vibrations of Ti-OH non-briging bonds. 

919 Deformation of a hydrogen bond on -OH group. 

920-910 Ti-O bonds in TiO6 Octahedra. 

902 Four coordinated Ti-O stretching modes. 

680 Vibration of bridging oxygen atoms coordinated with Na ions. 

517 and 487 Mn-O stretching modes of the Octahedral layers in the birnessite 

structure. 

470 Ti-O-Ti vibrations of the interconnected octahedral that are rigid 

units of the tubes wall formation. 

  

The surface chemical composition and valence state of MnO2-TNTs samples 

were carried out by XPS technique. XPS spectra fully scanned spectra indicated that 

Ti, Mn, O, Na, and K elements as in Figure 4.13. 
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Figure 4.13 XPS survey scan of (a) xMnO2-TNTs (x = 0.01M) with different 

hydrothermal temperatures and (b) a compositions effect. 

(a) 

(b) 
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Figure 4.14 XPS Mn 2p spectra of MnO2-TNTs as a function of temperature 

reaction and composition ratio effect. The Mn 2p region consists of a spin orbit doublet 

with binding energy of 654.10-654.84 eV (Mn 2p1/2) and 642.10-642.66 eV (Mn 2p3/2). 

Two main peaks of the Mn2p XPS spectrum exhibits a spin-energy separation of 11.71, 

11.74, 11.82, 11.83, 11.56 eV for 60, 80, 100, 125 and 150C, respectively. High 

content of xMnO2-TNTs shows the spin-energy separation shows 10.99, 11.74, and 

11.77 eV where x = 0.005M, x = 0.01M, and x = 0.05M, respectively. The core level 

spectra of Mn 2p were fitted into four peaks associate with Mn3+ and Mn4+ as detail in 

Table 4.2. Generally, the near surface of birnessite have assumed Mn2+, Mn3+, and Mn4+ 

which high spin states of the Mn 2p3/2 spectrum is make up of more than one species of 

Mn chemical state (Nesbitt and Banerjee, 1998; Wang et al., 2017). The report have 

assumed that the Mn4+ is firstly reduced to Mn3+ by electron injection then further 

reduced to Mn2+ (Takashima et al., 2012). Otherwise Mn3+ arose on the surface because 

the electrostatic balance by oxygen vacancies (Li et al., 2017). The Mn 2p XPS results 

could be confirmed that in all of samples is a mixture of oxidation states. 

K 2p spectra was analyze show in Figure 4.15. K 2p spectra are present in all 

sample and the content increase with increasing of KMnO4 concentrate. This conclude 

that more birnessite-type MnO2 was loaded on the TNTs which high concentration of 

MnO4
- (Lei et al., 2012). The interlayer space of -MnO2 crystal was presence with K+ 

ions that was quantified the K 2p spectra relatively with Mn 2p. This is due to the 

incorporation of potassium ion under the autogenous pressure condition into the MnO2 

matrix. However, the present of large K+ inside the porous MnO2 matrix have an 

appreciable effect on the electrochemical (Subramanian et al., 2005) 
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Figure 4.14 XPS Mn 2p spectra of MnO2-TNTs as (a) a function of temperatures 

reaction and (b) composition ratios effect. 

(a) 

(b) 



 

 

 

Table 4.2 Results of peak fitting for MnO2-TNTs in the Mn 2p region. 

Sample Mn2p binding energy (eV) Relative peak area (%) 

xMnTNTs  

(x = 0.01M) 

Mn 2p3/2 Mn 2p1/2 Energy  

Mn 2p3/2 Mn 2p1/2 Mn 2p3/2 Mn 2p1/2 

Mn3+ Mn4+ Mn3+ Mn4+ Mn3+ Mn4+ Mn3+ Mn4+ 

60C_xMnTNTs 642.81 654.54 11.71 642.96 644.97 654.47 656.25 56.25 10.42 28.13 5.21 

80C_xMnTNTs 643.10 654.84 11.74 643.03 644.97 654.59 656.49 54.47 12.20 27.24 6.10 

100C_xMnTNTs 642.66 654.48 11.82 642.49 643.50 653.16 655.13 54.10 12.56 27.05 6.28 

