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ABSTRACT 

An easy method (inkjet printing) is proposed for coating of silver nanoparticles/nanowires on 

substrates (filter paper, normal paper).  In this method, printing of an aqueous solution of silver 

salt is followed by printing of ascorbic acid (reductant) to convert silver ions into metallic silver 

on paper. Another method photoreduction includes printing of potassium bromide or iodide 

followed by printing of silver salt (silver nitrate). In this method, silver bromide or silver iodide 

crystals are formed on the paper, which is light sensitive. The grains of silver halide are exposed 

to light, which further treated to developer solution for complete reduction.   This report presents 

the results of our investigations on developing a low-cost process for producing conductive 

patterns on paper using a commercial inkjet printer and preliminary results on the utilization of 

such conductive paper in various applications. Chapter 2 presents a detailed description of the 

various experimental procedures used. Chapter 3 presents the results of experiments carried out 

to optimize the process parameters for the fabrication of conductive silver nanowire patterns on 

paper and discusses the mechanism involved. Chapter 4 demonstrates the potential for 

application of such conductive paper in electronics and presents results of preliminary 

experiments on their use as an antibacterial filter.  
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Chapter 1 

Introduction 

Various applications of electronics require systems to be fitted into non-planar from 

or in foldable form for packaging or storage. Recently spectacular progress in the 

form of electronics on foldable and stretchable systems has spread out a new view in 

the area of future electronics
1
. Advances in paper based electronics field have led to 

the development of various new applications, such as flexible and stretchable 

circuitries, flexible display, flexible and conformal antenna arrays, smart skins, 

electronic solar cell arrays, RFID antenna, flexible batteries, transistor, speakers, 

super capacitors, MEMS, electronic circuits fabricated in clothing, soft and human 

friendly devices and biomedical devices and so on
2-25

. These modern electronics can 

maintain good performance, reliability and integration on stretching, bending, 

compressing, twisting or deforming into complex and non-planar forms
1
. These 

technologies are helpful in development of future wearable electronics that can be 

easily planted into clothes, garments or even into skin. Various nanomaterials such as 

conductive polymers, carbon nanotubes, graphene and many metal nanostructures 

have been studied for fabricating stretchable and foldable electronics
26-40

. With 

polymer, textile or paper-based flexible electronics, it is possible to use differential 

change in resistance or capacitance for user interface or the input
41,42

.   

 

The production of cheap and efficient water filters to remove bacterial pathogens is 

necessary in order to tackle the challenges of providing clean and uninfected water in 

rural/ suburban areas and as a decentralized solution during emergency situations.  

The use of metal nanoparticles in water for disinfection is recent, but experiments 

with metal ions and polymer films have been carried out for decades
43,44

. Silver-

nanoparticles are effective in controlling and suppressing bacterial growth. Jain et al. 

reported the development of a water filter based on polyurethane foam impregnated 

with silver nanoparticles
45

. They reported that contact times of the order of a second is 

enough to eliminate E.Coli at a flow rate of 0.5 L/min. Gottesman R, et al. showed 

that by using sonochemical coating
46

 technique, silver nanoparticles penetrated the 

paper surface to a depth of more than 1 μm, resulting in highly stable coatings. 
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Mpenyana-Monyatsi L, et al. showed that Silver nanoparticles deposited on, 

fiberglass, sand,  zeolite, anion and cation resin substrates at concentrations  of 0.01  

mM, 0.03 mM, 0.05 mM or 0.1 mM
47

 of       are capable of decreasing the 

concentration of E.coli from synthetic water, with a higher removal efficiency 

achieved at 0.1 mM (21–100%) and a lower efficiency at 0.01 mM (7–50%) 

concentrations. The Ag nanoparticle /cation resin filter was found to remove these 

pathogenic bacteria at the highest rate (100%). In another experiment, they found that 

E. coli. S. typhimurium, S. dysenteriae and V. cholerae contaminated groundwater 

was decontaminated by the Ag nanoparticles/cation resin filter with complete (100%) 

removal of all targeted bacteria. Hence, Ag nanoparticles/cation resin substrate can be 

used as a potential alternative cost-effective filter for the disinfection of groundwater 

and production of safe drinking water. A textile based multiscale device for the high 

speed electrical sterilization of water using silver nanowires, carbon nanotubes, and 

cotton was recently developed. This approach, which combines several materials 

spanning three very different length scales with simple dying based fabrication, 

enables a gravity feed device operating at 100000         , which can inactivate 

>98% of bacteria within a few seconds of total incubation time
48

. 

