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Chapter 1 

 

Introduction 

 

First, energy storage devices are discussed in this chapter. An introduction of two-

dimensional (2D) nanomaterials is presented. The mechanics and challenges of inkjet 

printing technology are discussed. Applications including electrochemical capacitors and 

lithium-ion batteries are introduced. The scope and outline of this thesis are described at the 

end of the chapter. 

 

 

 

 

 

 

 

 

 

This chapter is based in part on the following publications: 

1. ten Elshof, J. E.;* Wang, Y.,* Advances in ink-jet printing of MnO2-nanosheet based 

pseudocapacitors. Small Methods 2019, 3 (8), 1800318. (*corresponding author) 

2. Timmerman, M. A.; Xia, R.; Le, P. T. P.; Wang, Y.; ten Elshof, J. E., Metal oxide 

nanosheets as 2D building blocks for the design of novel materials. Chemistry – A European 

Journal 2020, 26, 9085-9098. 
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1.1 Energy storage devices 

The rapid penetration of portable consumer electronics and autonomous devices in our 

society has led to a growing need for small-scale electrochemical energy storage (EES) 

devices to provide them with energy. Electrochemical capacitors which also called 

supercapacitors (SCs) and rechargeable batteries, are the two main energy storage devices. 

Supercapacitors can be divided into two main classes, i.e. electrochemical double layer 

(EDL) capacitors and pseudocapacitors (Figure 1.1).1,2 The energy density of EDL capacitors 

is limited to the charge that can be stored in the so-called electrochemical double layer that 

is present in the electrolyte near the electrode surfaces. EDL capacitors typically employ 

metallic or graphitic electrodes. Pseudocapacitors make use of fast and reversible faradaic 

reactions at the electrode surface. This requires the use of specific materials with a high 

concentration of surface redox sites. Since the EDL effect is also operative in 

pseudocapacitors, they can achieve significantly higher energy densities than EDL capacitors 

can.  

While the energy density of supercapacitors is considerably smaller, supercapacitors are 

appreciated for their high power density, long cycle life and safe operation. Supercapacitors 

are particularly useful in applications where a large amount of electrical energy needs to be 

stored or delivered quickly. Supercapacitor technology is developing quickly because of their 

increasing need in the ongoing electrification of our society. Next to their use in electrical 

vehicles, especially buses that have to stop frequently where charging facilities can be 

provided, energy storage based exclusively on ultracapacitors becomes viable. It can also be 

foreseen that the need for small-sized supercapacitors in electrical appliances, autonomous 

devices, and flexible electronics will increase further. In order to enable the fabrication of 

such high-performance flexible micro-supercapacitor (MSC) devices on large scale at low 

cost, it is necessary to develop new scalable, versatile, solution-based methods and printing 

techniques. 

The currently dominant energy sources are rechargeable lithium-ion (Li-ion) batteries, which 

hold high energy density. They are powering almost all forms of portable consumer 

electronics and electric vehicles. The first functional lithium battery was demonstrated by M. 

Stanley Whittingham in the early 1970s, who showed that lithium can be intercalated into the 

LixTiS2 materials over the whole stoichiometric range (0 < x ≤ 1) with a small lattice 

expansion effect.3 In 1979/1980, John B. Goodenough and co-workers at Oxford University 

discovered that LixCoO2 materials with van der Waals gaps between CoO2 layers could be 

used as cathode materials without dramatic lattice expansion during Li-ions intercalation.4 

Akira Yoshino found that certain qualities of petroleum coke were stable under the required 

electrochemical conditions in 1985.5,6 The discoveries from John B. Goodenough, M. Stanley 

Whittingham and Akira Yoshino had a tremendous impact on our human society. 
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Figure 1.1 Illustration of different mechanisms of supercapacitors. Double-layer capacitance mechanisms include 

of (a) carbon particles or (b) porous carbon. Pseudocapacitive mechanisms include (c) redox and (d) intercalation 

pseudocapacitance. Adapted from ref. 2. Reprinted with permission from AAAS. Credit: KRISTY JOST/DREXEL. 

 

The working principle of Li-ion battery refers to the processes of Li-ion intercalation and de-

intercalation into electrode materials which is diffusion-controlled and slow process (Figure 

1.2). The main components of a Li-ion battery are the anode and cathode, which are 

connected to an electric circuit, and separated by an electron-insulating separator with 

electrolyte that can accommodate charged species. To drive the electric circuit, a Li-ion de-

intercalation process takes place at the anode accompanying with electrons moving from the 

anode through the circuit. A complementary Li-ion intercalation process takes place at the 

cathode which is replenished by adding electrons from the external circuit. These processes 

are reversible to charge the Li-ion battery. The batteries voltage depends on the potential 

difference of electrodes and electrolyte. 
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Figure 1.2 Schematic illustration of ion transfer in lithium-ion battery. 

 

 

Figure 1.3 Crystal structure of (a) graphene, (b) MnO2 nanosheet, (c) Ti3C2Tx nanosheet and (d) V2O5 nanosheet. 

 

1.2 Two-dimensional materials 

Two-dimensional (2D) materials, or nanosheets, are a class of nanomaterials that draws more 

and more attention since graphene was discovered (Figure 1.3).7 These 2D materials exhibit 

a sheet-like structure, hence the name nanosheets, with lateral dimensions of tens to hundreds 

of nanometers, even up to micrometers, and thicknesses below than 5 nm.8 Owing to the 
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effect of spatial confinement in one dimension, nanosheets can exhibit a variety of electronic, 

chemical and optical properties that are not present in their layered bulk counterparts.9 

A couple of advantages arises from the two-dimensional nature of nanosheets. Firstly, the 

electrons are confined in a thin (nanoscale) region.9 Their electrons are thus confined to a 

two-dimensional lattice plane, which provides an ideal model system for fundamental studies 

in condensed matter physics, but also for development of small (opto-)electronic devices. 

Since nanosheets have strong in-plane bonds and the sheet is atomically thin, they tend to 

show a combination of high mechanical strength, flexibility and optical transparency, which 

are all highly desirable properties for utilization in various types of devices.10 Their atomic 

thicknesses results in very specific surface areas,11 which is a very important property for 

applications in which the surface area is relevant, such as batteries and supercapacitors.12 

Furthermore, the aqueous solution-based dispersions of nanosheets are suitable precursors 

for the fabrication of nanosheet-based films using simple methods like spin-coating and ink 

jet printing, usable in applications such supercapacitors and batteries. And finally, the fact 

that all atoms are surface atoms provides a handle to regulate the properties and 

functionalities of nanosheets by means of surface modification and functionalization, for 

example with graphene oxide, substitutional element doping, or strain and phase 

engineering.13 

1.3 Inkjet printing 

Due to the simple, versatile and low-cost features, ink-jet printing (IJP) shows great potential 

for supercapacitors fabrication with desired configuration like interdigitated, asymmetric, etc. 

Since nanosheets are typically obtained in the form of homogeneous aqueous colloidal 

solutions, these colloids can serve as starting point for the formulation of water-based inks 

that are suitable for IJP small devices on arbitrary substrates.14-16 The printing process 

consists of jetting droplets from a nozzle under driving pressure, followed by impaction and 

deposition of droplets on a substrate. The morphology of printed patterns depends on the 

printing apparatus, ink formulation, substrate interface properties and post-treatment process. 

Thus far, inkjet printing has been used to fabricate electronic devices like field effect 

transistors,17,18 solar cells,19 organic light-emitting diodes20 and electrochemical energy 

storage devices.21 

Depending on the printing mechanism, an inkjet printer can be operated in two different 

modes: continuous inkjet (CIJ) and drop-on-demand (DOD) printing, as shown in Figure 1.4. 

The CIJ mode is a process in which a continuous stream of droplets is jetted by the printer 

head nozzles. The jetted droplets are then subjected to an electrostatic field, which directs 

them towards the substrate. All undesired droplets are directed to a recycling system. The 

DOD mode is a process in which droplets are jetted only when desired. They are deposited 

onto a substrate in a predesigned pattern. Because the recycling system may contaminate the 
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ink, the CIJ mode is not used very often. DOD mode printers are the majority inkjet printers 

for printed electronics manufacturing. Thermal and piezoelectric actuation are the two main 

actuation mechanisms of a DOD inkjet printer. In the thermal process, a resistive element is 

activated that forms a gas bubble inside the reservoir, leading to ejection of a droplet via the 

nozzle. As this point, the resistive element is turned off and the vacuum draws new ink to 

refill the reservoir. In the piezoelectric process, a voltage pulse is applied to the piezoelectric 

reservoir walls, which creates a mechanical pressure. The pressure squeezes the functional 

ink through the nozzle onto the substrate. When the voltage pulse is switched off, the vacuum 

created by reservoir walls will draw new ink into the reservoir. 

 

Figure 1.4 Schematic of (a) continuous inkjet and (b) drop-on-demand inkjet printing. 

 

Inkjet printing has several advantages: 1) As a digital printing technique, it does not need a 

physical mask. Therefore, inkjet printing is highly flexible with respect to pattern design. 2) 

As a non-contact process, the printer head does not need to contact the substrate physically, 

which helps to avoid contaminations. 3) Inkjet printing systems can be varied easily from 

small sized device fabrication systems to large-scale production equipment. However, due to 

the strict requirements of the inkjet printer, the biggest challenge is to prepare printable inks 

with proper physical properties like viscosity and surface tension.  

Dispersions of nanosheets can be used to prepare printable inks. However, the nanosheet 

dispersion itself cannot serve directly as an ink. To prepare printable nanosheet-based inks, 

additives such as surfactants and/or thickeners are added to optimize the physical properties 

of the inks and improve their storage stability. It has been found that the average lateral sizes 

and size distributions of nanosheets are important parameters in the preparation of printable 

ink formulations. For inkjet printed energy storage devices, the average lateral nanosheet size 

needs to be optimized to get the best electrochemical performance. 
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Other key issues in inkjet printing are ink formulation and morphology optimization of inkjet 

printed patterns, and the avoidance of nozzle clogging. Ink formulation optimization is an 

efficient way to control droplet formation, and the morphology of printed patterns. Ink 

surface tension () and dynamic viscosity () are the main two rheological parameters that 

need to be optimized to get printable and reproducible inks. Inks with surface tensions within 

the optimum range can be inkjet printed: too low surface tensions would lead to spontaneous 

ink dripping from the nozzles, while too high values make jetting impossible.22 The dynamic 

viscosity affects the shape, size and velocity of the ejected droplets and is a crucial physical 

parameter of the ink.23 The ideal dynamic viscosity range varies with the type of inkjet printer. 

Ideally, a Newtonian fluid with a constant viscosity/shear rate relationship is preferred for 

inkjet printing. 

Next to surface tension and dynamic viscosity, another issue in ink formulation concerns the 

ejection of stable droplets without any satellite droplets or tails that might decrease the 

resolution of the printed patterns. The droplet jetting behavior can be evaluated by the 

parameter Z, the dimensionless inverse Ohnesorge (Oh) number: 

𝑍 = (𝛼𝜌𝛾)1 2⁄ 𝜂⁄           (1) 

where  is the nozzle diameter, and ρ is the density of the fluid. By considering single droplet 

formability, position accuracy and maximum allowable jetting frequency, Jiang et al. 

demonstrated the optimal range of Z to be between 4 and 14.24 However, Z values outside 

this range have also shown to result in stable jetting behavior. For example, Hsiao et al. 

reported a Z value as low as 1 for photoresist ink.25 Much higher values than 14 are also 

possible. Stable ink jetting has been reported for ethylene glycol-water ink (Z = 35.5),26 

glycerol-water ink (Z = 68.5),27 as well as for stable water-based inks with a Z value around 

19.21 

The quality of printed patterns influences the performance of printed devices. Non-uniform 

deposition of solids can lead to a decrease of the resolution of printed patterns and device 

performance. The undesired coffee-ring effect is a common phenomenon in inkjet printing. 

The general strategy to prevent it is to modify the physical properties of the ink by adding 

specific agents. The shape of the suspended particles can also be exploited to optimize the 

morphology of patterns and reduce the coffee-ring effect.28 The morphology of printed 

patterns must also be optimized in terms of droplet spacing between neighboring droplets 

and substrate temperature during printing. The ideal droplet spacing for inkjet printing is such 

that the merging of neighboring droplets does neither lead to overlap, nor to isolated droplets. 

The morphology of inkjet printed patterns is also affected by the nature of the substrate 

interface. The wetting of a substrate, which can be defined in terms of contact angle and 

typically involving terms as hydrophilicity and hydrophobicity, is related to the surface 

energy and morphology. The wetting process can be described by Young’s equation:  
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𝛾sv = 𝛾si + 𝛾iv cos 𝜃       (2) 

where sv, si, and iv are the interface surface energies between the solid surface (s), the vapor 

(v) and the ink (i), and  is the contact angle. Different contact angles represent different 

wetting properties. Small contact angles,  << 90° indicate good wetting of the ink on the 

substrate, meaning that the ink is able to form a continuous layer. Large angles,  >> 90° 

indicate poor wetting of the ink, meaning that the ink tends to break up into discontinuous 

patches. However, good wetting with an appropriate contact angle is crucial for functional 

printing. For instance, surface energy and contact angle need to be optimized carefully to 

achieve high resolution printed patterns.  

Additives like surfactants often need to be added to printable nanosheet-based inks. For 

example, organic quaternary ammonium ions typically surround nanosheets to prevent their 

aggregation and precipitation. These additives do not help to improve the electrochemical 

performance of devices. A post-treatment is thus necessary to improve the electrical 

properties of printed electrodes.29 Thermal annealing is a process in which solvent residues 

are evaporated and additives are removed. 

1.4 Scope and outline of thesis 

The functionalities of 2D materials offers tremendous opportunities for energy storage 

applications. By utilizing versatile inkjet printing technology, low-cost and large-scale 

energy storage devices can be fabricated on different substrates to meet various demands. 

The research in this thesis is focused on printing different 2D nanosheets as active materials 

for supercapacitors and Li-ion batteries applications.  

In Chapter 2, a printable ink of two-dimensional δ-MnO2 nanosheets with an average lateral 

size of 89 nm and around 1 nm thickness was prepared in water solution. A small amount of 

Triton X-100 was added as surfactant to reduce the surface tension of water and propylene 

glycol was used to increase viscosity of water to meet the requirements of inkjet printer. By 

optimizing the ink formulation and printing parameters, uniform printed films were achieved 

without undesired “coffee-ring” effect. Thickness dependent specific capacitance of inkjet 

printed δ-MnO2 electrodes were studied. As a proof of concept, all-solid-state symmetrical 

micro-supercapacitors were fabricated by inkjet printing δ-MnO2 nanosheets as active 

materials. 

In Chapter 3, defect engineering of MnO2 nanosheets by substitutional doping of 3d metal 

ions (Co, Fe and Ni) was performed to improve the specific capacitance of MnO2 electrodes. 

Printable inks of doped MnO2 nanosheets were prepared based on the same ink formulation 

consisting of Triton X-100 and propylene glycol. The electrochemical performances of doped 

and pristine printed MnO2 nanosheet electrodes were investigated. First principles 

calculations were carried out to gain further insight into the effect of aliovalent doping on the 
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electronic properties of MnO2 nanosheets. All-solid-state symmetrical micro-supercapacitors 

were fabricated by printing Fe-doped MnO2 nanosheets as active materials. 

In Chapter 4, all-inkjet-printed nanosheets heterostructures were fabricated by printing 

MXene nanosheets as electrodes and graphene oxide (GO) nanosheets as solid-state 

electrolyte in sandwiched and interdigitated configurations. Printing parameters were 

optimized to achieve a clear interface between MXene and GO layers. The printed 2D 

heterostructures with sandwiched configurations showed high capacitance without any liquid 

electrolyte present. In contrast, the printed 2D heterostructure with interdigitated 

configurations only showed comparable capacitance by adding water on top of the devices. 

The capacitances of both devices could be tuned by adding different liquid electrolytes on 

top. 

In Chapter 5, a 2D heterostructure cathode was fabricated by printing water-based V2O5 

nanosheets and MXene nanosheets composite inks on a current collector to serve as a cathode 

for Li-ion batteries. MXene nanosheets show excellent electronic conductivity and are highly 

hydrophilic, which results in good adhesion between printed electrodes and current collectors. 

Inkjet printing was employed to fabricate electrodes with well controlled surface roughness 

and precisely controlled thickness. We demonstrate inkjet printed V2O5/Ti3C2Tx thin film 

cathodes in lithium-ion batteries with high capacity and long cycling life. 

In Chapter 6, the crucial challenges and opportunities of printable 2D materials for energy 

storage devices are discussed. 
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Chapter 2 

 

Inkjet Printing of δ-MnO2 Nanosheets for 

Flexible Solid-State Micro-Supercapacitor 

 

Inkjet printing is considered as a promising technique for flexible electronics fabrication 

owing to its simple, versatile, environmental-friendly and low-cost features. The key to inkjet 

printing is ink formulation. In this work a highly concentrated ink containing two-

dimensional δ-MnO2 nanosheets with an average lateral size of 89 nm and around 1 nm 

thickness was used. By engineering the formulation of the δ-MnO2 ink, it could be inkjet 

printed on oxygen plasma treated glass and polyimide film substrates to form δ-MnO2 

patterns without undesired “coffee-ring” effect. As a proof-of-concept application, all-solid-

state symmetrical micro-supercapacitors based on δ-MnO2 nanosheet ink were fabricated. 

The fabricated MSCs showed excellent mechanical flexibility and good cycling stability with 

a capacitance retention of 88% after 3600 charge-discharge cycles. The MSCs attained the 

highest volumetric capacitance of 2.4 F cm-3, and an energy density of 1.8·10-4 Wh cm-3 at a 

power density of 0.018 W cm-3, which is comparable with other similar devices and show 

great potential as energy storage units for low-cost flexible and wearable electronics 

applications. 

 

 

 

 

 

This chapter has been published as: 

Wang, Y.; Zhang, Y.-Z.; Dubbink, D.; ten Elshof, J. E., Inkjet printing of δ-MnO2 nanosheets 

for flexible solid-state micro-supercapacitor. Nano Energy 2018, 49, 481-488.  
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2.1 Introduction 

Printed electronics is an emerging technology for flexible electronic device fabrication.1-3 

Printed devices, including organic transistors,4,5 organic light-emitting diodes6 and energy 

storage devices,7-10 can be built by printing liquid functional materials such as organic11 and 

inorganic nanomaterials,12 as well as two dimensional materials on arbitrary substrates at 

relatively low temperatures.13 Inkjet printing is an ideal method for deposition of 

nanomaterials for flexible device fabrication because it is a non-contact, precisely controlled 

deposition and additive printing process. 

Owing to their atomically thin layers, high theoretical specific capacitance, environmental 

compatibility and low cost, birnessite manganese dioxide (δ-MnO2) nanosheets are regarded 

as an attractive electrode material for portable energy storage devices like supercapacitors. 

In addition, the layered structure of δ-MnO2 enables the SCs to be much thinner and flexible 

than conventional devices. Their fabrication by inkjet printing shows great potential in this 

respect, since it allows the fabrication of integrated micro-supercapacitors for small size 

portable, flexible and wearable electronic devices. Alternative methods such as spray 

coating,14 vacuum filtration15 and spin coating16 have been used to construct MSC devices, 

but they lack the same degree of control over the roughness of the electrodes and they have 

limitations in terms of pattern design.  

However, a number of challenges still needs to be addressed in order for inkjet printing to 

become practically feasible. Firstly, ink formulation involving liquid exfoliation processes is 

far from ideal as it requires multistep processes and is time-consuming.17 Secondly, printable 

ink formulations should have proper fluidic properties, as inkjet printing imposes specific 

requirements on the physical properties of the ink such as surface tension and viscosity.13 

Thirdly, the ink should have a high solids concentration and high stability in order to improve 

the efficiency of the inkjet printing process.18 

In this study, we developed a highly concentrated, stable, water-based δ-MnO2 nanosheet ink. 

No toxic solvents, solvent exchange processes or harsh preparation conditions were required. 

The δ-MnO2 ink formulation was optimized for an all-solid-state flexible MSC application.  

2.2 Experimental Section  

2.2.1 Ink preparation 

Colloidal δ-MnO2 nanosheets were prepared similar to a previously reported method.19 

Typically, 20 mL of a mixed aqueous solution of 0.6 M tetrabutylammonium hydroxide 

(TBA•OH, 40 wt% H2O, Alfa Aesar) and 3 wt% H2O2 (30 wt% H2O, Aldrich) was added to 

10 mL of 0.3 M MnCl2•4H2O (Sigma-Aldrich) aqueous solution within 15 s. The resulting 

dark brown solution was stirred vigorously overnight in the ambient at room temperature. 

The solution obtained was centrifuged using a Sigma 1-14 centrifuge at 1000 g for 20 minutes 
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before collecting the upper 2/3 of the volume. The lower 1/3 was washed by water and 

methanol at 295 g for 20 minutes, after which the precipitate was dried at room temperature. 

The collected supernatant was centrifuged at 15000 g for 1 h and the precipitate was re-

dispersed in the printing solvent. The printing solvent consisted of 1:10 propylene glycol 

(Sigma-Aldrich): water by mass, 0.06 mg mL-1 Triton X-100 (Sigma-Aldrich). Then the re-

dispersion solution was filtered through a 0.2 µm syringe filter to remove large flakes which 

might block the ink jet printer nozzles.  

In order to estimate the final concentration of δ-MnO2 in the above ink, 100 µL ink was 

diluted in water by 500 times on volume. The optical absorbance was measured using a 

Shimadzu UV-1800 UV–Vis spectrophotometer at 800-300 nm wavelength. According to 

the Lambert-Beer law A/l = αC , where A is the absorbance, l the cell length (here l = 1 cm), 

C the concentration of dispersed δ-MnO2 and the absorption coefficient α = 1.13 × 104 mol-1 

dm3 cm-1 for δ-MnO2 nanosheets at around 374 nm,20 the δ-MnO2 concentrations C in the ink 

was estimated to be 8.8 mg mL-1. 

Poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS, 3.0-4.0%, Sigma 

Aldrich) solution was filtered through a 0.45 µm syringe filter followed by addition of 2 vol% 

Triton X-100 and 6 vol% ethylene glycol (Merck). 

2.2.2 Printing 

All patterns and devices were inkjet printed by a Dimatix DMP-2800 inkjet printer (Fujifilm 

Dimatix) which equipped with a 10 pL cartridge (DMC-11610). Our formulated δ-MnO2 ink 

was printed on different substrates, including glass and 120 µm thick polyimide film 

substrates. PEDOT: PSS ink was inkjet printed on top of printed δ-MnO2 film at a drop 

spacing of 20 µm at room temperature. The substrates, including glass and polyimide film, 

were cleaned by ethanol, acetone, isopropanol and water followed by O2 plasma treatment 

for 5 min. 

2.2.3 Fabrication of MSC 

First, δ-MnO2 ink was inkjet printed in 5 layers at 20 µm drop spacing on a 120 µm thick 

polyimide substrate, followed by annealing at 350 °C for 1 h under nitrogen atmosphere. 

Then, 2 layers of PEDOT: PSS were inkjet printed at 20 µm drop spacing on top of the 

thermally treated δ-MnO2 thin films, followed by thermal annealing at 120 °C for 15 min. 

The prepared PEDOT: PSS/δ-MnO2 films were used as electrodes to for a symmetrical MSC. 

The PVA/LiCl gel electrolyte was prepared by mixing 1 g PVA (MW 85000-124000, Aldrich), 

2.13 g LiCl (Alfa Aesar) and 10 mL DI water thoroughly at 85 °C under vigorous stirring. 

To complete the MSC, the electrolyte was deposited on the electrodes area of MSC and was 

dried at room temperature overnight.  

2.2.4 Electrochemical testing 
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All electrochemical characterization was done by an Autolab workstation (PGSTAT128N). 

The prepared PEDOT: PSS/δ-MnO2 electrode was tested using a three-electrode 

configuration in 0.5 M Na2SO4 (ABCR GmbH) solution. A platinum wire and an Ag/AgCl 

(3M KCl) electrode (Metrohm) were used as the counter and reference electrodes, 

respectively. The electrochemical performance of the all-solid-state MSC was measured in a 

two-electrode configuration. Cyclic voltammetry (CV) curves were obtained at a scan rate of 

5 to 100 mV s-1, galvanostatic charge-discharge (GCD) curves were measured at current 

densities from 0.05 to 0.2 A cm-3. Electrochemical impedance spectroscopy was performed 

by applying an AC voltage of 10 mV amplitude in the frequency range from 0.01 to 10 kHz. 

2.2.5 Characterization 

X-ray diffraction (XRD) was conducted on a PANalytical X’Pert Pro with Cu Kα radiation 

(λ=0.15405 nm). High resolution scanning electron microscopy (HRSEM; Zeiss MERLIN) 

was used to acquire information on the morphology of printed δ-MnO2 nanosheets films. 

Atomic force microscopy (AFM, Veeco Dimension Icon) was performed in standard tapping 

mode. The AFM data were analyzed by Gwyddion (version 2.47) software. X-ray 

photoelectron spectroscopy (XPS) was measured by an Omicron Nanotechnology GmbH 

(Oxford Instruments) surface analysis system with a photon energy of 1486.7 eV (Al Kα X-

ray source) with a scanning step size of 0.1 eV. The pass energy was set to 20 eV. The spectra 

were corrected using the binding energy of C 1s of the adventitious carbon as a reference. 

Transmission electron microscopy (TEM) was performed by FEI Titan 80–300 ST (300 kV) 

with energy dispersive X-ray spectroscopy (EDS) capabilities. UV-vis spectra were 

measured by a UV-1800 Shimadzu. The surface tension of the ink was measured by contact 

angle system OCA (Data Physics Corporation). The viscosity was determined by an 

Automated Microviscometer AMVn (Anton Paar GmbH). The specific volumetric 

capacitance (CV) of film electrodes was calculated from the GCD curves by using Equation 

(1): 

𝐶V = [𝐼 (d𝑉 d𝑡⁄ )⁄ ] 𝑉electrode⁄       (1) 

where I is the discharge current, dV/dt is the slope of discharge curve, and Velectrode refers to 

the volume of the film electrode. 

The specific areal capacitance (CA,device) and volumetric capacitance (CV,device) of the MSC 

devices were also calculated from the GCD curve according to equations (2) and (3), 

respectively: 

𝐶A, device = [𝐼 (d𝑉 d𝑡⁄ )⁄ ] 𝐴device⁄       (2) 

𝐶V, device = [𝐼 (d𝑉 d𝑡⁄ )⁄ ] 𝑉device⁄       (3) 
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Here Adevice refers to the total area of the device including the electrodes and the gap between 

the electrodes. Vdevice refers to the total volume of the device, including the volume of the 

electrodes and the gap between the electrodes. 

The volumetric energy densities (EV, Wh cm-3) and power densities (PV, W cm-3) were 

calculated from equations (4) and (5) 

𝐸V = 𝐶V,  device𝑉
2 (2 × 3600)⁄       (4) 

𝑃V = 3600 × 𝐸V ∆𝑡⁄        (5) 

Where Δt refers to discharge time. 

2.3 Results and discussion 

10 20 30 40 50 60 70 80

(0
0

1
)

In
te

n
s
it
y
 (

a
.u

.)

2q (degree)

a

d

(0
0

2
)

(1
0

0
)

(1
1

0
)

0 50 100 150 200 250
0

5

10

15

20

25

30

 

 

N
u

m
b

e
r 

o
f 
fl
a

k
e

s

Lateral size (nm)

<L>= 89 nm

b

c

 

Figure 2.1 Characterization of δ-MnO2 nanosheets. (a) XRD pattern of δ-MnO2 nanosheets. (b) AFM image of δ-

MnO2 nanosheets after deposition on a Si wafer by LB technology. (c) Lateral size distribution of δ-MnO2 nanosheets 

obtained by measuring 100 nanosheet flakes in Figure 1b. (d) TEM image of δ-MnO2 nanosheets.  

 

Powder XRD of a dried sample of a colloidal suspension after centrifuging and washing with 

distilled water and methanol, was used to verify the crystal structure and phase information 

of the δ-MnO2 nanosheets as shown in Figure 2.1a. The XRD pattern shows the characteristic 

peaks at 2q 12.21˚, 24.55˚, 36.71˚, 65.87˚, which are attributable to the (001), (002), (100) 
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and (110) reflections.21 These peaks indicate a layered birnessite-type structure. The 

thickness of a δ-MnO2 nanosheet deposited on a silicon substrate by Langmuir–Blodgett (LB) 

technology was measured by AFM and was around 1 nm (Figure S2.1, Appendices). Based 

on its atomic architecture, the crystallographic thickness of monolayer δ-MnO2 nanosheets 

has been calculated to be 0.52 nm.19 Hydration and the presence of organic ions, i.e. 

tetrabutylammonium (TBA+), on both sides of the δ-MnO2 nanosheets can explain the 

difference between the crystallographic thickness and the observed thickness.19 The lateral 

sizes of δ-MnO2 nanosheets estimated from AFM images (Figure 2.1b) indicate that the 

majority of nanosheets has lateral sizes between 50 and 150 nm (Figure 2.1c), which meets 

the requirement of the inkjet printer. In principle, a lateral size of less than 1/50 the diameter 

of nozzle is preferred to avoid the nozzle from becoming clogged during printing.22 Based on 

this rule of thumb, the maximum nanosheet lateral size is around 430 nm for our inkjet printer 

with a nozzle diameter of 21.5 μm. Figure 2.1d shows a TEM image of δ-MnO2 nanosheets, 

illustrating the ultrathin nature of the 2D nanostructure. 
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Figure 2.2 High resolution XPS spectra of (a) Mn 2p and (b) Mn 3s of δ-MnO2 nanosheets.  

 

XPS was used to determine the oxidation state of Mn in δ-MnO2 nanosheets. The two peaks 

at the binding energies of 641.9 eV and 653.7 eV as shown in Figure 2.2a, can be assigned 

to the Mn 2p3/2 and 2p1/2 orbitals of Mn4+, respectively. The Mn 3s spectrum displays double 

peaks that result from parallel spin coupling between the electrons in 3s and 3d orbitals, with 

a splitting width of 4.8 eV, further indicating that the Mn cations have an average valence 

close to 4 (Figure 2.2b).23 
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Figure 2.3 Optimization of δ-MnO2 ink formulation. (a) Photograph of formulated δ-MnO2 nanosheet ink. (b) 

Optical image of δ-MnO2 ink droplet formation vs time as observed from the printer camera. The scale bar is 50 μm. 

Droplet drying process with (c) excess surfactant and (d) optimal surfactant concentration.  

 

Water as such is not suitable for inkjet printing due to its high surface tension (about 70 mN 

m-1) and low viscosity (about 1 mPa s). The inverse Ohnesorge number Z is often used to 

evaluate ink printability, and is defined as 𝑍 = (𝛾𝜌𝛼)1 2⁄ 𝜂⁄ , where γ is the surface tension, ρ 

the density, α the nozzle diameter and η the viscosity of the fluid. To formulate a printable δ-

MnO2 ink (Figure 2.3a), Triton X-100, a non-ionic surfactant, was selected as surface tension 

modifier to decrease the surface tension of water from around 73 to 46 mN m-1. Triton may 

also help to avoid disrupting the electrostatic stabilization of δ-MnO2 nanosheets. Propylene 

glycol was added to modify the viscosity from 1.00 to 1.71 mPa s in order to improve printing 

reliability. The value of the surface tension, viscosity and nozzle diameter of 21.5 μm makes 

that Z is about 19 for the modified water-based ink. This quality of the ink was confirmed by 

the optical images of ink droplet formation vs time where no satellite droplets are present 

(Figure 2.3b). An additional advantage of the addition of propylene glycol is that it can also 

suppress weak Marangoni flow which will reduce the undesired coffee-ring effect.24 

a b

c d
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Figure 2.4 (a) AFM image of printed single dot on glass substrate with excess surfactant. (b) Cross-sectional profiles 

along three different directions in (a). (c) AFM image of printed single dot on glass substrate with optimized 

surfactant concentration. (d) Cross-sectional profiles along three different directions in (c). 

 

The concentration of Triton X-100 was optimized since an excess tends to shrink the droplet 

size. As schematically outlined in Figure 2.3c, excess Triton X-100 unpins the contact line 

led to a non-uniform distribution of solids, which can indeed be clearly observed by AFM 

(Figure 2.4a). The cross-sectional profile of the AFM image of Figure 2.4a in Figure 2.4b 

further confirms the pattern non-uniformity. More AFM images and cross-sectional profiles 

along different directions of non-uniform printed line are shown in Figure S2.2a and S2.2b 

(Appendices). The concentration of Triton X-100 was therefore carefully optimized to ensure 

the pinning of the contact line of the ink. Under ideal conditions the material is uniformly 

deposited on the substrate due to recirculating Marangoni flow, as schematically shown in 

Figure 2.3d. The AFM image in Figure 2.4c shows a printed dot obtained from an ink with 

an optimized Triton X-100 concentration. The corresponding cross-sectional analysis in 

Figure 2.4d reveals pattern uniformity in all directions, indicating the reliability and quality 

of the printing process. The printed patterns also show a smooth surface and low root mean 

square roughness at higher magnification, as shown in Figure S2.3 (Appendices). 
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Figure 2.5 Optimization of δ-MnO2 ink printing parameters. (a) Optical images of printed lines at different droplet 

spacings. The scale bar is 100 µm. (b) AFM image of printed line at 40 µm drop spacing. (c) Cross sectional profiles 

along three different directions in (b). (d) Optical image of printed δ-MnO2 thin films on glass substrate. (e) Top-

view SEM images of (d) at different magnifications, in which the δ-MnO2 nanosheets are uniformly distributed. 

 

The morphology of printed δ-MnO2 lines on glass substrate at 50 °C with variable droplet 

spacing is shown in Figure 2.5a. The line became bulged when the droplet spacing was 15 

μm, due to the fact that droplets significantly overlap with each other at this spacing. As the 

droplet spacing increased to 40 μm, the morphology of the lines became more uniform while 

the line width decreased. Any further increase of the droplet spacing led to isolated droplets 

as they were too far from each other to merge. The homogeneous morphology and fidelity of 

printed lines employing a 40 μm droplet spacing was confirmed by AFM; Figure 2.5b shows 

a uniform distribution of nanosheet, while the cross-sectional profiles of Figure 2.5b in Figure 

2.5c confirm the uniformity of the printed lines in all directions. The morphology of printed 

δ-MnO2 lines on polyimide substrate at room temperature with variable droplet spacing was 

also studied as shown in Figure S2.4 (Appendices). The lines became uniform using a droplet 

spacing from 20 to 50 μm. In order to reduce printing layers and improve printing efficiency, 

a droplet spacing at 20 μm was used for printing δ-MnO2 ink on polyimide substrate. The δ-

MnO2 ink was also used to print thin films with uniformly distributed δ-MnO2 nanosheets, 

as illustrated in Figure 2.5d where the optical image of a printed δ-MnO2 film on a glass 

substrate is shown, and Figure 2.5e where the top-view SEM images of Figure 2.5d at 

different magnifications are shown. 
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Figure 2.6 Electrochemical performance of printed δ-MnO2 films with varying thickness. (a) Relationship between 

δ-MnO2 film thickness and the number of printed layers. (b) CV curves of δ-MnO2 films with varying thicknesses 

at a scan rate of 10 mV s-1. (c) GCD of δ-MnO2 electrodes with varying thicknesses at a current density of 0.5 A cm-

3. (d) Volumetric capacitances CV of δ-MnO2 electrodes as a function of film thickness at 0.5 A cm-3. 

 

To investigate the electrochemical performance of a printed δ-MnO2 film, printed PEDOT: 

PSS/δ-MnO2 electrodes on polyimide substrates were made and studied in three-electrode 

measurements. The reliable printing process allowed us to print multilayered δ-MnO2 films 

with different δ-MnO2 film thicknesses. As shown in Figure 2.6a, the thickness of these 

printed δ-MnO2 films was proportional to the number of printed layers. A series of electrodes 

with varying δ-MnO2 films thicknesses between 65 and 1245 nm were made. These 

electrodes are referred to as Mn-65, Mn-380, Mn-530, Mn-880, and Mn-1245, depending on 

their thickness (in nanometers). All electrodes were characterized in a three-electrode setup 

in 0.5 M Na2SO4 solution. The CV curves of these electrodes at a scan rate of 10 mV s-1 show 

rectangular-like shapes (Figure 2.6b), which are explained by the redox reaction MnO2 + Na+ 

+ e- ⇄ MnOONa. The GCD curves in Figure 2.6c were acquired at a current density of 0.5 

A cm-3. The calculated volumetric capacitances (CV) are shown in Figure 2.6d. As the 

thickness of δ-MnO2 films increased to 65 nm, the CV of the Mn-65 electrode reached 78.4 

F cm-3, which is higher than the pure PEDOT: PSS electrode (23.4 F cm-3). The maximum 

CV of 271.6 F cm-3 was obtained with the Mn-530 electrode, and this value is about an order 
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of magnitude higher than the pure PEDOT: PSS film. This value is also clearly higher than 

the CV of the 65 nm thick film, showing that the δ-MnO2 nanosheet layers contribute to the 

electrode reaction. In contrast, when the thickness of the δ-MnO2 film was further increased 

to 880 nm, the CV of the Mn-880 electrode decreased dramatically to 156.6 F cm-3. Most 

likely, electron transfer between layers becomes limiting in thick δ-MnO2 film, probably to 

the extent that the MnO2 nanosheet layers of the electrode furthest away from the external 

electrode are electrically isolated and do not contribute to the capacitance of the 

supercapacitor. Slow electron transfer kinetics or electrical insulation between adjacent 

nanosheet layers has been observed in various studies involving multilayers of nanosheets.25 

The CV of the even thicker Mn-1245 electrode decreased further to 100 F cm-3. Possibly, the 

electrically insulating top part of the electrode acts only as a diffusion barrier for Na+. In any 

case these results clearly show that the optimum thickness of the MSC is in the range of about 

500 nm. 
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Figure 2.7 Electrochemical performance of inkjet printed MSC. (a) Schematic diagram of MSC with interdigitated 

electrode configuration. (b) CV curves of MSC at scan rates from 5 to 100 mV s-1. (c) Galvanostatic charge-discharge 
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curves of MSC at current densities from 0.05 to 0.2 A cm-3. (d) Volumetric capacitance of MSC at different current 

densities. (e) Ragone plot of MSC and recent data from literatures.26-31 

 

To further investigate the use of δ-MnO2 nanosheets for practical application, a symmetrical 

MSC with interdigitated electrode configuration was fabricated using inkjet printing δ-MnO2 

on a flexible polyimide substrate, as schematically illustrated in Figure S2.5 (Appendices). 

Functional δ-MnO2 based devices including 10 in-plane interdigitated patterns were printed. 

The δ-MnO2 film was about 530 nm thick, as shown in the SEM image of the cross-section 

of the film in Figure S2.6 (Appendices). After drying the δ-MnO2 pattern, PEDOT: PSS 

conducting electrodes were inkjet printed on top of the δ-MnO2 patterns. Then a poly(vinyl 

alcohol)/ lithium chloride (PVA/LiCl) gel electrolyte was cast onto the surface of the 

PEDOT: PSS/δ-MnO2 electrode to complete the fabrication of the MSC (Figure 2.7a). In 

order to evaluate the electrochemical performance of the MSC, CV and galvanostatic charge-

discharge measurements were carried out in a potential window from 0 to 0.8 V. The CV 

curves of the MSC at different scan rates showed a rectangular-like shape at low scan rates, 

which was maintained at high scan rates up to 100 mV s-1 (Figure 2.7b). The charge-discharge 

curves are shown in Figure 2.7c. The volumetric capacitance of the MSC was calculated 

based on the charge-discharge measurements. As shown in Figure 2.7d, the MSC showed a 

highest volumetric device capacitance of 2.4 F cm-3 at a current density of 0.05 A cm-3. This 

value corresponds with an areal capacitance of 0.26 mF cm-2. The areal capacitance is 

comparable to most graphene-based MSCs fabricated by other techniques,32,33 and can be 

used in many on-chip integrated systems which only require areal capacitances of around 1 

μF cm-2.26,27 Notably, the volume used in the calculation of the volumetric capacitance 

included the volume of the electrodes and the spatial gap between the electrodes, while the 

area used in the calculation of the areal capacitance includes both the electrode area and the 

area of the gap between the electrodes. Figure 2.7e shows Ragone plots of the volumetric 

energy density and the power density of the MSC, as well as a comparison with other recently 

reported SC systems. The high equivalent series resistance (ESR) of the MSC indicates a low 

charge/discharge rate (see Figure S2.7, Appendices). The energy density for the MSC is 

evaluated to be 1.8 × 10-4 Wh cm-3, with a power density of 0.018 W cm-3. Hence, the energy 

density of the nanosheet-based inkjet printed MSC is superior to a commercial 3 V/300 μF 

Al electrolyte capacitor,28 as well as to other supercapacitors such as ZnO@MnO2 carbon 

fiber29 and graphene.30 The performance of the nanosheet-based MSC is comparable to other 

devices made of MnO2/carbon fibers31 and laser-induced graphene (LIG) MSC.34 
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Figure 2.8 Flexibility and cycling measurement, as well as assembly of two MSC devices in series and parallel 

configurations. (a) Optical images of MSC bent under different angles. The scale bar is 1 cm. (b) CV curves of MSC 

under different bending angles at a scan rate of 20 mV s-1. (c) Schematic circuits of two single MSC devices 

connected in series and in parallel configurations. (d) CV curves of single MSC, and two MSCs connected in series 

or in parallel. (e) Cyclability test of MSC at a current density of 0.2 A cm-3. 

 

To demonstrate the mechanical flexibility of the MSC, the device was bent at different angles 

(Figure 2.8a). The CV curves remained nearly unchanged while the device was highly bent 

over 120˚ with a bending radius of about 1 cm (Figure 2.8b), indicating that the MSC has 

potential as energy storage unit cell for small flexible electronics applications. Furthermore, 

the device was also bent for 250 times with a bending radius of about 1 cm. As shown in 

Figure S2.8 (Appendices), the CV curves showed a slight decrease after 100 times bending 

and a further decrease after 250 times bending due to the occurrence of a small crack in the 

electrode (Figure S2.9, Appendices). However, the device was still functional, albeit 

operating at a lower performance. To meet the requirements for practical application to 

satisfy specific energy and power needs, MSCs can be connected in series or parallel 

configurations (Figure 2.8c). The voltage window was doubled by connecting two MSCs in 
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series, while the output current was increased by a factor of almost 2 when two MSCs were 

connected in parallel (Figure 2.8d), indicating that these devices can be integrated to scale up 

the voltage and current output. A 22% drop in volumetric capacitance of MSC over 3600 

charge-discharge cycles was observed (Figure 2.8e), indicating good cycling stability. It is 

noted that this work focused on demonstrating the efficiency and possibility of inkjet printing 

technology for realizing flexible δ-MnO2 nanosheet-based MSC devices. We did not attempt 

to determine the performance limits of these devices. Devices performance improvements 

may be expected by integrating other fabrication strategies with our inkjet printing 

technology, such as chemical doping of δ-MnO2 nanosheets in order to improve conductivity 

and/or energy density. 