125C_xMnTNTs 642.52 654.35 11.83 642.67 644.72 654.06 654.44 57.85 8.82 28.92 4.41 

150C_xMnTNTs 642.54 654.10 11.56 642.60 644.60 654.17 656.08 53.70 12.97 26.85 6.49 

80C_xMnTNTs                   

x = 0.005M 642.18 653.17 10.99 642.05 644.05 653.39 655.43 56.28 10.39 28.14 5.19 

 x = 0.05M 643.05 654.82 11.77 643.03 645.00 654.63 656.62 54.85 11.82 27.43 5.91 

 

7
1
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Figure 4.15 XPS K 2p spectra and splitting energy of MnO2-TNTs as a function of 

(a) temperatures reaction and (b) composition ratios effect. 

(b) 

(a) 
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Table 4.3 Results of peak fitting for MnO2-TNTs in the Ti 2p region. 

Sample Ti2p binding energy (eV) Relative peak area (%) 

  Ti2p3/2 Ti2p1/2 energy Ti2p3/2 Ti2p1/2 

xMnTNTs (x=0.01M)     
 

    

60C_xMnTNTs 458.58 464.31 5.73 68.02 31.98 

80C_xMnTNTs 458.59 464.34 5.75 65.71 34.29 

100C_xMnTNTs 458.65 464.29 5.64 67.82 32.18 

125C_xMnTNTs 458.54 464.32 5.77 65.66 34.34 

150C_xMnTNTs 458.65 464.33 5.68 67.18 32.82 

80C_xMnTNTs      
 

    

x= 0.005M 458.56 464.23 5.67 64.98 35.02 

x = 0.05M 458.94 464.69 5.75 71.57 28.43 

 

To study the Ti elemental valence in MnO2-TNTs are given in Figure 4.16 

confirming that Ti element is in Ti4+ state which the binding energy and relative area 

between Ti 2p3/2 and Ti 2p1/2 are assignment in Table 4.2. The energy splitting between 

Ti 2p1/2 and Ti 2p3/2 was 5.7 eV, indicating a normal state of Ti4+ is present in all 

samples. The TNTs structure confines Na+ presence that synthesized by NaOH high 

concentration. XPS of Na1s spectra show in Figure 4.17 reveal that low temperature 
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reaction shows amount of Na+ and absence with higher temperature reaction as in high 

content of MnO2 in MnO2-TNTs materials.  

The observed binding energy spectrum for the O 1s core level are show in 

Figure 4.18. The first peak with lowest binding energy (530 eV) of O1s spectra 

attributed to O1s binding energy in anhydrous of the oxygen atoms bonded with Mn-O 

(Olattice) or associated with O2- ions that within the structure of Ti-O lattice. The peak at 

529.8 eV is a typical of metal-oxygen bonds (Zhu et al., 2015). Intermediate binding 

energy (531.5 eV) peak relate with the adsorbed hydroxyl group (OOH) such as O2
2- or 

O- in forms of hydroxyl OH- and carbonate CO3
2- species on the surface of the materials 

which preferable at the oxygen vacancy sites. Higher energy (532.8 eV) usually 

corresponding to the adsorbed molecular water (Omw) (Tang et al., 2014; Soumen et al., 

2014). Additional peak at 534 eV was observed at 100C_xMnTNTs which agreement 

with the single bonds of carbon oxygen (OC) (He et al., 2017; Sadri et al., 2017). These 

values are discussion in Table 4.4. 
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Figure 4.16 XPS measurement results of Ti 2p spectra and splitting energy of MnO2-

TNTs. 

(a) 

(b) 
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Figure 4.17 XPS Na 1s spectra and splitting energy of MnO2-TNTs as a function of 

temperature reaction and composition ratios effect. 

(a) 

(b) 



 

 

 

Table 4.4 Results of peak fitting for MnO2-TNTs in the O 1s region. 