1.1   Synthesis  of silver nanoparticles/nanowires  

An important step in the fabrication of silver nanoparticles/silver nanowires 

(AgNPs/AgNWs) impregnated paper/filters is the synthesis of AgNPs/AgNWs. The 

methods used can be divided into: physical vapour deposition (including ion 

implantation), and wet chemistry. 

1.1.1 Physical Vapor deposition and Ion implantation 

Both physical vapour deposition and Ion implantation processes have been used for 

producing silver particles embedded in glass, polyurethane, silicone, polyethylene, 

and polymethylmethacrylate. The particles grow in the substrate with the 

bombardment of ions (for ion implantation) or by the deposition of silver 

sputtered/evaporated from a target
49,50

. 
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1.1.2 Wet chemistry 

There are several wet chemical methods
35,51-56 

for synthesizing silver nanoparticles. 

These are simpler methods involving the reduction of a silver salt such as silver 

nitrate with a reducing agent like sodium borohydride, tannic acid, hydroquinone
57

, 

UV decomposition
58

, etc. 

1.2 Different coating techniques 

The application of AgNPs/AgNWs onto substrates to form robust coatings is another 

crucial aspect of forming AgNPs/AgNWs coated surfaces for water filtration and 

conductive films. Techniques based on the use of brush coating, dip coating, 

sputtering, mechanical blade or bench coating, rolling, air brush, spin coating, spray 

coating, sonochemical coating and so on have been reported in the literature
59,60

. 

Many of these techniques are specific for the coating materials and have limitations 

like nonuniform layer thickness, high energy consumption or require costly materials 

/instruments.  

Inkjet printing is a newer concept
61

. Typically, the process involves printing of a 

silver colloidal solution. Some advantages of inkjet printing over traditional coating 

techniques being: higher precision, space and time-saving nature, minimal waste of 

chemicals, cost-effective, and capable of generating uniform and highly durable 

coatings. 

1.3 Objective 

      The objective of this work is to synthesize nanostructured silver coated paper/ 

inkjet transparent sheet for flexible, foldable electronics. The other objective is to use 

same inkjet printing process to fabricate silver nanostructure on filter paper for water 

purification. Initially, we plan to use reactive inkjet printing of silver nanoparticles 

produced by in situ reduction of silver nitrate solution on filter paper/ paper/ 

transparent sheets either by ascorbic acid solution or photoreduction (photolysis and 

chemical reduction) and test its effectiveness in removing bacteria from water and for 

flexible electronics  respectively.  
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Chapter 2 

Experimental Methods 

A HP1000 inkjet printer using thermal inkjet printing technology was used for 

reactive inkjet printing of silver nanostructures on filter paper. Some of the challenges 

encountered were:  

 Clogging of the cartridges 

When the same cartridge is used for delivering both silver salt and reducing agent 

then there is a possibility of clogging of the holes of cartridge due to deposition of 

particles formed by reaction or polymerization of residual solution in the cartridge. 

The problem of clogging can be solved by using two different cartridges and cleaning 

of heads by printing DI water or propanol 20 to 30 times before and after printing. 

Also, filling the cartridges with DI water during storage helps in avoiding such 

issues. Special care is taken during printing of silver nitrate solution because it is heat 

sensitive and may reduce into silver on the heating element of the printing head. For 

avoiding this, concentration of silver nitrate should be less than 2M. 

 Swelling of  paper 

Another problem encountered was the swelling of paper; leading to increase in the 

thickness of paper and causing it to touch the print head of the cartridge therefore 

after every print sufficient time was provided to allow the paper to dry.   

 Non –uniform layer thickness 

The deposition of ink on paper using the HP 1000 model inkjet printer is not spatially 

uniform and also the amount varies from run to run, and it is not possible to achieve 

uniform printing in a single run. This can affect the size and uniformity of the 

nanostructures. Such effects can be overcome by printing the precursor solutions 

several times, such that a uniform coating is formed by averaging multiple runs.  