2.4 Conclusions 

We have developed water-based, inkjet printable and highly concentrated δ-MnO2 nanosheets 

inks for supercapacitor application. By ink formulation engineering, examining the drop 

spacing, we determined the optimal printing conditions to prevent the undesired “coffee-ring” 

effect. We have shown that the inkjet printed MSCs are mechanically flexible and achieve 

high performance, which is comparable with other MSCs fabricated by different techniques. 

The inkjet printing of two-dimensional materials also shows a high potential for all-solid-

state flexible energy storage devices. Overall, such inkjet printed flexible energy storage 

devices shows great promising as energy storage units for low-cost flexible and wearable 

electronics applications. 
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APPENDICES 

1. Fabrication of Langmuir-Blodgett (LB) thin film 

The lateral size of nanosheets is a crucial parameter for inkjet printing. Lateral size analysis 

of δ-MnO2 nanosheets was performed by AFM in standard tapping mode. δ-MnO2 nanosheets 

were deposited on a silicon substrate by LB technology. In LB deposition, 1 mL of δ-MnO2 

ink was diluted in 500 mL DI water. The diluted suspension was left standing for 2 h, then 

50 mL of solution was taken from the middle or top part of the nanosheet suspension and 

poured into an LB trough (KSV Minimicro, a Teflon trough with an active trough surface 

area of 100 cm2, L195 × W51 ×D4 mm3 and a dipping well L10 × W28 × D28 mm3, trough 

volume 48 cm3) and left for 15 min to equilibrate and stabilize the surface pressure before 

the LB deposition process started. Prior to deposition, the silicon substrate was first cleaned 

by acetone, ethanol and DI water. Then the cleaned silicon substrate was placed in Harrick 

Plasma PDC-002 oxygen plasma cleaner (25W) for 15 min to remove any residual organic 

on the silicon surface. Then silicon substrate was immersed vertically into the suspension. 

Film formation and transfer was conducted by starting compression at a rate of 3 mm min -1 

by moving the Teflon barriers until a threshold surface pressure had been reached. The δ-

MnO2 nanosheets films were deposited at 7 mN m-1 surface pressure as measured by a 

Wilhelmy plate attached to the KSV Minimicro frame. 

 

 

Figure S2.1 (a) AFM images and (b) height profile of δ-MnO2 nanosheets. 
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Figure S2.2 (a) AFM image of printed line on glass with excess surfactant. (b) Cross sectional profiles along three 

different directions in (a). 

 

 

Figure S2.3 AFM image of printed single dot. The mean root square roughness is 3.7 ± 0.3 nm. 

 

 

Figure S2.4 Optical images of printed δ-MnO2 lines at different droplet spacing on polyimide substrate. The scale 

bar is 100 µm. 

-40

-20

0

20

40

60

-40

-20

0

20

40

60

0 20 40 60 80
-40

-20

0

20

40

60

 

 

H
e
ig

h
t 
(n

m
)  1

 

H
e
ig

h
t 
(n

m
)  2

 

H
e
ig

h
t 
(n

m
)

Distance (μm)

 3

a b



Chapter 2 

32 

 

 

Figure S2.5 Schematic illustration of fabrication process of interdigitated MSC. 

 

 

Figure S2.6 SEM image of printed δ-MnO2 film on polyimide substrate. 
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Figure S2.7 EIS curve of MSC for the frequency range from 0.1 to 10 kHz. 
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Figure S2.8 CV curves of MSC under different bending times with bending radius of about 1 cm at a scan rate of 

20 mV s-1. 

 

 

Figure S2.9 SEM images of electrodes after (a) 100 times and (b) 250 times bending with bending radius of about 

1 cm. 
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Chapter 3 

 

Defect Engineering of MnO2 Nanosheets 

by Substitutional Doping for Printable 

Solid-State Micro-Supercapacitors 

 

Printed flexible energy storage devices such as micro-supercapacitors require high 

electrochemical performance for practical applications. Here, we report a high volumetric 

energy density of up to 1.13 × 10-3 Wh cm-3 at a power density of 0.11 W cm-3 by inkjet 

printing of Fe-doped MnO2 nanosheets inks as active materials on polyimide substrates. The 

enhancement results from atomic-level substitutional doping of 3d metal ions (Co, Fe, Ni) in 

sub-nanometer thick 2D MnO2 nanosheets. Substitutional doping introduces new electronic 

states near the Fermi level, thereby enhancing the electronic conductivity and contributing to 

the formation of redox-active 3d surface states. Fe-doped MnO2 showed the best performance 

in terms of specific areal and volumetric capacitance. Our finding suggests that the rational 

doping at atomic scale shows great promise for achieving high energy and power density 

flexible energy storage devices.  

 

 

 

 

 

This chapter has been published as:  

Wang, Y.; Zhang, Y.-Z.; Gao, Y.-Q.; Sheng, G.; ten Elshof, J. E., Defect engineering of 

MnO2 nanosheets by substitutional doping for printable solid-state micro-supercapacitors. 

Nano Energy 2020, 68, 104306.  
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3.1 Introduction 

Two-dimensional (2D) materials have attracted great attention for supercapacitors (SCs) 

because of their unique physical and chemical properties induced by the dimensional 

reduction.1-3 Specifically, 2D nanosheets with a few atomic-layer thickness and large specific 

surface area can expose nearly all its atoms as surface sites for charge storage, which 

facilitates the ion diffusion and the charge storage and transfer processes. Recently, various 

nanosheets have been explored for SCs, including graphene,4 black phosphorus,5 metal 

dichalcogenides,6 layer double hydroxides,1 transition metal carbides,7 and transition metal 

oxides (TMOs).8,9 Among these, TMOs are known as pseudocapacitive phases with high 

theoretical specific capacitance, and are thus promising electrode materials for SCs. From 

the TMO phases, 2D manganese dioxide nanosheets have been attracting interest due to the 

earth abundance of Mn, low toxicity and particularly their ultrathin structure,10,11 and research 

on MnO2 based SCs has been progressing since the late 1990s.12,13 However, the performance 

of MnO2 nanosheets in SCs is limited by poor electronic conductivity. One of the strategies 

to improve the electronic conductivity and electrochemical performance of MnO2 electrodes 

is to combine it with highly conductive materials such as graphene, carbon nanotubes or 

carbon fibers.14 An alternative strategy is defect engineering, i.e. foreign element doping to 

enhance the intrinsic electronic conductivity and increase the concentration of redox-active 

sites.15-17 Thus far, defect engineering has not resulted in notable improvement in 

electrochemical performance. Transition metal cations like Fe3+, Co2+ and Ni2+ are known to 

be stable in the framework of birnessite,18-20 but their effect on the electronic conductivity of 

MnO2 nanosheets is still unknown.  

Micro-supercapacitors (MSCs) which feature rapid power delivery, on-chip integration and 

miniaturized device size, are promising energy storage devices for small flexible electronic 

devices.21-24 Versatile fabrication techniques have been utilized to directly deposit materials 

on different substrates to fabricate interdigitated electrode patterns for MSCs, such as laser 

scribing, electrochemical deposition, conversion reaction and inkjet printing.25 While the 

laser scribing technique suffers from high cost, the electrochemical deposition and 

conversion reactions are restricted by the shapes of current collectors. Inkjet printing, which 

is a digital, non-contact, and high resolution deposition technique, does not require an 

intermediate carrier for deposition on a wide range of substrates such as silicon, glass, paper 

or flexible polymers.26-29 However, preparation of printable functional inks remain a 

significant challenge for printed electronics. 

In this work, we report inkjet-printed 2D MnO2 nanosheet-based micro-supercapacitors with 

high volumetric energy densities of up to 2.47 × 10-3 Wh cm-3 at a power density of 4.16 × 

10-2 W cm-3. The excellent performance could be accomplished by atomic-level 

substitutional doping of 3d metal ions (Co, Fe, Ni) into 2D MnO2 nanosheets by a facile 

bottom-up method, which introduced new electronic states near the Fermi level, thereby 
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enhancing the electronic conductivity within the nanosheets and contributing to the formation 

of redox-active 3d surface states. Stable water-based inks were prepared without toxic 

solvents and were based on the surfactant-templated self-assembly of MnO2 nanosheets in 

water. Three-electrode measurements were conducted on inkjet-printed undoped MnO2, and 

on Fe, Co and Ni-doped MnO2 nanosheet thin films. The influence of substitutional doping 

on band structure and the excellent performance of Fe doping in particular was explained 

using first principles calculations, which demonstrates that substitutional doping can largely 

improve the electrochemical performance of 2D oxide materials. 

3.2 Experimental Section 

3.2.1 Synthesis of Fe, Co and Ni-doped MnO2 nanosheets 

In a typical synthesis, 20 mL of a mixed aqueous solution of 0.6 M tetrabutylammonium 

hydroxide (TBA•OH, 40 wt% H2O, Alfa Aesar) and 3 wt% H2O2 (30 wt% H2O, Aldrich) 

was added to 10 mL of 0.3 M aqueous solution consisting of FeCl3 (Fluka) and MnCl2•4H2O 

(Sigma-Aldrich) in a molar ratio of 0.05 (0.05 = Fe/(Fe + Mn) within 15 s. CoCl2•6H2O 

(Acros Organics) and NiCl2•6H2O (Alfa Aesar) were used to prepare Co-MnO2 and Ni-MnO2 

nanosheets at same molar ratio of 0.05.  The resulting dark brown solution was stirred 

vigorously overnight in the ambient atmosphere at room temperature. The obtained solution 

was centrifuged using a Sigma 1-14 centrifuge at 1000 g for 20 min followed by collecting 

upper 2/3 of the volume. The collected solution was centrifuged at 15000 g for 1 h and the 

precipitate was washed by water for several times followed by freeze drying. This same 

synthesis method is used for the preparation of Co and Ni-doped MnO2 nanosheets. 

3.2.2 Ink preparation 

To prepare printable Fe, Co and Ni-doped MnO2 nanosheets ink, the collected precipitate 

was re-dispersed in a printable solvent consisting of 1:10 propylene glycol (Sigma-Aldrich) : 

water by mass, 0.06 mg mL-1 Triton X-100 (Sigma-Aldrich). To estimate the concentration 

of resultant printable inks, the optical absorbance was measured by PerkinElmer 

UV/VIS/NIR spectrometer Lambda 950S from 800-200 nm wavelength. Concentrations 

were extracted using Lambert-Beer law A/l = α374C, where A is the absorbance, l = 1 cm is 

the cell length, C is the concentration of resultant inks and the absorption coefficient α374 = 

1.13 × 104 mol-1 dm3 cm-1. All inks were diluted to the same concentration for inkjet printing. 

To prepare printable poly (3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: 

PSS) (3.0-4.0%, Sigma Aldrich) ink, 2 vol% Triton X-100 and 6 vol% ethylene glycol 

(Merck) were added into PEDOT: PSS solution. 

3.2.3 Inkjet printing 

A Dimatix DMP-2800 inkjet printer (Fujifilm Dimatix) equipped with a 16-nozzle cartridge 

and typical droplet volume of 10 pL was used to print all patterns. To fabricate electrodes for 
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three-electrode measurements, Fe, Co, Ni-doped and pristine δ-MnO2 nanosheets inks were 

printed at 50 °C with 20 µm drop spacing on polyimide substrate in 5 layers, followed by 

drying at 50 °C for 2 h. Then, 2 layers of PEDOT: PSS film were printed at room temperature 

with 20 µm drop spacing on top of all MnO2 samples followed by annealing at 120 °C for 15 

min. 

3.2.4 Fabrication of micro-supercapacitors 

All inks were inkjet printed in 5 layers at 20 µm drop spacing on a 120 µm thick flexible 

polyimide substrates at 50 °C. Then, 2 layers of PEDOT: PSS were printed at 20 µm drop 

spacing on top of the all MnO2 nanosheets thin films, followed by thermal annealing at 

120 °C for 15 min. The prepared PEDOT: PSS/nanosheets films were used as electrodes for 

symmetrical MSCs. The PVA/LiCl gel electrolyte was prepared by mixing 1 g PVA (MW 

85000-124000, Aldrich), 2.13 g LiCl (Alfa Aesar) and 10 mL DI water thoroughly at 85 °C 

under vigorous stirring. To complete the fabrication of MSC, the gel electrolyte was 

deposited on the electrodes area of MSC, and was dried overnight at room temperature.  

3.2.5 Electrochemical characterization 

All electrochemical characterizations were done on an Autolab workstation (PGSTAT128N). 

The printed thin film electrodes were measured in 0.5 M Na2SO4 (ABCR GmbH) and 5 M 

LiCl solution in a three-electrode configuration with Ag/AgCl (3M KCl) electrode 

(Metrohm) and platinum wire as the reference and counter electrodes, respectively. The all-

solid-state MSC was characterized in a two-electrode configuration. Cyclic voltammetry was 

performed at a scan rate of 5 to 50 mV s-1, galvanostatic charge-discharge curves were 

measured at current densities from 10 to 100 µA cm-2. Electrochemical impedance 

spectroscopy was performed by applying an AC voltage of 10 mV amplitude in the frequency 

range from 0.1 Hz to 10 kHz. The high frequency impedance characteristics were interpreted 

in terms of a R1(R2Q) equivalent circuit, where R1 represents the series resistance of the 

nanosheet based electrode, R2 its charge transfer resistance, and Q a constant phase element. 

3.2.6 First principles calculations 

The first principle calculations were carried out within the framework of density functional 

theory (DFT) using the projector augmented wave (PAW) method30 and a plane-wave basis 

set with a cut-off energy of 500 eV as implemented in the VASP code.31,32 In this paper, 

exchange and correlation effects were described in the local spin density approximation 

(LSDA) as parameterized by Perdew and Zunger33 with an on-site Coulomb interaction U 

added onto d orbitals.34 The effective Coulomb term Ueff of 3.2 eV, 3.6 eV 3.1 eV, and 2.8 

eV were chosen for Mn, Fe, Co, and Ni 3d orbitals, respectively.35 Monolayers of MnO2 

periodically repeated in the c direction were separated by more than 20 Å of vacuum to 

minimize the interaction. 5 at% substitutional impurities were modeled using 4 × 5 in-plane 



Defect Engineering of MnO2 by Doping for Micro-Supercapacitor 

39 

supercells. The atomic positions were relaxed using a 5 × 4 × 1 Γ-centered k-point mesh until 

the forces on each ion were smaller than 0.01 eV Å-1. Spin-polarized calculations were 

performed with a denser mesh corresponding to 8 × 8 × 1 k-points.  

3.2.7 Characterization 

Powder X-ray diffraction (XRD) was performed on a Bruker diffractometer (D8 Advance) 

with Cu Kα radiation (λ=0.15405 nm). Thin film XRD was measured by a PANalytical 

X’Pert Pro with Cu Kα radiation (λ=0.15405 nm). AFM (Veeco Dimension Icon) was 

conducted in standard tapping mode. The AFM data were analyzed by Gwyddion (version 

2.47) software. Image-corrected TEM was performed by model Titan 80-300 ST (300 kV) 

with energy dispersive X-ray spectroscopy (EDS) capability. X-ray photoelectron 

spectroscopy (XPS) was conducted by an Omicron Nanotechnology GmbH (Oxford 

Instruments) surface analysis system with a photon energy of 1486.7 eV (Al Kα X-ray 

source) with a scanning step size of 0.1 eV. The pass energy was set to 20 eV. The spectra 

were corrected using the binding energy of C 1s of the carbon residual on nanosheets as a 

reference. High resolution scanning electron microscopy and EDS analyze (HRSEM; Zeiss 

MERLIN) were performed to acquire information of printed Fe, Co and Ni-doped MnO2 

films. Fe-, Co- and Ni-doped MnO2 Raman spectra were recorded on a micro-Raman 

spectrometer (LabRAM ARAMIS, Horiba-Jobin Yvon, Germany) using a 633 nm laser. 

Undoped MnO2 Raman spectra was recorded on a laser-scanning confocal Raman 

microspectrometer by Krypton laser (Innova 90-K; Coherent, Santa Clara, CA, λexc 647.1 

nm). 

The specific areal capacitance (CA) of film electrodes was calculated from the GCD curves 

by using Equation (1): 

𝐶V = [𝐼 (d𝑉 d𝑡⁄ )⁄ ] 𝐴electrode⁄       (1) 

where I is the discharge current, dV/dt is the slope of discharge curve, and Aelectrode refers to 

the area of the film electrode. 

The specific areal capacitance (CA,device) and volumetric capacitance (CV,device) of the MSC 

devices were also calculated from the GCD curves according to equations (2) and (3), 

respectively 

𝐶A, device = [𝐼 (d𝑉 d𝑡⁄ )⁄ ] 𝐴device⁄       (2) 

𝐶V, device = [𝐼 (d𝑉 d𝑡⁄ )⁄ ] 𝑉device⁄       (3) 

Here Adevice refers to the total area of the device including the electrodes and the gap between 

the electrodes. Vdevice refers to the total volume of the device, including the volume of the 

electrodes and the gap between the electrodes. 
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The volumetric energy densities (EV, Wh cm-3) and power densities (PV, W cm-3) were 

calculated from equations (4) and (5) 

𝐸V = 𝐶V,  device𝑉
2 (2 × 3600)⁄       (4) 

𝑃V = 3600 × 𝐸V ∆𝑡⁄        (5) 

Where Δt refers to discharge time. 

3.3 Results and discussion 

3.3.1 Nanosheets characterizations 
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Figure 3.1 Characterization of nanosheets. (a) XRD of Fe, Co and Ni-doped MnO2 nanosheets. (b) TEM and EDS 

elemental mapping of Fe-MnO2 nanosheets. (c) AFM images of Fe-MnO2 nanosheets. (d) The corresponding height 

profiles of nanosheets (the numbers of 1, 2 and 3 correspond to the line scan number in Figure 3.1c).  
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Figure 3.2 High resolution XPS spectra of (a) Fe 2p, (b) Co 2p and (c) Ni 2p of Fe, Co and Ni-doped MnO2 

nanosheets, respectively. (d) High resolution XPS spectra of Mn 3s of pristine and Fe, Co and Ni-doped MnO2 

nanosheets. 

 

The crystal structures and phase information of the Fe, Co and Ni-doped MnO2 nanosheets 

(Referred to as Fe-MnO2, Co-MnO2 and Ni-MnO2, respectively) were acquired from powder 

XRD of freeze-dried samples as shown in Figure 3.1a. All the patterns show the reflections 

of (00l) series that indicate the laminar and ultrathin features of the prepared samples. Two 
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asymmetrical in-plane (100) and (110) reflections at 2q = 36˚ and 65˚ are observed in all 

samples, indicating a hexagonal unit cell and the layered birnessite-type structure in Fe, Co 

and Ni-doped MnO2 nanosheets.36 The small differences between the (002) diffraction peak 

angles can be explained by small variations in the spacings between nanosheets in different 

restacked 2D structures. Element mappings from energy-dispersive spectroscopy (EDS) 

show homogeneous spatial distributions of Fe (Figure 3.1b), Co and Ni (Figure S3.1, 

Appendices) in the basal plane of MnO2 and the incorporation of foreign atoms into the MnO2 

nanosheet lattice. The solubility of Fe, Co and Ni in the MnO2 nanosheet crystal structure can 

be attributed to the similar ionic radius, oxidation state and electronegativity. The thickness 

of nanosheets, deposited on silicon substrates by the Langmuir-Blodgett (LB) method,37 as 

determined by atomic force microscopy (AFM), showed average thicknesses of 1.0 - 1.8 nm 

for Fe-MnO2 (Figure 3.1c,d), Co-MnO2 and Ni-MnO2 (Figure S3.2, Appendices), 

respectively, in accordance with the reported AFM thicknesses of MnO2 nanosheets in our 

previous report.38 The variation in thickness and difference with the crystallographic 

thickness,  which is 0.52 nm based on its atomic architecture, is attributed to hydration and 

the presence of organic ions, i.e., TBA+ on both sides of the nanosheets.36,39 The lateral sizes 

of Fe, Co and Ni-doped MnO2 nanosheets estimated from AFM images indicate that the 

majority of nanosheets have lateral sizes between 50-150 nm, 40-120 nm and 40-140 nm for 

Fe, Co and Ni-doped MnO2 nanosheets, respectively (Figure S3.3, Appendices), which are 

suitable dimensions for ink jetting.10  

X-ray photoelectron spectroscopy (XPS) scans in Figure S3.4a-c (Appendices) reveal the 

presence of Fe, Co and Ni elements in Fe, Co and Ni-doped MnO2, respectively, which is 

consistent with the EDS mapping data. The high resolution spectrum of Fe 2p shows two 

binding energy (BE) peaks that can be assigned to Fe 2p3/2 and Fe 2p1/2, respectively (Figure 

3.2a). The BE difference of 13.7 eV indicates the presence of Fe3+.40 The high resolution 

spectrum of Co 2p shows two BE peaks at 781.3 and 797.5 eV that can be assigned to Co 

2p3/2 and Co 2p1/2, respectively (Figure 3.2b), indicating the existence of Co2+.41 The high 

resolution Ni 2p spectrum in Figure 3.2c shows two BE peaks that are Ni 2p3/2 at 855.1 and 

Ni 2p1/2 at 872.8 eV, and two broad satellites peaks which can be assigned to Ni2+.42 The high 

resolution XPS of Mn 2p shows spin-orbit doublet corresponding to the Mn 2p1/2 and Mn 

2p3/2 states (Figure S3.4d, Appendices) which can be used to roughly determine the oxidation 

state of Mn. However, due to the complex oxidation and spin states in the Mn 2p spectrum, 

the splitting of Mn 3s peaks is normally used as a probe to determine the oxidation state of 

Mn, as shown in Figure 3.2d. The ΔE values are 4.8 eV for pristine δ-MnO2 nanosheets, 5.2 

eV for Fe-MnO2 nanosheets, 5.3 eV for Co-MnO2 nanosheets and 5.0 eV for Ni-MnO2 

nanosheets, indicating the coexistence of Mn3+ and Mn4+ in Fe, Co and Ni-doped MnO2 

nansoheets. In order to maintain charge neutrality, it is likely that oxygen vacancies were 

also present in the structure, and these have been shown to occur in MnO2 nanosheets.43 

Furthermore, the Raman spectra in Figure S3.5 (Appendices) confirm that undoped and 
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doped MnO2 nanosheets have their characteristic peaks at similar positions, indicating that 

the structure of MnO2 was maintained upon doping. 