Samples O 1s Binding energy (eV) Relative peak area (%) 

xMnTNTs (x = 0.01M) Olattice OOH mw OC Olattice Owm OH OC 

60C_xMnTNTs 530.54 532.15 533.22  81.04 12.8 6.16  

80C_xMnTNTs 530.44 532.05 532.89  89.13 5.33 5.54  

100C_xMnTNTs 530.46 531.68 533.42 534.84 51.09 17.72 16.52 14.67 

125C_xMnTNTs 530.50 532.13 533.22  83.18 12.82 4.00  

150C_xMnTNTs 530.47 532.10 533.20  81.04 13.14 5.82  

80C_xMnTNTs         

x= 0.005M 530.39 532.22 533.43  77.13 14.08 8.79  

x = 0.05M 530.64 532.23 533.19  75.17 17.42 7.4  

7
7
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Figure 4.18 XPS O 1s spectra and splitting energy of MnO2-TNTs as a function of 

temperatures reaction and composition ratios effect. 

(a) 

(b) 
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4.2.5 Adsorption analysis of MnO2-TNTs materials 

The nitrogen adsorption and desorption isotherms of MnO2-TNTs powder are 

show in Figure 4.19. The N2 adsorption and desorption isotherms is characteristic of 

type IV are taking place in mesopores. Initial part of the type IV isotherm is attributed 

to monolayer-multilayer adsorption since it follows the same path as the corresponding 

part of a type II isotherm obtained with the given adsorptive on the same surface area 

of the adsorbent in a non-porous form. From the isotherms can be observe that all 

sample displayed type IV isotherms according to IUPAC classification. Their pore size 

distributions are observed, the samples had mesopore. The BET surface area of TNTs 

precursor was agreement to the number and length of nanotubes, the increasing of 

tubular length corresponding to the time and NaOH concertation (Vu et al., 2014). As 

in Figure 4.20 and Table 4.5 show highest BET surface area in 80C. The smallest total 

pore volume in 150C while high mean pore diameter in 100C. The adsorption of 

MnO2-TNTs materials is depending on the quality of composition between MnO2 and 

TNTs. This significant by temperature reaction which related to their morphology in 

SEM and TEM image. The phase composition and decoration limit as in MnO2 in the 

space of TNTs, ultra thins of MnO2 flakes and shape changes. Several MnO2 content 

was decorated on TNTs relatively in low specific surface area of MnO2-TNTs.  
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Figure 4.19 The isotherm N2 adsorption and desorption of MnO2-TNTs were treatment 

with (a) different hydrothermal temperature and (b) composition ratios. 

 

(a) 

(b) 
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Figure 4.20 A pore volume distribution of MnO2-TNTs materials. 

Table 4.5 Specific surface area, pore volume and diameter of MnO2-TNTs materials. 

xMnO2-TNTs BET surface area 

(m2/g) 

Total pore 

volume (m3/g) 

Mean pore 

diameter (nm) 

x = 0.01M 

60C_xMnTNTs 194.03 0.85 17.52 

80C_xMnTNTs 229.19 1.01 17.59 

100C_xMnTNTs 206.97 1.14 22.10 

125C_xMnTNTs 185.47 1.00 21.64 

150C_xMnTNTs 121.48 0.60 19.72 

80C_xMnTNTs 

x = 0.005M 194.00 0.99 20.49 

x = 0.01M 229.19 1.01 17.59 

x = 0.05M 203.00 1.00 19.61 

TNTs 199.19 0.85 17.09 

 



82 

 

 

4.3 Electrochemical properties of MnO2-TNTs materials 

4.3.1 Na2SO4 electrolyte  

Firstly, 1M Na2SO4 solution used in electrolyte for all electrode testing refer to 

reference review. Electrochemical measurement in the CV, GCD and GCD repeated 

charge-discharge for cycling stability. Optical observation founds dissolution of 

brown/yellow into the electrolyte are given in Figure 4.21(a) which difference testing 

in 0.5M Na2SO4. Electrode mass loading in 1M Na2SO4 is 4.27 mg and in 0.5M Na2SO4 

is 2.31 mg. Capacity retention were tested with loading mass of electrode materials is 

3.36 mg and 1.68 mg for 1M and 0.5M Na2SO4, respectively. The observation in 

experimental system would be perform with low active mass for the stable of record 

and current applying.  

   

Figure 4.21 The schematic of electrochemical chamber consist of electrodes are 

performing in (a) 1M and (b) 0.5M Na2SO4 solution after 1000 cycles.  