 Adhesion between silver nanostructure and cellulose fibers 

The attachment/binding of AgNWs with fiber should be strong. Strong binding also 

provides robustness which is helpful in withstanding folding/bending of electrode 

paper.  

 



5 
 

2.1 Volume of solution delivered per print (cycle) 

There are two cartridges (color and black) in the printer. Both cartridges print 

different volume of liquid per cycle. It is essential to quantify the capacity of the 

cartridge and estimate the amount of solution printed. 

A simple method for estimating the printed amount involves, measuring the weight of 

the cartridge before and after printing. The original cartridge contains standard 

printing ink. Now we have to remove the ink from it, for this cartridge cap was 

carefully removed and, the sponge containing the ink was also removed to expose the 

reservoir. This reservoir was then washed with excess water followed by propanol. 

The cavity provided for ink reservoir was then filled with DI water, and the weight of 

the cartridge was measured. 

Various designs were then printed on a    size printing paper/transparent sheet with 

the following printer settings: 

a) Mode- High quality grayscale 

b) Max dpi – Yes 

c) Paper size -    

d) Paper quality – Photo paper best quality 

e) Orientation - Portrait 

The experiment was repeated 10 times (10 prints in each run) for obtaining a 

statistically significant estimate. 

2.2 Printing of KBr/KI solution and Silver Nitrate solution on 

paper/transparency/filter paper 

First, all required glass ware were cleaned with soap water, then using aquaregia 

followed by rinsing in excess tap water and then DI water. They were then dried 

inside a hot air oven. Due to higher concentration of silver nitrate the head of printer 

cartridge can become blocked, therefore we increased the number of print cycles 

while using lower concentration. For uniform printing a minimum of 3 prints were 

required. So for printing a 1 M solution, the solution is diluted and 0.333 M solution 

is printed three times. Potassium bromide and potassium iodide were mixed in a 

weight ratio 19:1(95:5) and solutions of different concentration(0.333 M, 0667 M, 
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1M, 1.33 M, 1.67 M,  2 M, 2.666 M,  3 M, 3.33 M) were prepared. KBr/KI solution 

was used in excess of silver nitrate solution (2:1) molar ratio.  The silver nitrate 

solution vials were covered with aluminum foil to prevent reduction due to light 

exposure. First KBr/KI solution was printed followed by silver nitrate solution with 

molar ratio of 2:1. In this method, the solution of KBr and KI is used because the  

            ions replace    
  ions and forms crystals of AgBr and AgI which are 

light sensitive. This reactive inkjet printing step is a simple way of generating light 

sensitive silver halide films on paper at sufficiently high loadings, and represents the 

main difference of the proposed process from that of a well-established photographic 

technique called “salt printing”. After the first cycle of printing the paper was exposed 

to light from a Halogen Lamp (DEULUX 240 V, 500 W) for 5 minutes. Same cycle 

of printing and exposing in light was repeated after each run. Same procedure was 

repeated for different concentrations used for printing the reactive precursors. 

2.3 Preparation of developer solution 

Three different developer (reducer) solutions were prepared. 

 Hydroquinone   

Developing solution chemically 'reduces' the light-exposed silver halides to black 

metallic silver. A developer solution was made by dissolving hydroquinone into DI 

water (6 wt. %). Hydroquinone is a diprotic acid, which reduces            . The 

chemical reaction is as follows:  

 

                             

The pH of the solution was maintained around 10 by adding sodium carbonate (20 wt. 

%), which accelerates the activity of the developing agent
62

. 

 Ascorbic Acid 

 Ascorbic acid (Vitamin C) was used as a reducing agent. In the redox reaction, silver 

ion requires one electron and each ascorbic acid molecule can donate two electrons. 

To ensure complete reduction, a solution of ascorbic acid of concentration 33 wt. % 

was prepared by dissolving in DI water. A 20 wt. %        solution was prepared 

and added to ascorbic acid solution for maintaining the pH at 9, as the reaction is 

faster at this value. The redox reaction is 
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 D-76 Developer 

The original D-76 formula was invented by J. G. Capstaff in 1926, described in a 

booklet published by Kodak announcing a new duplicating film (Eastman Kodak 

1927). This developer is good for low contrast and maximum shadow detail. The 

commercial product, marketed by Kodak, is the world’s best-selling black-and-white 

developer
62

. 