3.3.2 Formulation of water-based printable nanosheets inks 

 

Figure 3.3 (a) Top-view SEM images of printed Fe-MnO2 nanosheets film on silicon substrates. (b) XRD patterns 

of printed Fe, Co and Ni-doped MnO2 nanosheets films. 

 

Water-based inks were developed following the protocol reported in our previous work.38 

The ink formulation was optimized to have optimal rheological properties for inkjet printing. 

The surface tension and viscosity of water-based inks were 46 mN m-1 and  1.7 mPa s, 

respectively.38 As an example, the good quality viscoelastic properties and stability of the 

Fe-MnO2 ink is illustrated by the stroboscopic images of ink droplet formation versus time; 

no satellite droplets can be seen (Figure S3.5, Appendices). Top-view SEM images of inkjet-

printed Fe (Figure 3.3a), Co and Ni-doped MnO2 nanosheets (Figure S3.6, Appendices) films 

on silicon substrates indicate uniform deposition of nanosheets and good film continuity 

across a large surface area. The surface roughness of printed films by AFM at different length 

scales (Figure S3.7, Appendices) showed similar root mean square (RMS) values. The scan 

area does not have a large influence on the RMS roughness values, which indicates highly 

uniform printed nanosheet films. The XRD of all films in Figure 3.3b show (00l) series 

reflections at 2q 5.3˚, 10.7˚, 15.9˚, 21.6˚ and 27.1˚, originating from the (001), (002), (003), 

(004) and (005) reflections, respectively. The presence of higher order basal peaks indicates 

highly c oriented and laminar features with a layer spacing of 1.6 nm. This distance is large 

enough to facilitate ion diffusion between the interdigitated electrodes of MSCs. The doping 

concentrations were estimated by EDS and were found to be about 5.3%, 5.3% and 4.7% for 

Fe, Co and Ni-doped MnO2 nanosheets, respectively (Figure S3.8, Appendices), in 

accordance with the nominal element compositions targeted during synthesis. 
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3.3.3 Three-electrode measurement of printed electrodes 

Thin film electrodes fabricated by printing PEDOT: PSS/MnO2 nanosheet films were studied 

in a three-electrode electrochemical setup. The cyclic voltammetry (CV) curves of Fe, Co 

and Ni-doped MnO2 electrodes at a scan rate of 5 mV s-1 in Figure 3.4a show broad redox 

peaks that contribute more capacitance than the corresponding undoped δ-MnO2 electrode in 

the potential window from 0 to 1 V (versus Ag/AgCl ), as demonstrated by the area integrated 

within the current-potential curves. The electrochemical activity of the Fe-MnO2 electrode is 

clearly much larger than that of the Co-MnO2, Ni-MnO2 and pristine δ-MnO2 electrodes. 

Notably, the pair of redox peaks of Fe-MnO2 at 0.72 and 0.46 V provide more redox-active 

sites than pure MnO2, arising from the pseudocapacitance generated by the faradic redox 

reactions of mixed valent MnO2 and doped Fe3+, which was also confirmed in a 5 M LiCl 

electrolyte (Figure S3.9, Appendices).44 The governing surface redox reactions are as 

follows: 

MnO2 + Na+ + e- ⇄ MnOONa.      (1) 

Fe(Ⅲ) + e- ⇄ Fe(Ⅱ)       (2) 
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Figure 3.4 Three-electrode characterizations in 0.5 M Na2SO4 electrolyte. (a) CV curves of Fe, Co, Ni-doped MnO2, 

pristine δ-MnO2 and PEDOT: PSS electrodes at 5 mV s-1. GCD of (b) Fe, (c) undoped δ-MnO2 electrodes at different 

current densities. (d) Areal capacitance CA of Fe, Co, Ni-doped and pristine δ-MnO2 electrodes at different current 

densities. 
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The higher specific capacitance of the Fe-doped MnO2 electrode compared with Co and Ni-

doped MnO2 is confirmed by the galvanostatic charge/discharge (GCD) curves between 0 to 

1 V at varying current densities (Figure 3.4b-c, Figure S3.10, Appendices). The potential 

does not show a linear change with time, a indicating faradaic redox reaction during charging 

and discharging. The bare PEDOT: PSS film showed a smaller current response than the 

electrodes, indicating the negligible contribution of PEDOT: PSS to the overall capacitance. 

The areal capacitances of all samples are shown in Figure 3.4d. At current density of 0.1 mA 

cm-2, the areal capacitance is 39 mF cm-2 for Fe-MnO2 electrode, 22 mF cm-2 for Co-MnO2 

electrode, 24 mF cm-2 for Ni-MnO2 electrode and 12 mF cm-2 for the pristine δ-MnO2 

electrode. Electrochemical impedance spectroscopy (EIS) was employed to study the series 

resistance and charge transfer resistance of all electrodes, as shown in Figure S3.11 

(Appendices). All doped MnO2 electrodes exhibited lower series resistance (indicated by the 

real axis value at high frequency intercept) and lower charge transfer resistance (indicated by 

the radii of the semicircle in the high frequency region) than undoped MnO2 electrode. 

Specifically, Fe-MnO2 electrode showed the lowest series resistance and charge transfer 

resistance of all samples (Table S1, Appendices). These experimental data clearly 

demonstrate that substitutional doping improves both the electronic conductivity of the MnO2 

nanosheets, as well as their electron transfer kinetics. 

3.3.4 First principles calculations  

 

Figure 3.5 First principles calculations. DOS of (a) pristine, (b) 5% Fe, (c) 5% Co and (d) 5% Ni-doped MnO2 

nanosheets. 
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First principles calculations were carried out to gain further insight into the effect of 

aliovalent doping on the electronic properties of MnO2 nanosheets. The band structures are 

shown in Figure S3.12 (Appendices). The model structure used here, a 2D 4x5 MnO2 

supercell with one dopant atom at its center, may be simplified with respect to the real defect 

structure of doped MnO2, but it does provide qualitative insight into the general trends of 

foreign element doping on the band structure of (doped) MnO2. The partial density of state 

(PDOS) of pristine δ-MnO2 nanosheets shown in Figure 3.5a indicates semiconducting 

behavior with a band gap of 2.16 eV, which is in good agreement with the reported 

experimental band gap of 2.23 eV.45 By introducing 5% Fe doping, occupied and unoccupied 

impurity states emerge in the fundamental band gap so that the chemical potential is 

increased, which effectively decreases the band gap and increases the mobile charge carrier 

density (Figure 3.5b).  Only empty impurity states form in the band gap for Ni and Co doped 

systems (Figure 3.5c-d) and these do not contribute much to the carrier density as illustrated 

in Figure 3.4. The origin of the difference lies in the competition of crystal field splitting and 

spin polarization of dopants. In an O6 octahedral crystal field, the 3d orbitals split into low 

lying t2g (dxz,dyz,dxy) and high lying eg (dx
2
-y

2,dz
2) states which can give rise to high spin states 

(HS) and low spin states (LS)) depending on the competition between the crystal field and 

exchange interactions. Because of the large exchange splitting of Fe compared to that of Co 

and Ni,46 the electrons in Fe4+ (d4s0) would be in a HS state occupying the higher eg levels 

close to the conduction band, while in Co4+ (d5s0) and Ni4+(d6s0) the electrons are in LS states 

occupying t2g states and mixing with valence band which contribute less to the carrier density. 

The partial charge density of impurity states near chemical potential for Fe-MnO2 (Figure 

S3.13a-b, Appendices) show clear eg orbital character (dx
2

-y
2, dz

2). Therefore, the resulting 

improved electronic conductivity of Fe-MnO2 is likely to contribute directly to the improved 

electrochemical behavior as compared with pristine δ-MnO2 nanosheets. In contrast, as 

shown in Figure 3.5c-d, the presence of Co or Ni atoms in the MnO2 lattice does not reduce 

the band gap of MnO2 (Figure S3.12c-d, Appendices). The partial charge density distribution 

shows weak hybridization of O 2p orbitals with Co 3d orbitals (Figure S3.13c, Appendices) 

and strong hybridization of O 2p orbitals with Ni 3d orbitals (Figure S3.13d, Appendices); 

the charges around Ni atoms in Ni-MnO2 are more delocalized than those around Co atoms 

in Co-MnO2. However, the change in band gap is much smaller than that for Fe-MnO2. So 

the Fe-MnO2 exhibits a significant increase in the carrier density and conductivity, while 

doping with Ni or Co has a much more limited effect on conductivity (Figure 3.4). The Tauc 

plot further confirm the effect of doping on the band gap of MnO2 nanosheets (Figure S3.14, 

Appendices). The band gap of Fe-doped MnO2 (1.86 eV) is smaller than that of Co-doped 

(1.92 eV) and Ni-doped (1.90 eV) MnO2. The band gaps of all doped MnO2 compositions is 

smaller than that of undoped MnO2 (2.14 eV). 

3.3.5 Electrochemical performance of printed MSCs  
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Figure 3.6 Printed Fe-MnO2 based MSC electrochemical characterizations in PVA/LiCl electrolyte. (a) CV of MSC 

at scan rates from 5 to 50 mV s-1. (b) Galvanostatic charge-discharge of MSC at current densities from 10 to 100 µA 

cm-2. (c) Areal capacitance and volumetric capacitance at different current densities. (d) Bending test of MSC with 

bending radius of about 2 cm at a current density of 50 µA cm-2. The inset is the optical image of MSC under bending 

radius of about 2cm.  

 

A symmetrical MSC with interdigitated Fe-MnO2 nanosheet-based electrodes was printed on 

a polyimide substrate, and CV and galvanostatic charge-discharge measurements were 

conducted. The CV curves at scan rates between 5 and 50 mV s-1 (Figure 3.6a) are confirmed 

in the GCD curves (Figure 3.6b). The CV curves in Figure 3.6a are qualitative match with 

three-electrode measurements in Figure 3.4a. The possible reasons for the Faradaic character 

in Figure 3.6a are the lower ions mobility in gel electrolyte compare with liquid electrolyte 

and polarizations effect. The areal capacitances and volumetric capacitances calculated from 

the GCD curves (Figure 3.6c) showed that the highest areal and volumetric capacitances are 

2.4 mF cm-2 and 18.9 F cm-3 at a current density of 10 µA cm-2, respectively. Notably, the 

surface area used for the calculation of the capacitance includes the area and the gap between 

the electrodes, while the volume in the calculation included the volume of the electrodes and 

the spatial gap between the electrodes. The MSC showed 86.7 % capacitance retention after 

300 bending cycles with bending radius of about 2 cm (Figure 3.6d), and 78.7% capacitance 

retention after 5200 charge-discharge cycles without bending (Figure 3.7a), indicating good 

cycling stability.  



Chapter 3 

48 

0 1000 2000 3000 4000 5000

0

20

40

60

80

100

10-3 10-2 10-1 100 101 102 103
10-7

10-6

10-5

10-4

10-3

10-2

10-1

C
a

p
a
c
it
a
n
c
e
 r

e
te

n
ti
o
n
 (

%
)

Cycle number

a

E
n
e
rg

y
 d

e
n
s
it
y
 (

W
h
 c

m
-3

)

Power density (W cm-3)

This work

4V/500 mAh

Li thin film battery

MnO2 MSC Graphene

3V/300 mF Al

electrolytic capacitor

5B-LIG
MnO2@CF

MnO2@MWCNT

b

 

Figure 3.7 (a) Cyclability test of MSC at a current density of 70 µA cm-2. (b) Ragone plot of MSC and recent data 

from literature. 

 

The MSC reached the highest volumetric energy density (EV) of 2.5 × 10-3 Wh cm-3 at a 

volumetric power density (EP) of 4.2 × 10-2 W cm-3, which is superior to the performance of 

MSCs based on inkjet-printed δ-MnO2 nanosheets (Figure 3.7b).38 The EV of MSC is higher 

than commercial 3V/300 µF Al electrode capacitors,47 and the EP of our MSC is higher than 

that of a 4V/500 µAh lithium thin film battery.47 Although the 3V/300 µF Al electrode 

capacitors and 4V/500 µAh lithium thin film battery show higher power density and energy 

density than our MSC, respectively, the Fe-doped MnO2 based MSC demonstrated here is 

performing better when considering the combination of energy and power density. Moreover, 

the performance of printed Fe-MnO2 nanosheet MSCs is comparable to or better than that of 

other devices based on MnO2@carbon fibers,48 graphene,49 MnO2@multiwalled carbon 

nanotube (MWCNT),50 and boron-doped laser-induced graphene (B-LIG).51  

To test the mechanical flexibility and ductility in conjunction with their electrochemical 

performance, the CV characteristic was measured at different bending angles (Figure 3.8a). 

The CV curves remained unaffected when the devices with the device area of around 1.2 cm2 

(Figure 3.8b) and electrodes thickness around 1.3 µm were bent with a bending radius of 

about 2 cm. The cross-sectional SEM image of a printed Fe-MnO2 film and corresponding 

optical microscopy images of printed electrodes and the interspace between them are shown 

in Figure S3.16 (Appendices). The self-discharge rate of MSCs is a major issue for practical 

applications. During self-discharge, a small amount of leakage current could cause the 

voltage decay of a charged supercapacitor over time.52 As shown in Figure 3.8c, the MSC 

shows an ultra-small leakage current of < 700 nA after 10 h, compared with 5 µA for 

commercial SCs.52 Since most SCs are working in the range of Vmax to ½ Vmax,53 the self-

discharge time for such a voltage drop is practically relevant. The Fe-MnO2 MSC self-

discharges from 1 V to 0.5 V in about 12 h (Figure 3.8d), which is comparable with two 

commercial supercapacitors that show self-discharge rates of 8 h and 21 h,52 thus suggesting 
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that the Fe-MnO2 MSC is a promising candidate material for practical applications that 

require long lifetime and high reliability. 
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Figure 3.8 Flexibility and discharge measurements. (a) CV of Fe-MnO2 MSC under different bending angle at scan 

rate of 20 mV s-1. The inset shows optical images of the MSC under different bending angles. (b) Optical image of 

printed micro-supercapacitor. (c) Leakage current measurement of Fe-MnO2 MSC. A DC voltage of Vmax = 1V was 

applied to the MSC and the current required to retain that voltage was measured for 10 h. (d) Self-discharging of 

MSC, obtained by charging the MSC to Vmax and then measuring the change of open-circuit voltage from Vmax to 

0.5 Vmax. 

 

3.4 Conclusions 

In summary, we have demonstrated atomic-level engineering of MnO2 nanosheets by 

substitutional doping with Fe, Co and Ni atoms. The theoretical calculations show that the 

excellent electrochemical behavior of Fe-doped MnO2 nanosheets can be attributed to the 

new electronic states emerging near the Fermi level that increase the electronic conductivity 

and form additional surface redox sites. Owing to their excellent dispersibility in water, the 

Fe-, Co- and Ni-MnO2 nanosheets could be formulated directly in water-based stable inks. 

As best performing candidate among the tested compositions, Fe-MnO2 nanosheet ink was 

used to fabricate all-solid-state flexible MSCs on polyimide substrates by inkjet printing 
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technology. The printed MSC exhibited superior performance in terms of the combination of 

high energy density and high power density when compared to other state of the art concepts, 

and commercially available products on the market. In comparison with undoped 2D MnO2 

MSCs,38 both the power density and the energy density increased by a factor of more than 6. 

The printed Fe-MnO2 MSC showed good cycling stability and good mechanical properties 

in terms of flexibility and ductility. Overall, both inkjet-printed all-solid-state MSCs and the 

proposed substitutional doping strategy hold great potential to develop next-generation high 

energy and high power energy storage devices for portable electronics and wearable 

electronics applications. 
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APPENDICES 

1. Deposition of Langmuir-Blodgett (LB) thin film 

To evaluate the thickness and lateral size of nanosheets, monolayer nanosheet thin films that 

were deposited on a silicon substrate by the Langmuir-Blodgett (LB) method were 

investigated by AFM measurement in standard tapping mode. The procedure of LB 

deposition is as following: a nanosheet ink was diluted in 500 mL doubly ionized (DI) water, 

then left standing for 2 h. Then 50 mL of solution was taken from the middle or top part of 

the suspension and poured into a LB trough (KSV Minimicro, a Teflon trough with an active 

trough surface area of 100 cm2, L195 × W51 ×D4 mm3 and a dipping well L10 × W28 × D28 

mm3, trough volume 48 cm3). The nanosheet deposition process was conducted by compress 

the water-air interface at a rate of 3 mm min-1 by moving the Teflon barriers until a threshold 

surface pressure had been reached. The surface pressure was kept around 7 mN/m for all 

samples during deposition which was measured by a Wilhelmy plate attached to the KSV 

Minimicro frame. 

 

 

Figure S3.1 TEM and EDS elemental mapping of (a) Co-MnO2 and (b) Ni-MnO2 nanosheets. 
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Figure S3.2 AFM images of (a) Co-MnO2 nanosheets and (b) Ni-MnO2 nanosheets. The inner in a-b are the 

corresponding height profiles of nanosheets (the numbers of 1, 2 and 3 correspond to the line scan number in AFM 

images). 
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Figure S3.3 Lateral size distribution of (a) Fe, (b) Co and (c) Ni-doped MnO2 nanosheets obtained by measuring 

100 flakes on silicon by Langmuir-Blodgett (LB) deposition. 

 



Defect Engineering of MnO2 by Doping for Micro-Supercapacitor 

57 

800 600 400 200 0 800 600 400 200 0

800 600 400 200 0 660 655 650 645 640

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

C
 1

s

S
i 
2

s

S
i 
2

p
1

/2
M

n
 3

s

O
 1

s

M
n

 2
p

1
/2

M
n

 2
p

3
/2

F
e

 2
p In

te
n
s
it
y
 (

a
.u

.)

Binding energy (eV)

C
 1

s

S
i 
2

s

S
i 
2

p
1
/2

O
 1

s

M
n

 2
p

1
/2

M
n

 2
p

3
/2

C
o

 2
p

M
n

 3
s

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

S
i 
2

p
1
/2

M
n

 3
s

S
i 
2

s

C
 1

s

O
 1

s

M
n

 2
p

3
/2

M
n

 2
p

1
/2

N
i 
2

p

Co-MnO2

Fe-MnO2

Ni-MnO2 Mn 2p

a b

c d

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)  

Figure S3.4 XPS survey scan spectrum of (a) Fe-MnO2, (b) Co-MnO2, and (c) Ni-MnO2 nanosheets. (d) High 

resolution XPS of Mn 2p in Fe, Co and Ni-doped MnO2 nanosheets. The ΔE of Mn 3s peaks of Fe, Co and Ni-doped 

MnO2 are different, which indicates that the ratio of Mn3+ to Mn4+ is different in Fe, Co and Ni-doped MnO2. 

Similarly, the Mn 2p3/2 binding energy positons are also different for MnO2 and Mn2O3. Therefore, the Mn 2p3/2 

binding energy positions of Fe, Co and Ni-doped MnO2 nanosheets can also differ. 
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Figure S3.5 Raman spectrums of Fe-, Co- and Ni-doped MnO2 and undoped MnO2 nanosheets. 

 

 

Figure S3.6 Stroboscopic images of Fe-MnO2 ink droplet formation versus time observed from inkjet printer camera. 

The scale bar is 100 µm. 
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Figure S3.7 Top-view SEM images of printed (a) Co-MnO2 and (b) Ni-MnO2 nanosheets film on silicon substrates. 

 

 

Figure S3.8 5 µm by 5 µm AFM images of inkjet printed (a) Fe-MnO2, (b) Co-MnO2 and (c) Ni-MnO2 nanosheets 

films on silicon substrates. 10 µm by 10 µm AFM images of inkjet printed (c) Fe-MnO2, (d) Co-MnO2 and (e) Ni-

MnO2 nanosheets films on silicon substrates. 
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Figure S3.9 EDS patterns images of printed (a-b) Fe-MnO2, (c-d) Co-MnO2 and (e-f) Ni-MnO2 samples. 
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Figure S3.10 CV curve of Fe-MnO2 electrode in 5 M LiCl electrolyte at 5 mV s-1. 
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Figure S3.11 GCD of (a) Co, (b) Ni-doped MnO2 electrodes at different current densities. 
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Figure S3.12 Nyquist plots for different electrodes. 

 

 

Figure S3.13 Band structure of (a) pristine, (b) 5% Fe, (c) 5% Co and (d) 5% Ni-doped MnO2 nanosheets. The 

dashed lines specify the Fermi level EF. 
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Figure S3.14 Partial charge density of in-gap impurity states of (a-b) Fe-MnO2, (c) Co-MnO2 and (d) Ni-MnO2 

nanosheets. The purple and red atoms represent manganese and oxygen atoms, respectively. The isosurface levels 

are 0.002 e Å-3. 
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Figure S3.15 Tauc plots form UV-Vis analysis of (a) undoped MnO2, (b) Fe-MnO2, (c) Co-MnO2 and (d) Ni-MnO2 

nanosheets. 
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Figure S3.16 (a) Cross-sectional SEM image of printed Fe-MnO2 electrode. (b) Optical image of printed electrodes 

and interspace between them. The dashed lines indicate roughly the interfacial zone between electrodes and 

interspace. 

 

 

 

Table S3.1 Comparison of the series resistance (R1) and charge transfer resistance (R2) of 

pristine, Fe, Co and Ni-doped MnO2 nanosheets electrodes. 