(a) (b) 
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Figure 4.22 CV curve of MnO2-TNTs electrode as a function of (a) 1M and (b) 0.5M 

Na2SO4 electrolyte. (c-d) CV curves obtained at low (5 mV/s) and high (100 mV/s) 

scan rate present the electrochemical behavior against different Na2SO4 electrolyte 

concentration. 

 

 

 

(a) (b) 

(c) (d) 
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Figure 4.23 The GCD duration of MnO2-TNTs electrode as a function of (a) 1M and 

(b) 0.5M Na2SO4 electrolyte with current density of 1-5 A/g. The specific capacitance 

calculated from (c) CV and (d) GCD curves. (e) The capacity retention as different of 

Na2SO4 electrolyte concentration after 1000 cycles. 

(a) (b) 

(c) (d) 

(e) 
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 CV curve versus scan rate from 5 mV/s to 200 mV/s presenting rectangle at low 

rating and spindle shaped with increasing of rating scan. At 5 mV/s, show parallel curve 

are clearly obtained in cathodic and anodic peak with 0.5M Na2SO4, prominent 

oxidation tail because the upper end potential (Fatemeh Ataherian, 2010). The area of 

CV curves depends on the accessible of electrolyte ions number per time. The specific 

capacitance was estimated from area of CV curve and calculated by discharge time with 

GCD testing. Electrolyte concentration of system testing are important for the specific 

capacitance of electrode materials. Long term behavior of electrode was considering 

for electrode stability with many cycles. Which this result show that higher specific 

capacitance in 1M Na2SO4 may be not fine in long term. Yan et al. (2014) reported that 

the capacitances obtained are quite close at low scan rate (5 mV/s) and show large 

follow by 2M, 1M and 0.1M. The concentration of electrolytes is important for ion 

transport resistance. However, active mass is different in comparison for the effect to 

CV curve and GCD results. Clearly seen the effect of Na2SO4 concentration with long 

term behavior in GCD repeated for study the cycling stability of MnO2-TNTs electrode 

materials. 

4.3.2 The effect of hydrothermal temperatures on electrochemical 

properties 

The working electrode was fabricated from a mixture of active materials, PVDF, 

and Carbon black in NMP which coated on Nickle foam as current collector. The active 

mass found to be 1.26, 1.26, 1.82, 1.69, 1.75 mg for MnO2-TNTs was related to 60C, 

80C, 100C, 125C, and 150C, respectively. Electrochemical characterization in 

CV, GCD and EIS mode with 0.5M Na2SO4 used in electrolyte. The CV curve at 
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various scan rate from 5 mV/s to 200 mV/s show as in Figure 26. All of electrode 

materials show rectangular shape CV curve and higher CV current indicate the high 

conductivity and low internal resistance.  

 

 

 

 

Figure 4.24 CV of MnO2-TNTs electrode materials were synthesized at (a) 60C, (b) 

80C, (c) 100C, (d) 125C and (e) 150C. 

(a) (b) 

(c) (d) 

(e) 
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Figure 4.25 GCD curve of MnO2-TNTs electrode materials were synthesized (a) 60C, 

(b) 80C, (c) 100C, (d) 125C and (e) 150C. 

 

(a) 

(c) 

(e) 

(b) 

(d) 
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Figure 4.26 CV curve of MnO2-TNTs electrode for rating scan (a) 5 mV/s and (b) 200 

mV/s. 

CV curve at low rating scan (5 mV/s) and high rating scan (200 mV/s) were 

given on Figure 4.26. CV curve at low scan rates 80C and 100C illustrations slight 

redox peaks reveal the pseudocapacitive behavior. This asymmetrical CV curves can 

be associate to the combined double layer and pseudocapacitive contributions to the 

total capacitance (Han et al., 2014). Where MnO2-TNTs was synthesized at 80C 

relative larger CV current indicated that good electrochemical properties than another 

electrode. Sample of 60C, 125C and 150C show without any peak in symmetry 

ideal rectangular indicated that the charging-discharging took place at a constant rate 

over the voltage 0 to 1V (Reddy and Reddy, 2003). The electrochemical reaction for 