WORKING SOLUTION 

Chemical Amount Units 

Water at 52  750.0 mL 

Metol 2.0 g 

Sodium sulfite 100.0 g 

Hydroquinone 5.0 g 

Borax 2.0 g 

 Cold Water to make 1000 mL 

For preparing D-76, first sodium sulfite was dissolved in hot (52  ) water and then 

Metol and Hydroquinone were added followed by Borax. The pH of the D-7developer 

was 8.5. 

 

Figure 2.2: Digital photograph of developer solutions: Hydroquinone(A),Ascorbic acid (B) 

and D-76 developer (C)   

A B C 
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2.4 Development of printed and light exposed paper 

All three developers were used for developing printed paper/transparency. The paper 

or transparency was dipped in the developer solution for time duration of 2.5 hr, 10 

min. and 10 min. in developer hydroquinone, ascorbic acid and D-76 respectively. 

These optimum durations were arrived after preliminary trial runs. The baths of 

developers were shaken by hand to assure complete reduction of AgBr/AgI crystals. 

2.5 Preparation of washing (fixer) solution 

Washing solution is made of sodium thiosulfate (Hypo) and is used to remove excess 

silver ions. The thiosulfate ion reacts with the silver ions in the crystal to form water 

soluble silver thiosulfate. The time required for fixing depends on the thiosulfate 

concentration and the temperature of the solution. The chemical reaction is as follows:  

                                            

             

According to stoichiometry requirement, 0.5 M hypo solution was prepared for 

washing. Washing was done for 10 min. in each case after developing in three 

different developers and subsequently the developed paper/ transparency was dried. 

2.6 Solution synthesis of silver nanostructure 

For investigating, whether the same silver nanostructures are formed in solution or 

not, an experiment was done in solution.  For this 0.25 M of 1 mL silver nitrate 

solution was mixed with 0.5 M of 2 mL KBr/KI solution. The solution was then 

exposed under light for 10 minutes followed by addition of 3mL of D-76 developer 

and was kept for 10-15 minute for development. The excess salt and developer were 

removed by centrifuging 3-4 times. The final sample was divided into two parts, one 

was hypo washed to remove unreacted AgBr/AgI and other directly used for SEM 

analysis. Finally, silver nanowires were dispersed in DI water followed by drop 

casting on a silicon wafer for SEM analysis. To investigate the effect of light 

exposure same experiment was carried out in dark (without light) and the samples 

were prepared for SEM analysis.   
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Chapter 3 

Results and discussion 

 

 

 

 

 

 

 

Figure 3.1: Digital photographs (A, B, C and D) of printed designs on paper/ filter paper, after reactive 

inkjet printing and light exposure, but prior to development. 

 

 

 

 

 

 

A B C 

D 

A B 

C 
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Figure 3.2: Digital photographs (A, B, C and D) of printed design on paper/ filter paper after 

development in D-76 

The color of the printed film on paper changes from greenish yellow to gray after 

development. The background color of D-76 or ascorbic acid developed paper remain 

same as white while developing in Hydroquinone imparts a brownish hue, implying 

that the developer penetrates into the depths of the paper during the long durations 

required for development.  

3.1 Mass or Volume printed on paper and thickness of layer of silver nanowires  

The volume per print per square centimeter was measured to be 1.22 ± 0.09 mg for 

the cartridge [See appendix- A]. A putative layer thickness was estimated assuming 

that all of the silver ions printed are reduced to form a uniform, continuous membrane 

across the printed area.  

Table 3.1: Calculated silver nanowires layer thickness with number of print = 3, and 

area printed = 13.94     

Concentration of silver 

nitrate printed(M) 

Layer thickness 

(  ) 

0.167 63 

0.333 125 

0.5 188 

0.667 251 

0.833 314 

1.00 377 

1.167 439 

1.333 502 

1.5 565 

1.67 629 

D 
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Figure 3.3(A, B): FESEM images of a cross section of the film of silver nanowires on paper, formed by 

printing 1.67 M AgNO3 three times. 

Representative FESEM images of a cross-section of the film thickness was calculated 

by using ImageJ software and found to be                for the case of      

     silver nitrate printed three times. For calculating thickness, 10 readings were 

taken at different positions in each image and an average from 15 such different 

images is reported.  