 

Materials R1 (Ω) R2 (Ω) Q2 (µMho*s^n) n 

Fe-MnO2 222 148 115 0.996 

Co-MnO2 350 260 141 0.996 

Ni-MnO2 272 170 97 0.996 

Pristine MnO2 582 606 615 0.993 
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Chapter 4 

 

Tunable Capacitance in All-Inkjet-Printed 

Nanosheet Heterostructures 

 

Heterostructures constructed from two-dimensional building blocks have shown promise for 

field-effect transistors, memory devices, photosensors and other electronic applications. 2D 

nanosheet crystals can be constructed into multilayer heterostructures using layer-by-layer 

methods, but that method cannot be used to fabricate large-scale and thick heterostructures, 

due to the time-consuming nature and low efficiency of the process. An alternative approach 

to deposit different two-dimensional materials is by inkjet printing. Here we show the 

fabrication of a nanosheet supercapacitor by inkjet printing Ti3C2Tx MXene nanosheets as 

electrodes, and graphene oxide nanosheets as solid-state electrolyte. The free water 

molecules trapped between graphene oxide sheets facilitate proton movement through the 

layered solid electrolyte. The as-made supercapacitor shows high areal capacitance, good 

cycling stability and high areal energy and power densities comparable with existing printed 

supercapacitors. Moreover, the specific capacitance can be increased further by addition of 

liquid electrolytes. 

 

 

 

 

 

This chapter has been submitted as: 

Wang, Y.; Mehrali, M.; Zhang, Y.-Z.; Timmerman, M. A.; Boukamp, B. A.; Xu, P.-Y.; ten 

Elshof, J. E., Tunable capacitance in all-inkjet-printed nanosheet heterostructures. Preprint at 

http:// https://arxiv.org/abs/2004.03350 (2020).  
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4.1 Introduction  

Two-dimensional (2D) heterostructures with vertical stacking configurations are useful for a 

vast range of applications due to their exciting properties, such as superconductivity, 

magnetism and energy storage capability1,2. Mechanical exfoliation of three-dimensional 

layered compounds followed by dry transfer of each 2D nanosheet onto a substrate is still the 

main technique for vertical 2D heterostructure fabrication3. The advantage of this technique 

is that atomically thin high-quality heterostructures can be realized on small scale. 

2D transition metal carbides or nitrides (MXenes) with general formula Mn+1XnTx (n = 1, 2, 

3, 4), where M is an early transition metal, X is a carbon and/or nitrogen and Tx are surface 

terminal groups like -F, -O, or -OH, have been attracting tremendous attention recently due 

to their outstanding chemical and physical properties4,5. MXenes with atomic thickness and 

high electrical conductivity have been widely studied for application in hydrogel sensors6, 

solar cells7 and supercapacitors (SCs)8,9. MXenes have been combined with other 2D 

materials into multi-material structures with tunable properties and functionalities, showing 

promise for energy storage applications10. On the other hand, hydrated graphene oxide (GO) 

nanosheets are electrically insulating but exhibit high ionic conductivity, suggesting their 

potential as solid-state electrolyte and separator11.  

MXene and GO are normally dispersed in a solvent like water, but traditional mechanical 

exfoliation and drying transfer techniques cannot be applied to fabricate MXene based 

heterostructures on large scale. Solution processing methods such as spray coating and 

vacuum filtration have been attempted, but these offer poor control over interface and surface 

roughness, resulting in poor device performance10. Inkjet printing, a simple, low-cost and 

versatile technique, provides an alternative route to the fabrication of large-scale vertical 

heterostructures with controlled thickness, interface and roughness12. Recently, various 

heterostructure devices based on printed 2D materials such as field-effect transistors13, 

capacitors14, photosensors and memory devices12 have been demonstrated. However, 

realizing well controlled and sharp interfaces still presents a significant challenge for printed 

heterostructures. Full control over the heterostructure interface is key to achieving high 

performance, which includes avoiding redispersion of nanosheets from the interface upon 

deposition of a subsequent layer. The preparation of non-toxic, stable and printable 2D inks 

is another critical issue for inkjet printing. 

Owing to the wide range of physical properties present in 2D materials15, we demonstrate 

here that a combination of 2D materials can be used to realize an all-solid-state supercapacitor, 

without any liquid or gel electrolyte present in the system. In this work, we used a water-

based additive-free MXene ink to inkjet print electrodes and current collectors on polyimide 

substrates, and a water-based GO ink to inkjet-print the solid-state electrolyte. Both 

sandwiched supercapacitors (SSCs) and micro-supercapacitor devices (MSCs) were printed 
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on flexible polyimide substrates (Figure 4.1). The SSCs achieved specific areal capacitances 

(CA) up to 9.8 mF cm-2 at a current density of 40 µA cm-2. Addition of aqueous electrolytes 

led to enhancement of CA, due to the improved ionic conductivity of the electrolyte resulting 

from the presence of additional ions and a liquid phase. 

4.2 Experimental Section 

4.2.1 Preparation of MXene ink 

Titanium carbide (Ti3C2Tx) MXene was synthesized following a mild etching method as 

outlined elsewhere.16 Typically, the etchant solution was prepared by dissolving 3.2 g of 

lithium fluoride (LiF, Sigm-Aldrich, −300 mesh powder, 98.5%) in 40 mL of 9M HCl (Sigm-

Aldrich, 37% solution in water). Subsequently, 2 g of sieved Ti3AlC2 powder (400 mesh) was 

slowly added to the etchant solution over the course of 10 min and the reaction temperature 

was kept at 35 °C. After reaction for 24 h, the resultant was washed with deionized water 

repeatedly and delaminated manually by hand shaking agitation to obtain Ti3C2Tx MXene 

suspension. The prepared solution was stored in a nitrogen-sealed vial and used as the MXene 

ink. 

4.2.2 Preparation of graphene oxide (GO) nanosheets ink 

Graphite oxide was synthesized from natural graphite (Nord-Min 802, Chemical Schmits 

Solutions) by a modified Hummers method.17 Graphite (2 g) was added to 50 mL 

concentrated sulfuric acid (Fluka) in a 1000 mL flask under stirring in an ice bath for 2 h. 

Then 7 g potassium permanganate (Merck) was slowly added to the suspension under 

vigorous stirring to keep the temperature of the mixture under 10 °C. The mixture was 

transferred to a 35 °C oil bath under stirring for 20 h, yielding a thick paste. After the mixture 

had cooled down to room temperature, 100 mL DI water was slowly added with vigorous 

stirring for 2 h while keeping the flask in an ice bath. An additional 500 mL DI water was 

added, followed by addition of 15 mL H2O2 (30 wt%, Aldrich) until no further bubbles came 

out. The mixture was washed by 1: 10 HCl (37%, Acros organics) solution (250 mL) to 

remove metal ions, and subsequently with DI water to a pH around 6. The resulting solid was 

freeze dried. The freeze dried graphite oxide powder was dispersed in DI water by 

ultrasonication for 2 h to get a GO suspension. To increase the GO concentration, the GO 

suspension was centrifuged at 15000 g for 1 h. The collected sediment was re-dispersed in 

printing solvent containing 0.06 wt% Triton X-100 (Sigma-Aldrich) and 1:10 propylene 

glycol (Sigma-Aldrich) : water by mass. 

4.2.3 Inkjet printing 

All patterns and devices were inkjet printed by a Dimatix DMP-2800 inkjet printer (Fujifilm 

Dimatix), which was equipped with a 10 pL cartridge (DMC-11610). To perform AFM 

measurements on single droplets, the MXene and GO inks were inkjet printed on Si/SiO2 
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with a drop spacing of 80 µm at 30 °C. For the electrical conductivity measurements, the 

MXene ink was printed at 30 °C on Si/SiO2 as a thin film with size 5 mm by 5 mm and 

varying numbers of layers at a drop spacing of 20 µm.  

To fabricate all-inkjet-printed solid-state sandwiched supercapacitors, the MXene ink was 

first printed at 30 °C as bottom electrode on polyimide substrate with a drop spacing of 20 

µm followed by drying at 50 °C for 1 h. Then GO ink was printed on top of MXene electrode 

with a drop spacing of 20 µm at 30 °C followed by drying at 50 °C for 1 h. Finally, the MXene 

ink was printed at 30 °C on GO electrolyte as top electrode with a drop spacing of 20 µm. It 

is worth noting that the GO electrolyte area is larger than the MXene electrode to prevent 

short-circuiting. 

To make all-inkjet-printed solid-state micro-supercapacitors, the MXene ink was printed with 

an interdigitated configuration on polyimide substrate as interdigitated electrodes at 30 °C 

with different layers at a drop spacing of 20 µm using 2 nozzles, followed by drying at 50 °C 

for 1 h. Then, the GO ink was printed at 30 °C on top of the MXene  electrodes at a drop 

spacing of 20 µm. 

4.2.4 Electrochemical characterization 

All electrochemical characterizations were conducted on an Autolab workstation 

(PGSTAT128 N). Both micro-supercapacitors and sandwiched supercapacitors were 

characterized in a two-electrode configuration. Electrochemical impedance spectroscopy was 

performed by applying an AC voltage of 10 mV amplitude in the frequency range from 0.01 

Hz to 10 kHz. 

4.2.5 Materials characterization 

X-ray diffraction (XRD) analysis was done with a PANalytical X’Pert Pro with Cu Kα 

radiation (λ=0.15405 nm). Atomic Force Microscopy (AFM) (Veeco Dimension Icon) was 

conducted in standard tapping mode. The AFM data were analyzed by Gwyddion (version 

2.47) software. X-ray photoelectron spectroscopy (XPS) was conducted using an Omicron 

Nanotechnology GmbH (Oxford Instruments) surface analysis system with a photon energy 

of 1486.7 eV (Al Kα X-ray source) with a scanning step size of 0.1 eV. The pass energy was 

set to 20 eV. The spectra were corrected using the binding energy of C 1s of the carbon 

residual on nanosheets as a reference. Raman spectroscopy was performed on a Bruker 

Senterra Raman spectrometer using a 532 nm laser under ambient conditions. High resolution 

scanning electron microscopy (HRSEM; Zeiss MERLIN) was performed to acquire 

information of printed MXene and GO films. The surface tension of the inks was measured 

by a contact angle system OCA (Data Physics Corporation). The viscosity of the inks was 

determined by an Automated Microviscometer AMVn (Anton Paar GmbH). 

The electrical conductivity of printed MXene films on Si/SiO2 was measured in a Van der 
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Pauw geometry by Physical Properties Measurement System (PPMS) at 300 K. Copper wires 

were bonded on four corners of printed MXene films by silver paste. Rs was calculated from 

the following Equation (1): 

𝑅s = 𝜋𝑅 ln2⁄          (1) 

The specific areal capacitance (CA) of devices were calculated from the GCD curves by using 

Equation (2): 

𝐶A = [𝐼 (d𝑉 d𝑡⁄ )⁄ ] 𝐴electrode⁄       (2) 

where I is the discharge current, dV/dt is the slope of discharge curve, and Aelectrode refers to 

the total geometrical surface area of the device including the electrodes and the gap between 

the electrodes. 

The areal energy densities (EA, µWh cm-2) and power densities (PA, µW cm-2) were calculated 

from equations (3) and (4) 

𝐸A = 𝐶A,  device𝑉
2 (2 × 3.6)⁄       (3) 

𝑃A = 3600 × 𝐸A ∆𝑡⁄        (4) 

Where Δt refers to discharge time. 

4.3 Results and discussion 

 

Figure 4.1 Schematic illustration of all-inkjet-printing-based heterostructure SSC (top) and MSC (bottom) 

supercapacitors. Water-based additive-free MXene ink was first inkjet printed into thin films and interdigitated 

configurations as electrodes, followed by inkjet printing a water-based GO ink on top of interdigitated MXene 

electrodes to form an all-solid-state MSC (bottom). A second MXene electrode was inkjet printed on top of the solid-

state GO electrolyte to complete the fabrication process of an all-solid-state SSC (above).  

 



Chapter 4 

70 

 

 

Figure 4.2 Characterization of MXene and GO nanosheets. (a) Optical image of water-based MXene and GO inks. 

(b) Inkjet printed “MESA+ INSTITUTE FOR NANOTECHNOLOGY” logo and word “MXene” using MXene ink 

on polyimide substrate with multiple printing layers. Cross-sectional SEM image of (c) printed MXene and (d) GO 

films on Si/SiO2 substrates. 
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Figure 4.3 (a) XRD pattern of printed MXene and GO films on silicon substrates. (b) Sheet resistance Rs as function 

of the number of printed MXene layers (5 by 5 cm2) on Si/SiO2. The inset shows a schematic representation of the 

sheet resistivity as measured by the Van der Pauw method. The ink concentration was around 4.5 mg mL-1. 
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Additive-free water-based MXene and GO inks were successfully prepared as shown in 

Figure 4.2a. Due to its high GO concentration, the GO ink has a dark brown color. The 

thickness of MXene and GO nanosheets were determined by atomic force microscopy (AFM) 

to be around 1.5 nm and 1 nm, respectively, indicating a unilamellar structure for both types 

(Figure S4.1a,b, Appendices). The lateral sizes of MXene and GO nanosheets estimated from 

AFM images were about 0.76 µm for MXene nanosheets and 0.78 µm for GO nanosheets 

(Figure S4.1c, Appendices). To evaluate the ink printability, the inverse Ohnesorge number 

Z, which is defined as 𝑍 = (𝛼𝜌𝛾)1 2⁄ 𝜂⁄ , was employed. Here, α is the nozzle diameter, ρ is 

the density, γ is the surface tension, and η is the viscosity of the fluid. The surface tension and 

viscosity of MXene ink were 80.3 mN m-1 and 1.4 mPa s, respectively. The nozzle diameter 

of 21.5 µm and the value of surface tension, viscosity result in a Z value of about 30 for 

MXene ink. The surface tension and viscosity of GO inks were 129.4 mN m-1 and 20.2 mPa 

s, respectively, leading to a Z value of about 3. Stroboscopic images of ink droplet formation 

versus time illustrated the quality of the inks (Figure S4.2, Appendices). No satellite droplets 

were observed for MXene and GO inks. Both inks showed good wetting on silicon substrates, 

as confirmed by AFM mappings, and the cross-sectional profile of the AFM images further 

confirmed the uniform deposition of both MXene and GO inks (Figure S4.3, Appendices). 

The wrinkles in printed GO droplets were caused by interactions between adjacent GO 

sheets18. Figure 4.2b shows two examples of printed patterns obtained by MXene ink on 

flexible polyimide substrate, demonstrating flexibility in pattern design and large area coating 

with multiple printing passes. The scanning electron microscopy (SEM) images of printed 

MXene (Figure 4.2c) and GO (Figure 4.2d) nanosheet films on Si/SiO2 substrates show 

uniformity and continuity over large surface areas. It is worth noting that the sheets in both 

printed films showed a high degree of horizontal orientation and a layer-by-layer structure, 

which will facilitate the transport of electrolyte ions in in-plane structured devices such as 

MSCs.  

As shown in Figure 4.3a, the XRD pattern of a printed MXene film shows strong ordering in 

the c direction with a (002) peak at 6.8°, thus confirming the horizontal orientation of 

nanosheets in printed films. The smaller angle than in dry MXene films, where the same peak 

is at 8.9° (Figure S4.4a, Appendices), indicates wider spacing between the layers in the 

printed film and intercalation of spatially confined H2O molecules19. The XRD pattern of a 

printed GO film shows a peak at 2θ = 9.6°, which corresponds with a d spacing of 0.92 nm, 

suggesting that electrolyte ion transport is predominant in horizontal rather than in vertical 

direction. The sheet resistance Rs of printed MXene films could be tuned by the number of 

printed layers. As shown in Figure 4.3b, the Rs of MXene films on Si/SiO2 substrates 

decreased rapidly from 116.7 Ω sq-1 (printed layers <N> = 1) to around 5.9 Ω sq-1 (<N> = 40) 

with an ink concentration of around 4.5 mg ml-1. 
  



Chapter 4 

72 

 

 

Figure 4.4 (a) Cross-sectional SEM image of inkjet-printed SSC. The dashed line roughly indicates the boundary 

between MXene (above) and GO (below) phases as a guide to the eye. (b) Top view SEM of top MXene electrode. 

(c) AFM topography of 30×30 µm2 scan area in device. 

 

The solid-state symmetrical SSCs consist of a printed solid-state GO electrolyte sandwiched 

between two printed MXene electrodes (Figure 4.1, Figure S4.6a,c, Appendices). A clear 

boundary between electrolyte and electrodes can be identified, demonstrating well-defined 

spatial separation between the phases (Figure S4.6b, Appendices). To avoid remixing of 

nanosheets at the printed interfaces, printed nanosheet layers were solidified by heating at 

50 °C for 1h before printing another material on top. Cross-sectional SEM analysis indicated 

an intimate and stable contact between the MXene electrodes and the GO electrolyte (Figure 

4.4a, Figure S4.6d-f, Appendices). The top-view SEM image of a MXene electrode shows 

continuous features of printed electrodes without cracks or pin holes, illustrating the high 

quality of printed films (Figure 4.4b). Due to the high resolution brought by inkjet printing, 

all printed 30L SSCs exhibited a low root mean square roughness (RMS) of ≈ 130 ± 25 nm 

at a device thickness of around 4 µm (Figure 4.4c). Element mappings from energy-

dispersive x-ray spectroscopy (EDS) further confirm the stable and sharp interface between 

MXene electrodes and GO electrolyte (Figure S4.7, Appendices).  

To investigate the electrochemical performances of all-inkjet-printed SSCs, MXene 

electrodes with thicknesses of 10 and 30 printed layers (from here on referred to as 10L SSC 

and 30L SSC, respectively) were fabricated. As shown in Figure 4.5a, 30L SSC shows a 

higher specific capacitance than 10L SSC from cyclic voltammetry (CV) at scan rate of 10 

mV s-1. The quasi-rectangular CV curves show the pseudo-capacitive behavior of the devices. 

More specifically, 30L SSC still exhibits a quasi-rectangular shape even at high scan rate 

(Figure S4.8a,c, Appendices). Galvanostatic charge/discharge (GCD) data of both devices at 

current densities ranging from 40-200 µA cm-2 (Figure S4.8b,d, Appendices) are shown in 

Figure 4.5b. The 30L SSC exhibits CA as high as 9.8 mF cm-2 at current density of 40 µA cm-

2, while 10L SSC exhibits CA of 3 mF cm-2 at same current density, indicating that CA is 

roughly proportional with the number of printed MXene layers.  
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Figure 4.5 Electrochemical performance of all-inkjet-printed SSCs. (a) CV of as-made 10L SSC and 30L SSC at 10 

mV s-1. (b) CA of as-made 10L SSC and 30L SSC at different current densities. (c) Nyquist plots of as-made 10L 

SSC and 30L SSC. The inset shows the equivalent circuit to which the experimental data were fitted. (d) CV diagram 

of 1, 2 and 4 supercapacitors connected in series and in parallel. 

 

Both types of devices were characterized without liquid electrolyte. The mobile electrolyte 

ions needed for charging/discharging these devices are therefore thought to arise from the 

hydrolysis of functional oxygen-bearing groups on the solid GO electrolyte11. Free water 

molecules present between GO sheets may facilitate proton transport via the Grotthuss 

mechanism20 or by diffusion of hydronium ions within the interlayer spaces11. Intimate 

contact between the GO electrolyte and MXene electrodes will facilitate proton transfer 

between different SSC components. Proton movement inside the MXene electrodes probably 

proceeds via confined water molecules that are trapped between MXene sheets. 

Electrochemical impedance spectroscopy (EIS) was conducted on both devices in the 

frequency range from 10 mHz to 10 kHz. The experimental data were fitted to the equivalent 

circuit shown in the inset of Figure 4.5c. It consists of a constant phase element (CPE) Q2 

that represents the surface capacitance of the device, in parallel with a CPE Q3 that represents 

the slower diffusion-controlled volume capacitance. The electrolyte is represented by the 

R2(Q1) sub-circuit, and the electrode resistance by R1. Sample 10L SSC has a larger R1 than 
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30L SSC, showing that thicker electrodes exhibit a lower resistance (Table S1; 5.9 kΩ versus 

2.1 kΩ). The impedance in the low frequency range suggests mixed surface absorption and 

diffusional control of the devices, which are the double layer capacitance (Q2) and charge 

transfer diffusion impedance Q3. The 30L SSC device has a smaller charge transfer resistance 

(R3) in the lower frequency range than 10L SSC (1.9 kΩ versus 12.9 kΩ). To demonstrate 

the potential for practical applications at high voltages, the as-made 30L SSCs were 

connected in series and in parallel configurations. As shown in Figure 4.5d, the voltage 

window reached 1.2 V and 2.4 V with two and four devices connected in series, respectively. 

The current was increased by a factor of ~ 2 and 4 with two and four devices connected in 

parallel, respectively.  