MnO2 in Na2SO4 neutral aqueous electrolyte is generally (Zhu et al., 2014) show in 

below 

2MnO M e MnOOM        (4.1) 

where M+ = Na+ or H3O
+ In fact, the MnO2 involved redox reactions in the CV tests as 

the Mn atoms in the overlayers were converted into higher/lower valence states, which 

(a) (b) 
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was induced by the intercalation/extraction of alkali cations (Na+) or protons (H3O
+) 

into/out of the nanostructure (Shao et al., 2015). CV characteristic for homogeneously 

without any change and high reversibility. This could be achieved by limiting the 

charge and discharge to potential window which corresponds to the highest stability of 

the redox processes (Pang et al., 2000).  Electrode materials with a hierarchical 

nanoarchitecture can not only provide the multiple large contact area, but also allow 

fast cation transport between the electrolyte and the electrode (Luo et al., 2013). The 

hierarchical of MnO2 on TNTs to design by different reaction hydrothermal 

temperature. The temperature optimized on materials structure for high effective. GCD 

curve of all electrodes within a potential window of 0-1.0 V at the current density of 

1A/g show as in Figure 4.28(a). Long discharge time under current applying offer to 

large specific capacitance. The calculation results of the specific capacitance of five 

electrodes at different current densities are summarized in Figure 2.27. The rate 

capability of electrode materials with current applied in GCD testing. This condition is 

also good rate in charge-discharge with 0.5-5 A/g current density. The specific 

capacitance of five synthesized in conditions at 1 A/g is 132.10, 140.22, 113.30, 84.77, 

and 41.44 F/g for the 60C, 80C, 100C, 125C, and 150C, respectively. The best 

achieved capacitance in 80C sample, the interconnected MnO2 create a highest 

specific surface area and more active sites for the adsorption of Na+ which hence 

endows the 80C show very high specific capacitance (Zhang et al., 2014). The specific 

capacitance and BET specific surface area relation of different electrode represent as 

Figure 4.28. The phase composition between MnO2 and TNTs confirm with XRD 

results, hierarchical of MnO2 on TNTs given by SEM and TEM image. The effect of 
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hydrothermal temperature on MnO2-TNTs electrode materials depend on the 

composition process between MnO2 and TNTs materials. As in Figure 4.29 confirm 

that TNTs core independent on electrochemical studied. Liu et al. (2012) report the 

beneficial of amorphous MnO2 for specific capacitance higher than crystal crystalline. 

This 80C materials show high specific surface area for effective in high specific 

capacitance. Such good electrochemical performances are based on the unique coaxial 

nanostructure of Carbon nanofibers and MnO2 nanocomposites, in which (i) the CNFs 

network with porosity and interconnectivity enables a fast electrolyte ions transport and 

provides continuous charge transfer pathways while (ii) the uniform and ultrathin MnO2 

coating offers short ion diffusion pathways for both ions and electrons (Wang et al., 

2011).   

  

Figure 4.27 (a) GCD duration and (b) specific capacitance of MnO2-TNTs electrode 

materials synthesized by different hydrothermal temperature. 

(a) (b) 
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Figure 4.28 Specific capacitance related with BET surface area and of MnO2-TNTs 

synthesized as various hydrothermal temperature. 

 

Figure 4.29 (a) CV curve of TNTs and TNTs treatment at 80C and (b) specific 

capacitance of MnO2 electrode against hydrothermal temperature (Liu et al., 2012). 

The GCD technique was repeat in 1000 cycle for studied the stability of 

electrode materials. At current applied 3 A/g, the specific capacitance was calculated 

from discharge time for capacity retention (%).  All sample, xMnTNTs (x = 0.01M) 

electrode with different temperature synthesized show capacity retention of 91.95, 

(a) (b) 
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96.48, 111.60, 87.03, and 85.21% after 1000 cycles for 60C, 80C, 100C, 125C 

and 150C, respectively. At 100 first cycles show the increase of capacity retention and 

are maintain in all sample this because the activation process. 100C exhibits good 

retain because the highest pore size and more total pore volume. However, the BET 

surface area just optimizes for the insert of electrolyte ions. The hydrothermal treatment 

with different show that the effect on materials compose between two phases. This 

effect to morphology contact lead to the surface adsorption limiting.  

 

Figure 4.30 Cycling stability of MnO2-TNTs electrode materials with 1000 cycles. 