3.2 SEM characterization  

Field-Emission Scanning Electron Microscope (FESEM) images were obtained, using 

ULTRA-55 from ZEISS Gmbh., at an operating voltage of 5 to 10 kV. 

                                  

 

 

 

 

Figure 3.4: (A) Representative plan-view FESEM image of sample obtained after printing KBr/KI 

solution and silver nitrate followed by light exposure for 10 minutes. (B) Representative FESEM image 

of the same area as in an in subsequent scans. 

The FESEM image (fig. 3.4a) clearly indicates the planar morphology of AgBr/AgI 

crystals. The nodes on the particles are thought to be reduced silver formed by 

electron beam irradiation induced growth. It provides a clue to decipher the 

mechanism involved on the growth of silver nanowires during development. With 

A B 

A B 
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prolonged exposure, the formation of longer silver filaments can be observed in the 

subsequent FESEM scans. 

  

 

 

 

 

 

Figure 3.5: Representative plan-view FESEM image of silver nanowire network formed by 

development in Hydroquinone 

    

 

 

 

 

 

Figure 3.6: Representative plan-view FESEM image of silver nanowire network formed by 

development in Ascorbic acid. 
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Figure 3.7: Representative plan-view FESEM image of silver nanowire network formed by 

development in D-76 developer 

The structures of silver nano filaments formed using the three developers are shown 

in figures 3.5, 3.6 and 3.7. Hydroquinone developed silver nanowires are quite long 

(1-2  ), but the duration of development is also very long (2.3 hours). Ascorbic acid 

reduces AgBr/ AgI crystals into much shorter and thinner silver nano filaments (200-

500 nm). Ascorbic acid takes only 5-10 minutes for development of exposed sample. 

It is less selective as compare to hydroquinone and Metol. D-76 developer reduces 

uniformly, and the developing time is also 5-10 minutes. The silver nanowires are 

long enough (1-3   ) to provide good contacts for robust electrical conductivity.  

 

 

 

 

Figure 3.8: Digital images of sample obtained without light exposing (A) and with light (B) in solution 

synthesis. 

 

 

 

 

Figure 3.9: Representative plan-view FESEM image of sample obtained (A) without light exposure and 

(B) after light to washing without hypo. 

 

 

 

 

A B 

B A 

B A 

A B 
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Figure 3.10: Representative plan-view FESEM image of sample obtained (A) without light exposure 

and (B) with light exposure. Both samples were imaged after washing in hypo solution to remove 

unreacted silver ions.  

To investigate the effect of light exposure, samples were prepared by including the 

step of light exposure and without exposure to halogen lamp light during the 

processing. The colours of both the solutions are similar (figure 3.8). Stewart et. al. 

reported that the colour of aqueous silver nanowire solutions is diameter dependent
63

. 

According to them, blue nanowires have diameters ranging from 160-200 nm, green 

nanowire solutions have nanowires with diameters in the range of 200-300 nm and 

red or yellow solutions have nanowires with diameters above 300 nm. In our case the 

color of silver nanowires suspension (figure 3.8B) is yellowish green, so the diameter 

may be ranging from 250-350 nm. Figure 3.9 shows the morphology of 

nanostructures formed with and without exposure to the halogen lamp and prior to 

hypo washing. It is clearly seen that micron-sized platelets/particles are formed 

without light exposure, while light exposure induces the formation of nanowires. To 

remove unreduced Ag ions in solution, ‘hypo’ was added to both solutions for 5-10 

minutes and then removed by centrifugation. Again similar nanostructure 

morphologies were observed (figure 3.10A, B) as in the case of the samples 

synthesized without hypo addition. It was also observed during FESEM imaging of 

unexposed samples that there was no change to morphology due to electron beam 

exposure. This also indicates that even the structures formed in the unexposed 

samples are reduced to silver by the developer solutions. 
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3.3 X-ray Diffraction characterization 

 

Figure 3.11: XRD pattern of printed paper (KI/KBr - 2 M, AgNO3 - 1 M) before reduction using 

developer. The major peaks have been identified, using X’Pert HighScore plus crystallographic 

software with ICDD database, and labeled.  

 

Figure 3.12: XRD pattern of printed paper after development. The major peaks have been identified, 

using X’Pert HighScore plus crystallographic database, and labeled. 