The electrochemical performance of SSCs could be enhanced by addition of liquid 

electrolytes. As shown in Figure 4.6a, excess deionized (DI) water resulted in a higher CA of 

12.1 mF cm-2 than in the as-made device, probably due to enhanced ion transport in liquid 

media. Aqueous electrolytes such as 5 M LiCl and 0.5 M Na2SO4 introduce additional 

electrolyte ions that enhance ionic transport at the same time, increasing the CA further to 

13.6-14.1 mF cm-2 (Figure S4.9, Appendices). The as-made 30L SSC exhibited an areal 

energy density (EA) of 0.49 µWh cm-2 at a power density (PA) of 12.55 µW cm-2, while EA 

increased to 0.71 µWh cm-2 at PA of 12.48 µW cm-2 by adding a drop of 5M LiCl electrolyte 

into the as-made device (Figure 4.6b). Apparently, the presence of liquid electrolyte has a 

positive effect on the energy density, however the precise mechanism remains unclear. The 

EA of as-made 30L SSC is higher than the recently reported extrusion-printed MXene MSC 

with H2SO4-poly(vinyl alcohol, PVA) gel electrolyte (EA of 0.32 µWh cm-2 at PA of 11.40 µW 

cm-2)21, fully printed MSC with GO electrolyte22, all printed MSC with graphene electrodes 

and printed polyelectrolyte23, printed graphene MSC24, and MXene/single-walled carbon 

nanotube supercapacitor25. The 30L SSC exhibits good cycling stability with a capacitance 

retention of ~100% after 10000 cycles (Figure S4.10a, Appendices). Moreover, the all-

printed SSC shows high mechanical stability with a bending radius of about 1 cm, as shown 

in Figure S4.10b (Appendices). 
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Figure 4.6 (a) CA of 30L SSC with different electrolytes (DI water, 5 M LiCl and 0.5 M Na2SO4 in water, respectively) 

on top of the devices. (b) Ragone plot of all-inkjet-printed SSC with other different systems. 

 

 

Figure 4.7 (a, b) Cross-sectional SEM images of all-inkjet-printed MSC. The dashed line roughly divides MXene 

electrode (below) and GO electrolyte (above). (c) AFM topography of top GO electrolyte in (b).  

 

MSCs were fabricated by printing MXene nanosheets with interdigitated structure as 

electrodes on polyimide substrate, followed by a printed layer of GO nanosheets on top 

of/over the MXene electrodes to serve as solid-state electrolyte (Figure 4.1, bottom). MXene 

electrodes with 10, 20 and 30 printed layers (refers to as 10L MSC, 20L MSC and 30L MSC, 

respectively) were printed (Figure S4.11, Appendices). The printed MXene electrodes show 

sharp features at the edges, indicating the stability of the MXene ink and the high reliability 

of the inkjet printing process, and the sharp edges were still retained after printing GO 

nanosheets on top. EDS elemental mapping confirms the presence of a well-defined and 

stable top interface between MXene electrode and GO electrolyte (Figure S4.12, Appendices). 

The all-inkjet-printed 30L MSCs exhibited a low RMS of ≈ 157 ± 20 nm at a device thickness 

of around 2.3 µm (Figure 4.7c). However, the contact at the cross-section between MXene 
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electrode and GO electrolyte is poor (Figure 4.7a,b), which is likely the cause of low current 

response in the CV measurement (Figure 4.8a). Most likely, only GO sheets near the 

heterostructure interface contribute to the capacitance, because the protons are generated via 

hydrolysis of functional groups on GO. 

Electrochemical measurements were performed on as-made all-solid-state MSCs and on 

MSCs to which excess aqueous electrolyte had been added. The electrochemical performance 

of 30L MSC improved considerably upon addition of water, due to enhanced proton mobility 

(Figure 4.8a). The CV curves of MSCs with varying electrode thicknesses demonstrate that 

thicker electrodes with more active surface sites show higher CA (Figure 4.8b, Figure S4.13a-

c, Appendices). GCD further confirms that 30L MSC exhibits a higher capacitance than the 

other two devices (Figure 4.8c, Figure S4.13d-f, Appendices). The CA of 30L MSC reached 

to 3.1 mF cm-2, while 10 and 20 layer devices reached 1.2 and 1.9 mF cm-2 at a current density 

of 20 µA cm-2, respectively (Figure 4.8d).  
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Figure 4.8 Electrochemical performance of all-inkjet-printed MSCs. (a) CV of 30L MSC with and without added 

water on top of the device at 20 mV s-1. (b) CV of printed 10L/20L/30L MSCs at 10 mV s-1. (c) GCD of printed 10L 

and 30L MSCs at 15 µA cm-2. (d) CA of printed 10L/20L/30L MSCs with different current densities. 
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Figure 4.9 (a) Nyquist plots of printed 10L/20L/30L MSCs. The inset is the fitted equivalent circuit for the low 

frequency range of the impedance response. (b) CA of 30L MSC with excess H2O and 0.5 M H2SO4 at current density 

of 50 µA cm-2. 

 

EIS suggests that the charge transfer resistance (R1) of the 30 layers thick MXene electrode 

device is lower than the other two devices (4.1 kΩ, 11.9 kΩ and 12.0 kΩ for10L SSC, 

20LSSC and 30L SSC, respectively; Figure 4.9a, Table S2). Similar to the SSC, the 

equivalent circuits in the low frequency range suggests mixed surface absorption and 

diffusional control, i.e. the double layer capacitance (Q1) and the charge transfer diffusion 

impedance (Q2). Addition of a 0.5 M H2SO4 electrolyte solution onto 30L MSC resulted in a 

a higher capacitance than in devices with excess water (Figure 4.9b, Figure S4.14, 

Appendices). The H2SO4 electrolyte provides additional protons that enhance the ionic 

conductivity, leading to lower series resistances. 

4.4 Conclusion 

In conclusion, we demonstrated all-inkjet-printed solid-state supercapacitors based on 2D 

MXene/GO/MXene. Due to the high ionic conductivity of GO films, the printed SSC without 

liquid electrolyte showed an EA of 0.49 μWh cm-2 at a PA of 12.55 μW cm-2. The CA can be 

increased further by adding liquid electrolyte. Further optimization on materials, printed 

electrodes thickness and electrodes configuration will enhance device performance further. 

Printed supercapacitors show high potential for use in small power source units for flexible 

electronics.  
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APPENDICES 

 

Figure S4.1 MXene and GO sheet thicknesses and lateral sizes. AFM images of (a) Ti3C2Tx and (b) GO nanosheets. 

(c) Lateral size distribution of Ti3C2Tx and GO nanosheets estimated by measuring 100 flakes dropcast on Si/SiO2. 

 

 

Figure S4.2 Ink stability. Stroboscopic images of (a) Ti3C2Tx and (b) GO ink droplet formation vs. time as observed 

from the printer camera. The scale bars in (a) and (b) are 50 µm. 

 

To achieve a high quality inkjet printing process, the preparation of printable and stable inks 

is very important. Water-based MXene ink without any additives showed highly stable 

printing behavior during jetting, which may be attributed to the presence of functional groups 

like –O, -OH and -F on the surface of MXene sheets (Figure S4.2a) that help dispersion in 

water. To prepare a printable GO ink, Triton X-100 was added to the water-based graphene 
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oxide ink in order to optimize the ink surface tension. As shown in Figure S4.2b, no satellite 

droplets were generated during jetting, indicating a printable and stable GO ink. 

 

 

Figure S4.3 AFM analysis of inkjet printed MXene and GO single droplets. (a) AFM map of single printed Ti3C2Tx 

droplet on silicon substrate. (b) Cross-sectional profiles along two different directions in (a). (c) AFM map of single 

printed GO droplet on silicon substrate. (d) Cross-sectional profiles along two different directions in (c). 
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Figure S4.4 Characterization of Ti3C2Tx nanosheets. (a) XRD diagram of Ti3AlC2 powder and Ti3C2Tx nanosheets. 

(b) XPS survey spectrum of Ti3C2Tx nanosheets. High resolution XPS spectrum of (c) Ti 2p and (d) C 1s of Ti3C2Tx 

nanosheets. 

 

As shown in Figure S4.4a, Ti3C2Tx nanosheets show larger interlayer spacings than Ti3AlC2 

due to the successful removal of Al, as can be concluded from the smaller diffraction angle 

of the (002) peak of the former. No Al peak was identified in the XPS survey spectrum, which 

further confirms the successful exfoliation of Ti3C2Tx nanosheets (Figure S4.4b). The high-

resolution XPS spectrum of Ti 2p could be fitted with four doublets (Ti 2p3/2-Ti 2p1/2). The 

Ti 2p3/2 components located at 457.5, 458.4 and 459.4 eV correspond to Ti-C, Ti (Ⅱ) and Ti 

(Ⅲ), respectively (Figure S4.4c). The peak at 461.6 eV belongs to Ti 2p3/2 of TiO2. The C 1s 

is fitted by four components corresponding to Ti-C at a binding energy (BE) of 281.9 eV, C-

C at 284.8 eV, C-O at 286.9 eV and O-C=O at 288.6 eV (Figure S4.4d). The Ti-C peak is 

from MXene, while the other three peaks are from MXene surface termination group 

originated from chemical etching. The high resolution XPS spectra of Ti 2p and C 1s reveal 

that the MXene surfaces are terminated by F, O and OH functional groups. 
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Figure S4.5 Characterization of GO nanosheets. (a) XRD of graphite and graphene oxide. (b) Raman spectrum of 

graphite and graphene oxide. (c) XPS spectrum of graphene oxide. (d) High resolution XPS spectrum of C 1s. 

 

The XRD pattern of pristine graphite shows a (002) peak with an interlayer spacing of 3.4 Å, 

while the corresponding (002) peak in graphene oxide shows an interlayer spacing of 9.7 Å. 

This indicates successful exfoliation of graphite to graphene oxide nanosheets (Figure S4.5a). 

The Raman spectrum of pristine graphite shows a strong and sharp G peak at 1581 cm-1 that 

is attributed to the first-order scattering of the E2g mode. This G peak becomes broader and 

shifts to 1599 cm-1 in graphene oxide. Furthermore, the appearance of a D band at 1365 cm-

1 indicates the reduction in size of the in-plane sp2 domains (Figure S4.5b). The XPS survey 

spectra reveal that the main peaks are C and O, the small peaks at a BE of 169.9 eV and 233 

eV come from residual S (Figure S4.5c). The high-resolution C 1s spectrum demonstrates 

the high oxidation degree of graphene oxide with four components corresponding to C-

C/C=C at a BE of 284.8 eV, C-O at 286.9 eV, C=O at 288.1 eV and O-C=O at 289.5 eV 

(Figure S4.5d). The C 1s XPS spectrum of GO confirms a C/O ratio of about 2.1 for GO 

nanosheets, indicating a high concentration of functional groups that can hydrolyze to 

generate protons for charging and discharging. 
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Figure S4.6 30L SSC device morphology. (a) Optical image of all-inkjet-printed 30L SSCs on flexible polyimide 

substrate. (b) SEM image of the boundary between Ti3C2Tx electrode and GO electrolyte. (c) Schematic 

representation of sandwiched supercapacitor from networks of nanosheets. (d-f) Cross-sectional SEM images of all-

inkjet-printed SSC interfaces. The dashed lines roughly divide Ti3C2Tx and GO and serve as a guide to the eye only. 

 

Achieving well controlled and sharp interfaces is a significant challenge for printed 

heterostructures. The interface plays an important role in device performance. Adding binders 

such as xanthan gum into inks has been demonstrated to control the structure of the inkjet 

printed heterostructure interface. However, the performance could also be affected by the 

presence of (organic) binders. Annealing printed heterostructures at high temperatures can 

lead to removal of the binder, but it limits the choice of substrates to thermally stable ones. 

Here, we successfully inkjet printed vertical heterostructures without any sign of re-

dispersion at the interface by drying the printed patterns before printing the next layer with 

different nanosheets. Drying was performed at 50 °C, which is a relatively low temperature 

and is applicable to most substrates including paper and polymer substrates (Figure S4.6a-b). 

The cross-sectional SEM images a sharp interface with good contact between two different 

nanosheets (Figure S4.6c-f). 
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Figure S4.7 (a) Cross-sectional SEM of all-inkjet-printed SSC and (b) EDS elemental mapping of the elements Ti, 

C, O and F. 
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Figure S4.8 CV curves of (a) 10L SSC and (c) 30L SSC as-made devices. GCD curves of (b) 10L SSC and (d) 30L 

SSC as-made devices at different current densities. 



Chapter 4 

86 

 

0 100 200 300 400 500
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0 100 200 300 400 500 600
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0 100 200 300 400 500 600
0.0

0.1

0.2

0.3

0.4

0.5

0.6

V
o
lt
a
g
e
 (

V
)

Time (s)

 40 mA cm-2

 50 mA cm-2

 60 mA cm-2

 80 mA cm-2

 100 mA cm-2

a

V
o
lt
a
g
e
 (

V
)

Time (s)

 40 mA cm-2

 50 mA cm-2

 60 mA cm-2

 80 mA cm-2

 100 mA cm-2

 200 mA cm-2

b

V
o
lt
a
g
e
 (

V
)

Time (s)

 40 mA cm-2

 50 mA cm-2

 60 mA cm-2

 80 mA cm-2

 100 mA cm-2

 200 mA cm-2

c

 

Figure S4.9 GCD curves of 30L SSCs with (a) excess H2O, (b) external aqueous 5 M LiCl electrolyte and (c) 

aqueous 0.5 M Na2SO4 electrolyte on top at different current densities. 
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Figure S4.10 (a) Cycling stability of 30L SSC. (b) Cyclic bending test of 30L SSC with a bending radius of about 1 

cm at a current density of 200 μA cm-2 and 94.5% capacitance retention after 150 bending cycles. 
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Figure S4.11 Optical image of all-inkjet-printed MSCs. (a) Optical photograph of printed MXene interdigitated 

electrodes with different layers on polyimide substrate. (b) Zoom-in photograph of printed electrodes from (a) 

showing the shape edge between phases. (c) Photograph of complete MSCs with GO electrolyte printed on same 

interdigitated electrode structure as in (a). (d) Zoom-in image of 30 layers MSCs in (c), indicating full coverage of 

GO electrolyte on top of MXene interdigitated electrodes. The inset codes in (a) and (c) represent the number of 

printed layers with which the MXene interdigitated electrodes were formed. 

 

 

Figure S4.12 (a) Cross-sectional SEM image of all-inkjet-printed MSC showing electrode and electrolyte interface 

and (b) EDS elemental mappings of the elements Ti, C, O and F. 



Chapter 4 

88 

 

0,0 0,1 0,2 0,3 0,4 0,5 0,6

-40

-20

0

20

40

0,0 0,1 0,2 0,3 0,4 0,5 0,6

-80

-60

-40

-20

0

20

40

60

80

0,0 0,1 0,2 0,3 0,4 0,5 0,6

-90

-60

-30

0

30

60

90

0 20 40 60 80
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0 20 40 60 80 100 120 140
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0 50 100 150 200 250
0,0

0,1

0,2

0,3

0,4

0,5

0,6

C
u

rr
e
n
t 
d
e
n
s
it
y
 (
m

A
 c

m
-2

)

Voltage (V)

 10 mV s-1

 20 mV s-1

 30 mV s-1

 40 mV s-1

a

C
u

rr
e
n
t 
d
e
n
s
it
y
 (
m
A

 c
m

-2
)

Voltage (V)

 10 mV s-1

 20 mV s-1

 30 mV s-1

 50 mV s-1

b

C
u

rr
e
n
t 
d
e
n
s
it
y
 (
m
A

 c
m

-2
)

Voltage (V)

 10 mV s-1

 20 mV s-1

 30 mV s-1

 50 mV s-1

c
V

o
lt
a
g
e
 (

V
)

Time (s)

 20 mA cm-2

 25 mA cm-2

 30 mA cm-2

 35 mA cm-2

 40 mA cm-2

 50 mA cm-2

d

V
o
lt
a
g
e
 (

V
)

Time (s)

 20 mA cm-2

 25 mA cm-2

 30 mA cm-2

 35 mA cm-2

 40 mA cm-2

 50 mA cm-2

e

V
o
lt
a
g
e
 (

V
)

Time (s)

 20 mA cm-2

 25 mA cm-2

 30 mA cm-2

 35 mA cm-2

 40 mA cm-2

 50 mA cm-2

f

 

Figure S4.13 CV curves of (a) 10L, (b) 20L and (c) 30L MSCs with excess water at different scan rates. GCD curves 

of (d) 10L, (e) 20L and (f) 30L MSCs with excess water at different current densities. 
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Figure S4.14 (a) CV curves of 30L MSC with 0.5 M H2SO4 electrolyte at different scan rates. (b) GCD curves of 

30L MSC with 0.5 M H2SO4 electrolyte at different current densities. (c) Nyquist plots of 30L MSC with excess 

water and with 0.5 M H2SO4 electrolyte.  
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Table S4.1 Components of the equivalent circuits fitted for all-inkjet-printed 10L and 30L 

SSCs as shown in Figure 4.5c. 

Samples R1 

(kΩ) 

R2 

(kΩ) 

Q1 

(S*sn) 

(10-4) 

n Q2 

(S*sn) 

(10-4) 

N R3 

(kΩ) 

Q3 

(S*sn) 

(10-4) 

n 

10L SSC 5.9 3.9 0.8 0.57 1.6 0.89 12.9 0.9 0.82 

30L SSC 2.1 3.1 1.3 0.50 2.6 1.00 1.9 2.9 0.66 

 

 

Table S4.2 Components of the equivalent circuits fitted for all-inkjet-printed MSCs as shown 

in Figure 4.9a. 

Samples Chi-

Squared 

(10-6) 

Q1 (S*sn) (10-

4) 

n R1 (kΩ) Q3 (S*sn) (10-4) n 

10L MSC 3.1 2.9 1.00 12.0 1.5 0.66 

20L MSC 1.7 2.2 0.84 11.9 2.1 0.73 

30L MSC 1.3 6.1 1.00 4.1 4.5 0.82 

 

Due to the complexity in the high frequency range, we only present the low frequency fitting 

results as shown in Table S4.2 and Chi-squared which represent the fitting error for high 

frequency range. 
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Chapter 5 

 

Printed Two-Dimensional V2O5/MXene 

Heterostructure Cathode for Lithium-Ion 

Batteries 

 

Two-dimensional nanosheets show promise as electrode materials for high electrochemical 

performance lithium-ion batteries owing to their distinguished properties. However, 

individual nanosheets cannot meet all the required properties in one material for batteries to 

achieve high performance. Here, we demonstrate two-dimensional heterostructure cathodes 

for lithium-ion batteries by inkjet printing a high capacity V2O5 nanosheet and high electronic 

conductivity Ti3C2Tx nanosheet-based composite ink. The printed cathodes exhibit a high 

capacity of 321 mAh g-1 at 1C, high-rate capacities of 112 mAh g-1 at 10.5C and good cycling 

stabilities after 680 cycles with 91.8% capacity retention, indicating high electrochemical 

performance of the printed heterostructure cathode. 

 

 

 

 

 

 

 

This chapter is in preparation: 

Wang, Y.; Lubbers, T.; Xia, R.; Mehrali, M.; Huijben, M.; ten Elshof, J. E., Printed two-

dimensional V2O5/MXene heterostructure cathode for lithium-ion batteries. (Submitted) 
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5.1 Introduction 

2D materials have recently attracted considerable attention because of their distinct electronic 

properties, shortened ion diffusion paths and cycling stability for energy storage applications 

like lithium-ion batteries (LIBs).1 In particular, 2D materials exhibit enhanced 

electrochemical properties because of the increased number of surface active sites and surface 

area.2 A wide range of 2D materials such as graphene,3 transition metal dichalcogenides4 and 

transition metal oxides5 have been demonstrated as promising electrodes materials for LIBs. 

Among them, 2D vanadium pentoxide (V2O5) nanosheets show great promise as a cathode 

material for LIBs because of their high theoretical capacity of 294.8 mAh g-1 with two lithium 

ion intercalations per unit cell in its structure for a potential window between 2 to 4 V.6 

However, the intrinsic poor electronic conductivity of V2O5 nanosheets limits the 

electrochemical performance. Therefore, individual 2D nanosheets cannot meet all properties 

to maximize battery electrochemical performance such as energy/power density and cycle 

life.  

2D nanosheets exhibit various interesting electronic properties like metallic conductivity, 

semiconductivity or insulating behavior.7 We argue that fabricating heterostructure 

electrodes by stacking different 2D nanosheets will give new opportunities to realize high 

electrochemical performance electrodes by combing the advantages of different 2D 

nanosheet building blocks while eliminating their limitations.8 

MXene is a new class of 2D materials with general formula Mn+1XnTx, where M is an early 

transition metal, X is C or N, Tx is a surface termination functional group such as –OH, -O 

or –F, and n = 1, 2, 3, 4.9 MXene nanosheets that exhibit excellent electronic conductivity, 

high specific surface area and hydrophilicity shows promise as charge transport materials.10 

Moreover, water-based MXene nanosheet suspensions can be used as inks for versatile, 

digital and low-cost inkjet printing. Ti3C2Tx nanosheets, which have been widely studied, are 

reported in this work. 

Here we show the fabrication of a thin-film heterostructure cathode by inkjet printing a water-

based V2O5/Ti3C2Tx nanosheet composite ink. The novel printed heterostructure cathode 

exhibited high capability to accommodate large volume changes during electrochemical 

measurements, resulting in a high capacity and long cycling life. 

5.2 Experimental Section 

5.2.1 Preparation of V2O5 nanosheets 

In order to prepare V2O5 nanosheets, V2O5 powder was firstly reduced to VO2 (B) nanosheets 

followed by oxidation into V2O5 nanosheets by thermal annealing in air. VO2 (B) was 

synthesized by hydrothermal reaction as described elsewhere.11 The reaction mixture (10 mL) 

was prepared by dispersing 20 mg V2O5 powder (Alfa Aesar >99.6%) in 2 mL deionized (DI) 
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water by ultrasonication treatment for 5 minutes. Then, 4 mL H2O2 (Sigma 30% in H2O) was 

added whilst stirring vigorously. The dispersion was stirred for another 5 minutes resulting 

in a clear yellow solution. 4 mL isopropyl alcohol (IPA, Boom, technical grade) was added 

and stirred for another 5 minutes. The addition of IPA was accompanied by mild oxygen 

bubbling, which was generated from the solution. Then, a certain amount of reaction mixture 

was placed in an autoclave reactor vessel which was then heated to 180 °C for 6 h. The 

reacted suspension was washed with ethanol three times by centrifuging for 10 minutes at 

8000 rpm. The collected dark blue precipitate was then re-dispersed in DI water by 

ultrasonication for one hour to make sure that all individual nanostructures were separated as 

good as possible. The suspension was then filtered on a flat filter paper using vacuum 

filtration. The filter paper with materials was dried in an oven at 80 °C for at least 2 hours to 

obtain dried VO2 (B). The dried VO2 (B) thin film was peeled off and then calcined in a tube 

oven for 2 hours at 350 °C with a heating ramp rate of 2 °C min-1 to get V2O5 sample. 