Capacity retention calculate from the specific capacitance of discharge time which 

GCD tested at 3 A/g current density.  
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Figure 4.31 (a) Nyquist plot of MnO2-TNTs electrode materials synthesized by 

different hydrothermal temperature. (b) The equivalent circuit fitted and (c) 

enlargement of impedance. 

 

Table 4.6 Fitted equivalent circuit elements of MnO2-TNTs electrode materials. 

Electrode 

materials 

Rs  

() 

Rct  

() 

ZW  

() 

CEP  

() 

ZT  

() 

2 

xMnTNTs (x = 0.01M)      

60C 8.35 1.28 7.52 507.10 1.40 0.002 

80C 8.05 1.25 8.60 840.12 1.19 0.003 

100C 12.67 1.37 5.14 336.553 1.23 0.001 

125C 9.02 1.34 8.84 219.69 1.88 0.004 

150C 10.00 1.96 43.64 267.97 1.32 0.002 

 

(a) 
(b) 

(c) 
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The electrical behavior of MnO2-TNTs electrode analyzing by EIS technique. 

As show in the Figure 4.31, Nyquist plots with the EIS data for the MnO2-TNTs 

electrodes with various temperature synthesized. The EIS data can be fitted by an 

equivalent circuit consisting of a bulk solution resistance (Rs), a charge-transfer 

resistance (Rct), Warburg impedance (ZW), a constant element phase (CEP) and tan 

impedance (ZT).MnO2-TNTs electrode were synthesized at 60C-100C exhibits 

straight line in the low frequency region and a single semicircle in the high frequency 

region, indicating a diffusion-limited step in the low frequency region and a charge 

transfer limited step in the high-frequency region (Gao et al., 2017). 125C and      

150C, the Nyquist plot does not show any semicircular region, indicating the materials 

process low faradaic resistances in the electrolyte. The intercepts at the real axis with 

highest frequency region represent the Rs is the equivalent series resistance (ESR) 

which generally describes the resistance of the electrolyte combined with the internal 

resistance of the electrode. The intercept of the plot shows the trend value for Rs of 

80C < 60C < 125C < 150C < 100C. This a combined resistance of ionic 

resistance of electrolyte, intrinsic resistance of substrate, and contact resistance at 

the active material/current collector interface (Zhang et al., 2014). The high to 

medium frequency semicircles correspond to the Rct is the rate of redox reactions at the 

electrode interface. Based on fitted data, Rct of 80C is much lower than that 60C and 

100C, suggesting that the largest surface area is more favorable for the charge transfer 

process (Zhang et al., 2014). Low charge transfer resistance suggests fast ion transport 

within the supercapacitor. The near line plots in the low frequency region indicate the 

ZW. Significantly, the optimization of the temperature and increase of the MnO2 content 
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of MnO2-TNTs, the electrode trend to show a lower Rs. The parameter for energy and 

power density are given the ragone plot as in Figure 4.32 

 

Figure 4.32 Ragone plot for MnO2-TNTs electrode materials as a different 

hydrothermal temperature. 

4.3.3 The effect of composition ratios of MnO2-TNTs on electrochemical 

properties 

MnO2 were decorated on TNTs for improve the MnO2 stability for electrode 

materials. KMnO4 concentration were vary as 0.005M, 0.01M and 0.05M for control 

MnO2 content effect on TNTs electrode materials.  xMnTNTs where x = 0.005M, 

0.01M and 0.05M at 80C hydrothermal treatment. This loading active mass of 1.96, 

1.26, and 1.26 mg, respectively. A comparison of CV curve, the electrochemical studied 
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were explained by CV technique which show that high content of MnO2 is high 

effective area as in figure 4.33.  

 

Figure 4.33 CV curve of MnO2-TNTs electrode materials which consist with different 

MnO2 on TNTs. (a) low scan rate is 5 mV/s and (b) high scan rate is 200 mV/s. 

 

Figure 4.34 (a) GCD plots and (b) the specific capacitance versus current density (0.5-

5 A/g) of MnO2-TNTs electrode materials which consist with different MnO2. 

The GDC duration are given as Figure 4.34(a) for xMnTNTs electrode 

materials, the discharge time were used to calculate the specific capacitance. The 

specific capacitance of xMnTNTs electrode with x = 0.005M, x = 0.01M, x = 0.05M 

are 59.57, 140.21, and 183.48 F/g, respectively. The specific capacitance as various of 

(a) (b) 

(a) (b) 
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current densities (0.5-5 A/g) of different MnO2 in MnO2-TNTs electrode materials 

show in Figure 4.34(b). Even through, xMnTNTs with x = 0.05M show best in specific 

capacitance whereas lower in BET surface area. At the same temperature synthesized 

and different MnO2 content in MnO2-TNTs materials, the specific capacitance depends 

on the MnO2 content. At same content of MnO2 show the effect of surface area, this 

conclude that TNTs not effective in MnO2-TNTs electrode materials. Specially, as in 

Figure 4.35 show the cycling stability of MnO2-TNTs electrode materials confirm that 

TNTs do not improve of electrochemical performance.  

 

Figure 4.35 Capacity retention of MnO2-TNTs electrode materials whit different MnO2 

content. 
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Figure 4.36 (a) Nyquist plot of xMnO2-TNTs electrode materials with different MnO2 

content. (b) The equivalent circuit fitted and (c) enlargement of impedance. 

Table 4.7 Fitted equivalent circuit elements of MnO2-TNTs electrode materials. 

Electrode 

materials 

Rs  

() 

Rct  

() 

ZW  

() 

CEP 

() 

ZT  

() 

2 

80C_xMnTNTs       

x = 0.005M 12.04 0.8 16.67 6796.71 1.81 0.005 

x = 0.01M 8.05 1.25 8.60 840.12 1.19 0.003 

x = 0.05M 10.35 1.05 3.28 539.78 0.71 0.001 

 

Nyquist plot, representing the impedance behavior as a function of frequency. 

A semicircle in the high-to-medium frequencies region and a straight line in the low 

frequency range. This occurring in xMnTNTs where x = 0.01M and 0.05M electrodes. 

The Rct obtained from EIS fitted as in Table 4.7, the increasing Rct with increasing of 

MnO2 content on TNTs. The increasing Rct with the increasing mass loading confirms 

(a) 
(b) 

(c) 
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would affect the composites rate capacity (Lv et al., 2012). The effective of MnO2-

TNTs electrode materials when MnO2 increasing were compare with the energy storage 

conversions as show in figure 4.37. However, the literature review about this electrode 

materials and condition testing will discussion on Table 4.8. 

 

Figure 4.37 Ragone plot for MnO2-TNTs electrode materials as a various of MnO2 

contents comparation. 
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Table 4.8 Comparison the specific capacitance of MnO2-TiO2 electrode materials 

were synthesized by hydrothermal method at 1 A/g. 

Materials Hydrothermal 

condition 

Cs  

(F/g) 

Reference 

MnO2 nanospheres  60C 12h 180.00 Liu et al. (2012) 

MnO2 nanoflowers  160C 12h 197.00 Zhao et al. (2015) 

MnO2 

MnO2  

120C 16h 

200C 16h 

200.00 

106.25 

Zhang et al. (2014) 

MnO2 nanotubes  140C 24h 325.00 Huang et al. (2014) 

TiO2-MnO2  160C 5h 128.40 Luo et al. (2013) 

MnO2/TiO2 140C 24h 250.00 Zhang et al. (2014) 

MnO2/H2Ti3O7 140C 24h 132.00  

MnO2/TiO2  140C 24h 286.69 Zhu et al. (2015) 

(0.01M) MnO2-TNTs  

(0.05M) MnO2-TNTs  

(0.01M) MnO2  

80C 24h 

80C 24h 

80C 24h 

140.22 

183.48 

152.35 

This work 



 

 

 

CHAPTER V 

CONCLUSION 

 

5.1 Synthesis of MnO2-TNTs materials 

Hydrothermal method with TiO2 solution treated that was highly concentrated 

hydroxide ions and without sacrificial templates are pathway to synthesis TNTs. And 