5.2.2 Preparation of Ti3C2Tx nanosheets suspension 

The detailed preparation of Ti3C2Tx nanosheet suspensions was described in Chapter 4.2.1. 

5.2.3 Inkjet printing 

The traditional method to fabricate V2O5 cathodes is by mixing V2O5 : conductive agent : 

binder in a mass ratio of 7 : 2 : 1, so the mass ratio of 8 : 2 for V2O5 : Ti3C2Tx was used in 

this study. A printable ink was prepared by dispersing V2O5 nanosheets into a Ti3C2Tx 

nanosheet suspension in a mass ratio of 8:2 followed by ultrasonication to get a homogeneous 

suspension. All electrodes were inkjet printed onto oxygen plasma treated stainless steel foil 

substrates with a drop spacing of 20 µm at 30 °C by a Dimatix DMP-2800 inkjet printer 

(Fujifilm Dimatix), which was equipped with a 10 pL cartridge (DMC-11610). The printed 

electrodes were dried in a vacuum oven at 60 °C overnight. 

5.2.4 Electrochemical characterization 

For electrochemical characterization the printed V2O5/Ti3C2Tx cathode was assembled with 

a lithium metal anode and a glass fiber separator in an electrochemical EL-CELL in an argon 

atmosphere glovebox (< 0.1 ppm of H2O and O2). 1M LiPF6 in 1:1 ethylene carbonate 

dimethyl carbonate (EC: DMC) was used as electrolyte. All electrochemical measurements 

were conducted at room temperature using a BioLogic VMP-300 system in a two-electrode 

setup. The cyclic voltammetry (CV) and galvanostatic charge/discharge experiments were 

performed between 2 and 4 V. Only the mass of active material was considered in the capacity 

calculation. 

For ex-situ X-ray photoelectron spectroscopy (XPS) spectra, the LIBs were discharged and 

stopped at specific potentials related to the electrochemical reactions. The LIBs were then 

transferred into a glovebox for disassembly. The electrodes were rinsed with dimethyl 
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carbonate (Aldrich, 99.9%) to remove excel electrolyte. Finally, the electrodes were 

transferred to an XPS chamber within a short time. 

5.2.5 Materials characterization 

X-ray diffraction (XRD) analysis was done with a PANalytical X’Pert Pro with filtered Cu 

Kα radiation (λ=0.15405 nm). XPS spectra wre recorded using an Omicron Nanotechnology 

GmbH (Oxford Instruments) surface analysis system with a photon energy of 1486.7 eV (Al 

Kα X-ray source) with a scanning step size of 0.1 eV. The pass energy was set to 20 eV. The 

spectra were corrected using the binding energy of C 1s of adventitious carbon as a reference. 

Atomic Force Microscopy (AFM) (Veeco Dimension Icon) was conducted in standard 

tapping mode. The AFM data were analyzed by Gwyddion (version 2.47) software. High 

resolution scanning electron microscopy (HRSEM; Zeiss MERLIN) was performed to 

acquire information of V2O5 nanosheets and printed V2O5/Ti3C2Tx electrode. 

5.3 Results and discussion 

5.3.1 Structure characterization 
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Figure 5.1 XRD patterns of 2D V2O5, Ti3C2Tx and printed V2O5/Ti3C2Tx film. The black symbols represent peaks 

from silicon substrates. 

 

The color of the V2O5 solution changed from orange to bright yellow after adding H2O2, 

indicating the formation of a V2O5 sol.11,12 The addition of isopropanol into the solution was 
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done to reduce V2O5 to VO2 (B) species with a layered structure.11 The VO2 (B) nanosheets 

were thermally annealed at 350 °C in the air for 2 h to obtain V2O5 nanosheets. XRD analysis 

was performed to determine the crystal structure and phase information of the as-prepared 

VO2 and V2O5 nanosheets. As shown in Figure S5.1 of the Appendix, the obtained VO2 (B) 

nanosheets were in good accordance with monoclinic VO2 (B) (JCPDS card no. 81-2392, 

space group C2/m, No. 12, a=12.05 Å, b=3.70 Å, c=6.41 Å, β=106.86°).13 The reflection of 

the (00l) series peaks indicate the lamellar and ultrathin features of the prepared sample. In 

particular, the (00l) series peaks have a high intensity compared to the other peaks, and the 

(010) peak is almost completely absent. The relative intensity change compared to the JCPDS 

card reference is probably due to alignment of the nanostructures.11 The XRD pattern of the 

V2O5 nanosheets is shown in Figure 5.1a. The spectrum is in good accordance with 

orthorhombic V2O5 (JCPDS card no. 74-4605, space group Pmmn, No. 59, a=11.46 Å, 

b=4.36 Å, c=3.57 Å).14 The (00l) series reflections are relatively intense compared to the 

expected intensity described in the card. Examples of peaks with much lower intensities 

compared to the JCPDS card values are the (020) reflection at 2θ = 15.5° and the (110) 

reflection at 2θ = 26.2°. The XRD diffractogram of printed Ti3C2Tx film shows the (004) 

peak at 2θ = 14.1° indicating a high degree of ordering in the c direction. For printed V2O5/ 

Ti3C2Tx heterostructure films, the (00l) peaks are pronounced suggesting a well-defined c 

orientation of the heterostructure electrode with stacked nanosheets. However, the presence 

of small (011), (040) and (012) peaks indicate that exfoliation of V2O5 nanosheets was not 

entirely completed. Moreover, Ti3C2Tx nanosheets peaks are absent indicating that they are 

completely dispersed without aggregation.  
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Figure 5.2 High-resolution XPS spectra of (a) VO2 (B) and (b) V2O5 nanosheets. 
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The high-resolution XPS spectra were recorded to obtain oxidation state information on the 

prepared VO2 (B) and V2O5 nanosheets. Figure 5.2a shows two binding energy (BE) peaks 

of vanadium in VO2 (B), which can be assigned to V 2p3/2 and V 2p1/2, respectively. The BE 

of V 2p3/2 at 517.8 and 516.4 eV can be attributed to the V5+ and V4+ oxidation states, 

respectively. Note that VO2 (B) is expected to have only V4+ while the XPS shows that the 

surface also contains V5+ in approximately a 50:50% ratio. The presence of the V5+ 

component is probably due to the existence of V2O5 at the surface of VO2 (B) resulting from 

exposure to air.15 The high resolution spectrum of O 1s at 530.2, 531.4 and 534.5 eV 

corresponds to the presence of O-V, O-O and O-H groups, respectively. As shown in Figure 

5.2b, the main peak BE of V 2p3/2 at 517.6 eV and the small peak at 516.2 eV in V2O5 

correspond to V5+ and V4+, respectively.16 The BE difference between the O 1s and V 2p3/2 

levels for the V5+ is 12.8 eV which identical to the reported value.17 Similar to VO2 (B), peaks 

in the high resolution spectrum of O 1s at 530.4 and 531.2 eV correspond to the O-V and O-

O groups, respectively. 

 

Figure 5.3 AFM images of (a) V2O5 nanosheet and (b) Ti3C2Tx nanosheet. Cross-sectional SEM images of (c) 

vacuum filtrated V2O5 film and (d) inkjet printed V2O5/Ti3C2Tx film. 

 

The thickness of V2O5 nanosheets was determined by AFM to be around 4.6 nm, which is in 

agreement with reported data, indicating an ultra-thin structure with several layers (Figure 

5.3a).11 The thickness of the Ti3C2Tx nanosheet is about 1.9 nm, suggesting a unilamellar 

structure (Figure 5.3b). The thickness difference between the measured unilamellar Ti3C2Tx 

nanosheet and the theoretical thickness, which is 0.98 nm, can be explained by the presence 

of molecular surface water.18 The cross-sectional SEM image of a V2O5 nanosheet film 
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(Figure 5.3c) shows a high concentration of nanosheets present in lamellar structure, and 

even single sheets and agglomerated sheets can be distinguished. The prepared water-based 

V2O5/Ti3C2Tx composite ink shows a high quality viscoelastic behavior which was confirmed 

by the optical images of droplet formation versus time as shown in Figure S5.2 (Appendix). 

The cross-sectional SEM image of a printed V2O5/Ti3C2Tx electrode on silicon substrate 

shows a high degree of orientation with a layer-by-layer structure (Figure 5.3d). Moreover, 

the printed electrode shows continuity coverage over a large area (Figure S5.3, Appendices), 

indicating the reliability of inkjet printing to fabricate thin film electrodes.  

5.3.2 Electrochemical measurements 
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Figure 5.4 CV profiles of printed V2O5/Ti3C2Tx cathode, printed V2O5 nanosheet cathode and printed Ti3C2Tx 

cathode at a scan rate of 0.1 mV s-1 between 2 and 4 V in half-cells. 

 

The electrochemical performances of a printed V2O5/Ti3C2Tx cathode, a printed V2O5 

nanosheet cathode and a printed Ti3C2Tx electrode were studied in half-cell configuration 

with lithium metal as anode. As shown in Figure 5.4, the printed Ti3C2Tx electrode shows a 

small current response in a CV profile compared with a V2O5/Ti3C2Tx cathode at a scan rate 

of 0.1 mV s-1, indicating that Ti3C2Tx make a small contribution to the total current response. 

The V2O5/Ti3C2Tx cathode exhibited a higher current density than the printed V2O5 

nanosheets cathode, suggesting that the addition of Ti3C2Tx nanosheets enhanced the charge 

transport. Moreover, the 1st to 4th CV curves of a printed V2O5 nanosheet cathode at a scan  
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Figure 5.5 Electrochemical analysis of a printed V2O5/Ti3C2Tx cathode in a half-cell. (a) First to fourth cycle of 

voltammetric sweep at a scan rate of 0.1 mV s-1 between 2 and 4 V. (b) First to third cycle galvanostatic 

charge/discharge curves at 0.5 C. (c) CV sweep of printed V2O5/Ti3C2Tx cathodes from 0.1 to 1 mV s-1. (d) The log(i) 

versus log(v) plot of the charge peaks (above) and discharge peaks (bottom). (e) k1, k2 analysis of printed 

V2O5/Ti3C2Tx cathodes at 0.1 mV s-1. The red area shows the contribution of surface capacitance as a function of 
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potential. (f) The surface capacitive contribution and diffusion control ratio at different scan rates. 

 

rate of 0.2 mV s-1 showed current decrease for redox peak at 2.3 V (Figure S5.4, Appendix), 

while the CV curves of the printed V2O5/Ti3C2Tx cathode almost overlapped at a scan rate of 

0.2 mV s-1 (Figure S5.5, Appendix), further indicating that the addition of Ti3C2Tx nanosheets 

into V2O5 materials improved the cathode’s electrochemical performance. The large current 

response of the printed V2O5/Ti3C2Tx cathode was mainly due to V2O5 nanosheets which 

show multiple redox peaks at around 3.4, 3.2, 2.3 V and 2.6, 3.3 and 3.5 V from lithium 

intercalation and deintercalation into V2O5 nanosheets, respectively. 

Figure 5.5a shows the 1st to 4th cycle of the CV curves of printed cathode at a scan rate of 0.1 

mV s-1 within the potential range 2-4 V (vs. Li/Li+). Three anodic peaks corresponding to the 

first lithium ion deintercalation of γ/δ (peak 1), the second lithium ion deintercalation of δ/ε 

(peak 2) and ε/α (peak 3) phase transitions at equilibrium potential at around 2.6V, 3.3V and 

3.5V, respectively. The three cathodic peaks corresponding to the first lithium ion 

intercalation of α/ε (peak 6) and ε/δ (peak 5), the second lithium ion intercalation of δ/γ (peak 

4) phase transitions at equilibrium potentials at around 3.4, 3.2 and 2.3 V, respectively.6 The 

below reactions show the lithium ion intercalation steps: 

α-V2O5 + 0.5Li+ + 0.5e- ↔ ε-Li0.5V2O5 

ε-Li0.5V2O5 + 0.5Li+ + 0.5e- ↔ δ-LiV2O5 

δ-LiV2O5 + Li+ + e- ↔ γ-Li2V2O5 

It is noticeable that the phase transitions of V2O5 nanosheets during lithium ion 

intercalation/deintercalation coincide completely with the bulk materials. The peak current 

values decrease from the 1st to the 4th cycle, which could be because of solid electrolyte 

interface (SEI) layer formation. The 1st to 4th CV curves at a scan rate of 0.2 mV s-1 almost 

overlap, suggesting good cycling and stability after the first several cycles (Figure S5.5, 

Appendix). Galvanostatic charge/discharge curves also show the capacity decrease during 

the first to third cycles (Figure 5.5b). Three plateaus were observed in discharge curves that 

correspond to the cathodic peaks in Figure 5.5a. 

Kinetics analysis was performed to further explore the surface and bulk contributions to the 

electrochemical performance of printed V2O5/Ti3C2Tx cathodes. Figure 5.5c shows the CV 

curves of printed V2O5/Ti3C2Tx cathodes at scan rates from 0.1 to 1 mV s-1. The surface 

capacitive effect can be determined by calculating the value of b through the relation of i = 

avb where i and v are the current and scan rate, a and b are adjustable parameters.19 When the 

b value is close to 0.5, the electrochemical process is dominated by an ionic diffusion control 

mechanism. A b value close to 1 indicates a surface capacitive mechanism.19 Figure 5.5d 
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plots the log i versus log v linear relationships at their peak potentials. The b values of peaks 

1, 2, 3, 4, 5, 6 are 0.65, 0.70, 0.69, 0.57, 0.66 and 0.51, respectively, suggesting synergistic 

contributions by both diffusion control and surface capacitive processes. Moreover, the 

current response (i) at fixed potential (V) can be separated into surface capacitive (k1v) and 

diffusion control mechanisms (k2v1/2) using the equation 𝑖(𝑉) = 𝑘1𝑣 + 𝑘2𝑣
1 2⁄ .19,20 Figure 

5.5e shows the surface capacitive current (red region), compared with the total current in the 

CV profile at scan rate of 0.1 mV s-1. Around 49% of the total current comes from surface 

capacitive contributions, indicating that surface capacitive processes contribute almost half 

of the total current. It is noticeable that the calculated surface capacitive contribution is out 

of the range of the total CV curve in several parts, which could be explained by considering 

that the calculated surface capacitive contribution from CV curves is an ideal calculation. 

The dynamic resistance in a real electrochemical process could led to hysteresis in the current 

response.21 Furthermore, the surface capacitive contributions increase to 75% when the scan 

rate increases to 1 mV s-1, suggesting that the surface capacitive dominates the 

electrochemical process at high scan rates, which is beneficial for rate performance (Figure 

5.5f). 

Moreover, the printed V2O5/Ti3C2Tx cathodes show good rate performance, as shown in 

Figure 5.6a. After an initial five cycle capacity decrease possibly because of SEI layer 

formation, stable capacities of 321, 245, 185, 124 and 112 mAh g-1 were achieved at 1, 2, 4, 

8 and 10.5 C, respectively. More importantly, a high capacity of 112 mAh g-1 was achieved 

even at high C rate of 10.5 C with high capacity retention of 65.7% compared to 321 mAh g-

1 at 1 C, indicating the high rate performance of the printed V2O5/Ti3C2Tx electrode. The 

corresponding individual galvanostatic charge/discharge curves are shown in Figure 5.6b. 

Three plateaus are visible at around 3.3, 3.2 and 2.3 V for discharge curves, corresponding 

to peaks 6, 5 and 4 in CV curves (Figure 5.5a). Cycling performance was conducted at 10.5 

C as shown in Figure 5.5c-d. The half-cell showed good stable performance after around 680 

cycles with a capacity retention of 91.7% and a coulombic efficiency of 96.5%. As shown in 

Figure 5.5e, the average capacity fading rate is about 0.01% per cycle which is lower than 

the other V2O5-based cathodes (Table S5.1).22-31 Moreover, printed V2O5/Ti3C2Tx cathodes 

exhibit a capacity as high as 112 mAh g-1 at current density as high as 3000 mA g-1. The 

excellent rate and cycling performances of the printed V2O5/Ti3C2Tx cathode are beneficial 

from following aspect: the large specific surface area of 2D V2O5 nanosheets facilitates 

lithium ion diffusion during intercalation and deintercalation; the high surface capacitive 

contribution enables high capacity at high scan rate; the excellent electronic conductivity 

Ti3C2Tx nanosheets in the heterostructure electrodes enables electron transport; and the layer-

by-layer heterostructure of printed nanosheets cathode minimizes the volume change of 

cathode during charging and discharging processes. 
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Figure 5.6 (a) Discharge capacity of printed V2O5/Ti3C2Tx cathodes at different discharge rates. (b) Galvanostatic 

charge/discharge curves of printed V2O5/Ti3C2Tx cathodes at different discharge rates. (c,d) Cycling performance of 

printed V2O5/Ti3C2Tx cathodes at 10.5C. (e) Comparison of the electrochemical performance of printed 

V2O5/Ti3C2Tx cathodes and V2O5-based composite cathodes illustrated by 3D scatter bubble plots of maximum 

capacity (mAh g-1), measured current density (mA g-1) and average capacity fading per cycle (%). The colors of the 

bubbles show the cycle numbers. 
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Figure 5.7 Ex-situ XPS spectra of V 2p collected at different discharge plateaus in LIBs. The dashed lines indicate 

different oxidation states of vanadium. 

 

Ex-situ XPS spectra were recorded to analyze how the oxidation state of vanadium changes 

in printed V2O5/Ti3C2Tx cathodes during the discharge process. As shown in Figure 5.7, the 

pristine V 2p3/2 spectrum shape shows a strong V5+ peak and a small amount of V4+. When 

the LIB was discharged to 3.4 V, the XPS spectrum of V 2p could be deconvoluted into two 

spin-orbit doublets which are V4+ and V5+, indicating the oxidation state change of vanadium 

upon Li ion intercalation. It is noted that the V4+ peak has a comparable intensity as V5+ at 

3.4 V. The amount of V4+ increases further when discharged to 3.2 V, suggesting further Li 

ion intercalation. When discharged to 2.3 V, the amount of V4+ is much larger than that of 
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V5+, indicating Li ion intercalations at 2.3 V. Therefore, the ex-situ XPS spectra confirm the 

Li ion intercalation processes by analyzing the oxidation state of vanadium in printed 

V2O5/Ti3C2Tx cathodes at different discharge plateaus. 

5.4 Conclusions 

A water-based 2D V2O5/Ti3C2Tx composite ink was inkjet printed to fabricate thin film 

cathodes for LIBs. The printed cathode was composed of a layer-by-layer structure, 

combining the advantageous characteristics of high theoretical capacity V2O5 and high 

electrical conductivity Ti3C2Tx nanosheets. Benefiting from the combination of the high 

capacity V2O5 nanosheets and the high electronic conductivity of Ti3C2Tx nanosheets, the 

printed heterostructure cathode exhibited high capacity and long cycling stability when 

operated as a LIB. Therefore, inkjet printed two-dimensional heterostructure-based 

electrodes with layer-by-layer structure open a new opportunity to high electrochemical 

performance batteries.   
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Figure S5.1 XRD spectra of VO2 (B) nanosheet film and reference diffractogram (JCPDS 81-2392). 

 

 

Figure S5.2 Optical image of V2O5/Ti3C2Tx composite ink droplet formation versus time as observed from the 

printer camera. The scale bar is 50 µm. 
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Figure S5.3 Cross-sectional SEM image of printed V2O5/Ti3C2Tx electrodes with thickness of around 1.8 μm. 
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Figure S5.4 First to fourth cycle of voltammetric sweep of printed V2O5 nanosheet cathode at a scan rate of 0.2 mV 

s-1 between 2 and 4 V. 
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Figure S5.5 First to fourth cycle of voltammetric sweep of printed V2O5/Ti3C2Tx cathode at a scan rate of 0.2 mV s-

1 between 2 and 4 V. 
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Table S5.1 A comparison of the electrochemical performance of printed V2O5/Ti3C2Tx 

heterostructure cathode with other reported V2O5-based electrodes. 

Materials Max. 

capacity 

(mAh g-1) 

Current 

density 

(mA g-1) 

Cycle 

number 

Average 

capacity fading 

per cycle (%) 

Reference 

2D large-area 

V2O5 

nanosheets 

268 300 50 0.66 22 

2D leaf-like 

V2O5 

nanosheets 

264 500 100 0.22 23 

2D ultrathin 

V2O5 

nanosheets 

292 59 50 0.12 24 

V2O5-rGO 196 600 160 0.3 25 

2D V2O5@C 189 500 60 0.5 26 

V2O5-Cu 328 80 45 0.733 27 

V2O5-Al 350 35 50 0.62 28 

1D V2O5 • 

0.44H2O 

nanobelt 

297 50 20 1.1 29 

V2O5-C 130 735 800 0.03 30 

3D 

interconnected 

microspheres 

composed of 

ultra-long V2O5 

nanobelts 

280 294 200 0.1 31 

V2O5/Ti3C2Tx 

heterostructure 

112 3000 688 0.01 Our work 
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Chapter 6 

 

Challenges and Opportunities 

 

The research described in this thesis demonstrates that inkjet printing of two-dimensional 

materials as electroactive materials shows great promise for energy storage devices. However, 

there are challenges remaining to fabricate high performance printed energy storage devices 

and integrate them into portable electronics. Therefore, there are new opportunities for the 

scientific community to further explore printing two-dimensional materials for energy 

storage devices. 
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In this thesis, a range of 2D nanosheets including doped and undoped MnO2, MXene, 

graphene oxide and V2O5 have been synthesized and inkjet printed as active materials for 

energy storage devices including SCs and LIBs. As was shown in the previous chapters, 

inkjet printed SCs and LIBs show good electrochemical performance, and can find 

application in (flexible) devices. However, several issues are worth exploring further, and 

new opportunities are coming. 