TNTs use as precursor for MnO2-TNTs composited materials, this leads us to conclude 

that long terms environments are extremely important for TNTs applications at lower 

structure maintained of TNTs is 130C. The completely form of MnO2-TNTs 

composition phases although different hydrothermal temperature are occurrence under 

lower the temperature reaction of TNTs. MnO2 can be indexed with Birnessite-type 

MnO2 while TNTs corresponding to H2Ti2O5·H2O.  Higher that transforms to TiO2 with 

MOOH phases, as the characteristic of tubular became some rice shape and MnO2 

nanoflakes are constriction. After hydrothermal temperature for MnO2 combine with 

TNTs shows surprising that physical observation brown/yellow solution at low 

temperature then into precipitation with increasing of temperature. As same as in 

composition ratio effect, high content MnO2 show clearly precipitate solution. These 

represented to the completely formation and phase change of MnO2-TNTs materials. 

The hydrothermal synthesis in this research is a simple synthesis, starting materials is 

low cost and large amount of product. 
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At lowest temperature treatment (60C) the MnO2-TNTs phases may be incompletely 

combining phase because of brown solution does not create precipitation as other. The 

water molecule or OH group on surface and structure of MnO2-TNTs were confirm the 

normally structure in these materials. Both of that are layered structure which contains 

interlayer water or hydroxyl group on the surface and interlamellar water was lost at 

high temperature synthesis. Hydrothermal temperatures affect their electrochemical 

properties based on highest specific capacitance give rise to the optimization 

temperature of hydrothermal treatment.  This temperature was chosen for study the 

effect of MnO2 contents with TNTs. Further increasing the KMnO4 concentration by 

0.005M, 0.01M, and 0.05M give rise to large amount MnO2 contents. The increase 

number in MnO2 showed a decrease in the surface area. 

 

5.2 MnO2-TNTs electrode materials 

 MnO2-TNTs electrode supercapacitors constructed on Ni foam as working 

electrode. Three-electrode system with potential-galvanostatic workstation perform in 

the Na2SO4 solution as neutral aqueous electrolytes (green electrolyte). The 

concentration of Na2SO4 was considered on dissolution of MnO2 into the electrolyte 

that 0.5M was selected of the electrolyte. The electrochemical measurement stable and 

reduce the loss of dissolution after 1000 cycle. This is a normal problem of MnO2 

electrode materials with Na2SO4 aqueous electrolytes which fresh always with used in 

1M Na2SO4.  

Different rating scans the area of CV curve corresponds to volume metric 

specific capacitance. Redox peak occurrence relates with electrode materials that 
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synthesis at low temperature. The density of current applied on charge-discharge show 

that longest time as same as result in CV. Specific capacitance show highest in MnO2-

TNTs were synthesized at 80C in accordance with largest specific surface area. 

Whereas highest long time stable in cycles test show the best in MnO2-TNTs was 

synthesized at 100C. This condition is the completely phase composition and show 

highest total pore volume and largest mean pore diameter.  However, the specific 

capacitance decreases with increasing hydrothermal temperature since loss of layered 

structure and has been phase transition. 

 Composition ratios effect on electrochemical properties, highly MnO2 on TNTs 

exhibited high specific capacitance and good stability. TNTs does not improve the 

stability of MnO2, and this are not related to the specific surface area, total pore volume 

and mean pore diameter. These confirm the highly effective of MnO2 electrode 

materials without TNTs effect. However, MnO2-TNTs has been successfully as the 

electrode material for supercapacitor application. 

 

5.3 Suggestion 

 MnO2-TNTs materials successfully synthesized by hydrothermal method and 

fabricated as working electrode. Characterization techniques assist explaining MnO2-

TNTs materials and relate with their electrochemical properties. The electrochemical 

studied for applying supercapacitor shows that the combination of MnO2-TNTs 

stability depends on the MnO2 materials. This because of TNTs materials is low active 

in electrochemical properties as in the results of specific capacitance calculated and the 

cycling stability. Additional suggestion following as 
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 5.3.1 To study MnO2-TiO2 electrode materials by annealing or calcining the 

TNTs before combining because TiO2 may be high crystallinity. 

 5.3.2 The limits of potential range therefor let moves to use new reference 

electrode and new electrolyte as KOH, LiOH, or NaOH and so forth. 

 5.3.2 Choose new substrate material with hierarchically MnO2 for improving 

their stability. 
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