6.1 Materials synthesis 

Exploring new low-cost exfoliation methods is crucial for mass production of 2D materials 

which is beneficial for inkjet printing. In my research, transition metal oxides nanosheets 

were used as active materials for SCs and LIBs because of their theoretical specific 

capacitance and capacity. However, enhancing the electronic conductivity is a big challenge 

for transition metal oxide nanosheets. Improving electronic conductivity by atomic doping 

shows great promise for high performance energy storage devices as demonstrated in this 

thesis. Although defect engineering of MnO2 nanosheets by substitutional doping of 3d metal 

ions (Fe, Co and Ni) has been demonstrated in this thesis, there is still an opportunity to 

further enhance MnO2 nanosheets’ electronic conductivity and electrochemical performance 

like capacitance by doping with other potential ions. To enhance the V2O5 nanosheet 

conductivity, atomic doping is also a potential strategy, which is worth exploring further. 

First principles calculations are recommended to have deep understanding of the effect of 

doping on the band structure of V2O5 nanosheets. Synthesizing MXenes nanosheets with 

controllable surface terminations is crucial for electrochemical device performances. It is 

worth to investigate the electrochemical performance of MXene SCs with different surface 

terminations groups. 

6.2 Ink formulation 

The availability of materials for inkjet printing is still low because an inkjet printer requires 

inks that exhibit certain rheological properties, which implies strict requirements on ink 

viscosity, surface tension and the maximum size of 2D materials, etc. For instance, a low 

viscosity ink with small lateral size 2D materials is suitable for inkjet printing while a high 

viscosity ink with large lateral size 2D materials could block the nozzle during printing. 

Therefore, it remains challenging to prepare different 2D materials based printable ink with 

suitable rheological properties. 

Moreover, highly stable inks without aggregation suited for long term storage are necessary 

for industrial production. It would also be interesting to investigate the relationship between 

the printed device performance and the lateral size of 2D materials. 

6.3 Printed energy storage devices 

One of the challenges for printed energy storage devices is printing resolution, which brings 
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about critical issues like misalignment and poor quality of printed patterns. High resolution 

printing is essential to achieve good electrochemical performance of micro-supercapacitors. 

The minimum gap space between the interdigitated electrodes as demonstrated in this thesis 

is around 500 μm which can be further decreased to shorten the electrolyte ion transport paths 

to improve rate performance. Digital inkjet printing technique enables us to set the gap space 

in software before printing. However, short connecting of electrodes will occur when the gap 

space is too small. One possible strategy to avoid shorts at high resolution printing is to 

control the drying process and facilitate fast solidification of printed patterns. Another 

possible strategy is to optimize the contact angle between ink and substrate. Therefore, it is 

both a challenge and an opportunity to fabricate devices with resolution as high as possible. 

The quality of printed films is another key issue to achieve high performance energy storage 

devices. The common coffee-ring phenomenon should be avoided in printed devices by 

tuning the rheological properties of the inks and the energy of the substrate surface. As shown 

in chapter 2, surfactant and propylene glycol were used to optimize the surface tension and 

viscosity of the water-based ink, respectively. These additives may also work in other water-

based inks or even organic solvents. However, the additive concentration in different inks 

should be investigated carefully to obtain homogeneously printed films.  

Moreover, the adhesion between printed patterns and substrates is also crucial for flexible 

energy storage devices. Surface pre-treatment of substrates or inks modification are two 

strategies to achieve good adhesion. Post-treatment is also crucial for flexible substrates since 

most of them cannot withstand high temperature. 

A highly horizontal device orientation is preferred for micro-supercapacitors to short 

electrolyte ion diffusion between in-plane electrodes resulting in high power density device. 

Therefore, printed film with a controllable structure is worth for further study. Printing 

pinhole free films is a challenge for both SCs and LIBs fabrication. Furthermore, integrate 

inkjet printing process into a roll-to-roll printing is a challenge for the industrial production 

of printed energy storage devices and integrated function devices. 

Two-dimensional heterostructures for energy storage devices attract more and more attention 

recently. The inkjet printing technique shows great advantages like simple and low-cost for 

the fabrication of large-scale 2D heterostructures compared with conventional dry transfer 

methods. The heterostructure interface is crucial to achieve high performance devices. An 

intimate and stable interface contact between the MXene/GO/MXene heterostructure has 

been demonstrated in this thesis, while the contact at the cross-section between the 

interdigitated MXene electrode and the GO electrolyte was poor in the GO/MXene 

heterostructure. It is worth to address these poor contact issues to achieve better performance 

for GO/MXene heterostructure micro-supercapacitors. Moreover, realizing good contacts 

between different 2D materials other than MXene and GO nanosheets in heterostructures is 
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worth to further explore. 

6.4 Printed energy storage devices performance 

Achieving high energy/power density, high safety and long cycling life are the goals for 

energy storage devices of SCs and batteries. However, the cycling stability of printed MnO2 

nanosheets SCs in this thesis did not reach expectation. One possible reason is that MnO2 

nanosheets store charges by surface redox reactions while long cycling charge/discharge 

processes will damage its 2D structure, resulting in decreasement of capacitance and poor 

cycling life. The loosen contact between 2D nanosheets in printed nanosheets electrodes is 

another possible reason. The long cycling charging/discharging measurements could increase 

the interspace between 2D nanosheets resulting in poor contact and poor electrochemical 

performance. It would be interesting to address the poor cycling stability that does not only 

exist in printed MnO2-based SCs, but also in other transition metal oxide nanosheet-based 

SCs. The fast self-discharge phenomenon limits the SCs in devices application. It is worth 

investigating how to inhibit the self-discharge process in the SCs.  

The mechanical stability under bending is also crucial for flexible energy storage devices. A 

crack formed in printed nanosheet-based SCs after repeated bending experiments as 

demonstrated in this thesis, results in electrochemical performance deterioration. It is 

therefore a big challenge to keep excellent contact between neighboring 2D nanosheets and 

the mechanical stability of printed 2D nanosheet films after extended bending tests. 

Poor cycling stability is also a major issue for LIBs. Stacking different 2D nanosheets into 

heterostructure electrodes shows promise to address the above issue. The layer-by-layer 

heterostructure of printed nanosheet electrodes could minimize the volume change of the 

electrode during charging and discharging, resulting in long cycling life. Therefore, it is 

worth investigating different 2D material heterostructure electrodes for LIBs. 
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Summary 

 

2D materials have been attracting more and more attention for energy storage devices 

including supercapacitors and batteries because of their unique physical and chemical 

properties induced by dimensional reduction. The aim of research presented in this thesis was 

to develop a deep understanding of devices’ electrochemical performance with 2D materials 

and address some of the challenges currently faced by the printed 2D electronics field. 

2D δ-MnO2 nanosheets which shows high theoretical specific capacitance were firstly studied 

as electroactive materials for micro-supercapacitors in this thesis. A printable water-based δ-

MnO2 nanosheet ink was developed to demonstrate the possibility of inkjet printing 2D 

nanosheets (Chapter 2). Due to the excellent dispersibility in water, the δ-MnO2 nanosheets 

could be formulated directly in water-based inks. Triton X-100 and propylene glycol were 

added into δ-MnO2 nanosheets suspension to optimize the surface tension and viscosity, 

respectively. By optimizing the concentration of Triton X-100, coffee-ring and droplet 

shrinking effects were avoided by balancing Marangoni flow and outward flow. The 

thickness dependence of the specific capacitance of δ-MnO2 films was investigated by 

varying printed δ-MnO2 films thickness. As a proof-of-concept application, all-solid-state 

symmetrical micro-supercapacitors based on δ-MnO2 nanosheets with interdigitated 

electrode configurations were fabricated. The fabricated micro-supercapacitor showed 

excellent mechanical flexibility and good cycling stability with a capacitance retention of 88% 

after 3600 charge-discharge cycles. The micro-supercapacitor attained the highest volumetric 

capacitance of 2.4 F cm-3, and an energy density of 1.8·10-4 Wh cm-3 at a power density of 

0.018 W cm-3, which is comparable with other devices and shows great potential as energy 

storage units for low-cost flexible and wearable electronics applications. 

However, the poor electronic conductivity of δ-MnO2 nanosheets limits the devices 

electrochemical performance like power density. To improve the electronic conductivity of 

δ-MnO2 nanosheets, defect engineering of MnO2 nanosheets by atomic-level substitutional 

doping of 3d metal ions (Fe, Co and Ni) was investigated (Chapter 3). The doped MnO2 

nanosheets were printed as electroactive materials to show the effect of doping on materials 

electrochemical performance. By introducing 5% Fe doping, occupied and unoccupied 

impurity states emerge in the fundamental band gap so that the chemical potential is increased, 

which effectively decreases the band gap and increases the mobile charge carrier density. 

Only empty impurity states form in the band gap for Ni and Co doped systems and these do 

not contribute much to the carrier density. Substitutional doping introduces new electronic 

states near the Femi level, thereby enhancing the electronic conductivity and contributing to 
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the formation of redox-active 3d surface states. All-solid-state symmetrical micro-

supercapacitors based on Fe-doped MnO2 nanosheets were fabricated. The micro-

supercapacitors exhibited high volumetric energy density of up to 1.13 × 10-3 Wh cm-3 at a 

power density of 0.11 W cm-3 which increased by a factor of more than 6 comparing with 

undoped MnO2 nanosheets micro-supercapacitors. Moreover, the micro-supercapacitors 

show an ultra-small leakage current. 

A gel electrolyte was used in chapter 2 and 3 to fabricate solid-state micro-supercapacitors. 

However, I argue that 2D materials can also act as a solid-state electrolyte and separator for 

full solid-state supercapacitors. 2D nanosheets show various interesting properties like 

metallic conductivity, semiconductivity and insulating behavior. Heterostructures 

constructed from different 2D nanosheet building blocks show promise for energy storage 

applications, since materials with different properties can be combined. Such 2D 

heterostructures were fabricated by inkjet printing MXene and graphene oxide (GO) 

nanosheets into a stacking structure (Chapter 4). Ti3C2Tx (MXene) nanosheets that show 

excellent electronic conductivity and excellent dispersibility in water were printed as 

electrode materials. GO nanosheets were printed as solid-state electrolyte owning to their 

high ionic conductivity and poor electronic conductivity. The mobile protons needed for 

charging/discharging these devices arose from the hydrolysis of functional oxygen-bearing 

groups on the solid GO electrolyte. Free water molecules present between GO sheets may 

facilitate proton transport via the Grotthuss mechanism or by diffusion of hydronium ions 

within the interlayer spaces. By controlling the printing parameters, an intimate and stable 

contact between the MXene electrodes and the GO electrolyte was obtained in a 

MXene/GO/MXene heterostructure, which facilitated proton transfer between GO and 

MXene nanosheets. The contact at the cross-section between the interdigitated MXene 

electrode and the GO electrolyte was poor in the GO/MXene heterostructure, resulting in 

poor devices performance without liquid electrolyte. On the other hand, the printed 

MXene/GO/MXene heterostructure without liquid electrolyte showed a higher areal energy 

density of 0.49 μWh cm-2 at an areal power density of 12.55 μW cm-2, comparing with 

existing printed supercapacitors. Moreover, the areal specific capacitance could be increased 

further by adding a liquid electrolyte. 

Enhancing power density and cycling life are crucial for a good battery. Due to the distinct 

electronic properties, shortened ion diffusion paths and more active site capability, an inkjet 

printed 2D materials heterostructure as cathode for a lithium-ion battery was studied in detail 

(Chapter 5). 2D V2O5 nanosheet shows great promise as cathode material for LIBs because 

of their high theoretical capacity of 294.8 mAh g-1 with two lithium ion intercalations per 

unit cell in the potential window from 2 to 4 V. High electronic conductivity Ti3C2Tx MXene 

nanosheets were used as charge transport carriers in the printed V2O5/MXene heterostructure. 

The printed cathode exhibited high capacity of 321 mAh g-1 at 1C, high-rate capacities of 

112 mAh g-1 at 10.5C and good cycling stabilities after 680 cycles with 91.8% capacity 
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retention, indicating high electrochemical performance. Therefore, an inkjet printed 2D 

heterostructure electrode with layer-by-layer structure open new opportunities to high 

electrochemical performance batteries. 

The research described in this thesis has shown that printed 2D materials as electroactive 

materials show great promise for energy storage devices. However, challenges remain for 

further exploration in this exciting area. Luckily, the good news is that there are lots of 

opportunities worth exploring in future (Chapter 6). The inkjet printing technique is a special 

catalyst that enables us to transform ideas to real devices. 
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Samenvatting 

 

2D materialen trekken steeds meer aandacht voor energieopslagapparaten, waaronder 

supercondensatoren en batterijen, vanwege hun unieke fysische en chemische eigenschappen, 

dat wordt veroorzaakt door dimensionaliteitsreductie. Het doel van het onderzoek dat in dit 

proefschrift wordt gepresenteerd, was om een diep begrip te krijgen van de elektrochemische 

prestaties van apparaten met 2D materialen en om enkele van de uitdagingen aan te gaan die 

het geprinte 2D elektronicaveld momenteel onder ogen ziet. 

2D δ-MnO2 nanosheets die een hoge theoretische specifieke capaciteit laten zien, werden in 

dit proefschrift allereerst bestudeerd als elektroactieve materialen voor micro-

supercapacitors. Een printbare δ-MnO2 nanosheet-inkt op waterbasis was ontwikkeld om de 

mogelijkheid van inkjet printen van 2D nanosheets aan te tonen (Hoofdstuk 2). Vanwege de 

uitstekende dispergeerbaarheid in water, konden de δ-MnO2 nanosheets rechtstreeks voor 

inkten op waterbasis gebruikt worden. Triton X-100 en propyleenglycol werden toegevoegd 

aan δ-MnO2 nanosheet-suspensies om respectievelijk de oppervlaktespanning en viscositeit 

te optimaliseren. Door de concentratie van Triton X-100 te optimaliseren, werden koffie-ring 

en druppel-krimpeffecten voorkomen door Marangoni-stromen en uitgaande stromen in 

evenwicht te houden. De dikte-afhankelijkheid van de specifieke capaciteit van δ-MnO2 films 

werd onderzocht door de dikte van geprinte δ-MnO2 films te variëren. Als proof-of-concept 

applicatie, werden volledig-vaste-stof symmetrische microsupercondensatoren vervaardigd 

op basis van δ-MnO2 nanosheets met onderling verweven elektrodeconfiguraties. De 

gefabriceerde microsupercondensator vertoonde uitstekende mechanische flexibiliteit en 

goede cyclus-stabiliteit met een capaciteitsbehoud van 88% na 3600 laad-ontlaadcycli. De 

microsupercondensator bereikte de hoogste volumetrische capaciteit van 2.4 F cm-3 en een 

energiedichtheid van 1.8·10-4 Wh cm-3 bij een vermogensdichtheid van 0.018 W cm-3, wat 

vergelijkbaar is met andere apparaten en laat grote potentie zien als energieopslag voor 

goedkope, flexibele en draagbare elektronicatoepassingen. 

De zwakke elektronische geleidbaarheid van δ-MnO2 nanosheets beperkt de 

elektrochemische prestaties van apparaten, zoals vermogensdichtheid. Om de elektronische 

geleidbaarheid van δ-MnO2 nanosheets te verbeteren, werd defect-engineering van MnO2 

nanosheets door substitutie-dotering op atomair niveau van 3d-metaalionen (Fe, Co en Ni) 

onderzocht (Hoofdstuk 3). De gedoteerde MnO2 nanosheets werden geprint als elektro-

actieve materialen om het effect van doping op de elektrochemische prestaties van het 

materiaal te laten zien. Door 5% Fe-doping te introduceren, ontstaan bezette en onbezette 

onzuiverheidstoestanden in de fundamentele band gap, zodat het chemische potentieel wordt 
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vergroot, wat de band gap effectief verkleint en de dichtheid van de mobiele ladingsdrager 

verhoogt. Er vormen zich alleen lege onzuiverheidstoestanden in de band gap voor systemen 

gedoteerd met Ni en Co en deze dragen niet veel bij aan de dragerdichtheid. Substitutionele 

doping introduceert nieuwe elektronische toestanden nabij het Femi-niveau, waardoor de 

elektronische geleidbaarheid wordt verbeterd en wordt bijgedragen aan de vorming van 

redox-actieve 3d oppervlaktetoestanden. Er werden volledig-vaste-stof symmetrische 

microsupercondensatoren vervaardigd op basis van Fe-gedoteerde MnO2 nanosheets. De 

microsupercondensatoren vertoonden een hoge volumetrische energiedichtheid tot 1.13·10-3 

Wh cm-3 bij een vermogensdichtheid van 0.11 W cm-3, die met een factor van meer dan 6 

toenam in vergelijking met ongedoteerde MnO2 nanosheets microsupercondensatoren. 

Bovendien vertonen de microsupercondensatoren een ultrakleine lekstroom. 

In Hoofdstuk 2 en 3 werd een gel-elektrolyt gebruikt om vaste-stof 

microsupercondensatoren te fabriceren. Ik betoog echter dat 2D materialen ook kunnen 

werken als een vaste-stof elektrolyt en scheider voor volledig-vaste-stof supercondensatoren. 

2D nanosheets tonen verschillende interessante eigenschappen zoals metallische geleiding, 

halfgeleiding en isolatiegedrag. Heterostructuren opgebouwd uit bouwstenen van 

verschillende 2D nanosheets zijn veelbelovend voor energieopslagtoepassingen, omdat 

materialen met verschillende eigenschappen kunnen worden gecombineerd. Dergelijke 2D 

heterostructuren zijn vervaardigd door MXene en grafeenoxide (GO) nanosheets te inkjet 

printen tot een stapelstructuur (Hoofdstuk 4). Ti3C2Tx (MXene) nanosheets die uitstekende 

elektronische geleidbaarheid en uitstekende dispergeerbaarheid in water vertonen, werden 

geprint als elektrodematerialen. GO nanosheets werden geprint als vaste-stof elektrolyt die 

hoge ionische geleidbaarheid en slechte elektronische geleidbaarheid bezit. De mobiele 

protonen die nodig zijn voor het laden / ontladen van deze apparaten zijn ontstaan door de 

hydrolyse van functionele zuurstofhoudende groepen op de vaste GO elektrolyt. Vrije 

watermoleculen die tussen GO platen aanwezig zijn, kunnen het transport van protonen 

vergemakkelijken via het Grotthuss mechanisme of door diffusie van hydroniumionen in de 

tussenlaagruimten. Door de print-parameters te regelen, werd een diep en stabiel contact 

tussen de MXene elektroden en de GO elektrolyt verkregen in een MXene/GO/Mxene 

heterostructuur, wat de protonoverdracht tussen GO en MXene nanosheets vergemakkelijkte. 

Het contact bij de dwarsdoorsnede tussen de onderling verweven MXene elektrode en de GO 

elektrolyt was pover in de GO/Mxene heterostructuur, dat resulteerde in slechte prestaties 

van de apparaten zonder vloeibare elektrolyt. Aan de andere kant vertoonde de geprinte 

heterogene heterostructuur van MXene/GO/MXene zonder vloeibare elektrolyt een hogere 

oppervlakte energiedichtheid van 0.49 μWh cm-2 met een oppervlakte vermogensdichtheid 

van 12.55 μW cm-2, vergelijkbaar met bestaande geprinte supercondensatoren. Bovendien 

zou de oppervlaktespecifieke capaciteit verder kunnen worden vergroot door een vloeibare 

elektrolyt toe te voegen. 

Het verbeteren van de vermogensdichtheid en de levensduur is cruciaal voor een goede 
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batterij. Vanwege de verschillende elektronische eigenschappen, verkorte 

ionendiffusiepaden en actievere locatiemogelijkheden, werd een heterostructuur met inkjet 

geprinte 2D materialen (ook) als kathode voor een lithium-ionbatterij in detail bestudeerd 

(Hoofdstuk 5). 2D V2O5 nanosheet is veelbelovend als kathodemateriaal voor LIB's 

vanwege hun hoge theoretische capaciteit van 294.8 mAh g-1 met twee lithiumionintercalaties 

per eenheidscel in het potentie venster van 2 tot 4 V. Hoge elektronische geleidbaarheid 

Ti3C2Tx MXene nanosheets werden gebruikt als ladingsdragers in de geprinte V2O5/MXene 

heterostructuur. De geprinte kathode vertoonde een hoge capaciteit van 321 mAh g-1 bij 1C, 

hoge capaciteit van 112 mAh g-1 bij 10.5C en goede cyclusstabiliteit na 680 cycli met een 

behoud van capaciteit van 91.8%, dat wijst op hoge elektrochemische prestaties. Daarom 

opent een met inkjet geprinte 2D heterostructuurelektrode met laag-voor-laagstructuur 

nieuwe mogelijkheden voor batterijen met hoge elektrochemische prestaties. 

Het onderzoek beschreven in dit proefschrift heeft aangetoond dat gedrukte 2D-materialen 

als elektroactieve materialen veelbelovend zijn voor energieopslagapparaten. Er blijven 

echter uitdagingen bestaan voor verdere verkenning in dit opwindende gebied. Hoewel het 

goede nieuws is dat er in de toekomst veel mogelijkheden zijn die het ontdekken waard zijn 

(Hoofdstuk 6). De inkjet print techniek is een speciale katalysator die ons in staat stelt ideeën 

om te zetten in echte apparaten. 
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