The XRD analyses of the samples printed on paper with and without development 

show the presence of silver as only AgBr crystals prior to development and after 
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development show the appearance of silver peaks with concomitant reduction in the 

peaks corresponding to AgBr. The peak for silver bromide
64,65

 are at     values of 

30.672, 44.048, 54.704 and 72.784. The peaks at    values of 37.936, 44.936, 64.304 

and 77.232 correspond to the crystal facets of FCC silver
66,67

. XRD results also 

indicate that the sample does not have any significant amount of silver oxide, which 

shows that highly pure silver nanowires can be obtained by this method. 

Overall, XRD results (figures 3.11 and 3.12) in conjunction with FESEM images of 

silver nanostructures formed in solution with and without light exposure (figures 3.9 

and 3.10) clearly demonstrate that exposure to light from a halogen lamp prior to 

development/reduction is essential for the formation of anisotropic nanowires. A 

further experiment was carried out to understand whether exposure to ambient light 

was responsible for the formation of nanoparticles seen in figure 3.10a by carrying out 

the entire process in the dark. The solution was transparent after treatment with hypo 

and centrifuging, confirming that the intensity of light exposure at appropriate 

wavelengths is the factor that governs the formation of anisotropic silver 

nanostructures in this process. 

3.4 Electrical characterization 

Four probe IV characterization was carried out to measure sheet resistance values. 

The sheet resistances for "1.5×3 M" printed paper developed by three developers were 

as follows: hydroquinone developed paper 14.33 Ω/□, ascorbic acid 8.41 Ω/□ and for 

D-76 developer 7.046 Ω/□. The sheet resistances of printed silver nanowire networks 

that were developed using D-76 developer were measured as a function of silver 

deposited per geometric area of paper (assuming complete conversion of silver ions to 

silver) as well as a function of printed line length and width ratio to ascertain whether 

the films electrical properties were scalable with geometrical parameters.  
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 Figure 3.13: Measured sheet resistance as a function of mass of silver dropped per cm
2
 (geometrical 

footprint area of paper). The photograph on the right shows representative patterns corresponding to the 

data. 

 

 

 

 

 

 

 

 

 

Figure 3.14: Measured resistance as a function of ratio of length to width of lines printed between two 

squares at a constant amount of silver deposited (0.66 mg/cm
2
). The photograph on the right shows 

representative patterns corresponding to the data. The samples were probed by contacting at the two 

ends of the lines where they merge with the large contact pads, which were also printed.  
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The decrease of sheet resistance with an increase in the mass of the silver dropped per 

unit area of paper (i.e. footprint area) is seen in figure 3.13. Conductivities of the 

order of a few     were achieved for silver loading > 0.5 mg/cm
2
. The sheet 

resistance falls sharply initially and then reduces gradually with increasing amount of 

silver deposited. However, the data cannot be fit with a power law dependence that is 

expected of such a percolating network. The increased extent of hydrolysis of 

cellulose fibers by the byproducts of the reaction on paper with increasing amount of 

silver nitrate deposition is the most likely reason for the observed behaviour. TGA 

analysis of one sample showed that about 1/3
rd

 of the theoretically estimated amount 

of silver deposited (0.212 mg/cm
2
 as against estimated amount of 0.66 mg/cm

2
) is 

present, while the rest of the silver ions were not reduced. This could also be another 

factor that contributes to the observed variation of sheet resistance.  

Figure 3.14 depicts the variation of sheet resistance as a function of the aspect ratio of 

the printed features. The resistance varies linearly with aspect ratio over a wide range 

of L/W values. The slope of resistance versus the ratio of length to width of lines 

printed between two squares (figure 3.14) results in a value of sheet resistance of 

2.3    , which is comparable to the value of 4.924    measured by the four point 

probe technique. For comparison, Whitesides et. al. report a value of 0.01     for a 

40    thick film of Ag fabricated by the complicated process of evaporation and 

sputter deposition on the surface of paper
68

. The sputter-deposition results in a brittle 

coating containing metal flakes. The concentration used was (        ) for all 

printed lines between two squares. Based on the slope and a thickness value of 629 

nm estimated using FESEM cross-sectional images, the conductivity of silver 

nanowires film is found to be               [See appendix- A]; for comparison, 

the conductivity of bulk silver is reported
7
 as                     .   
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Chapter 4 

Applications 

4.4 Flexible, conductive electrodes 

Circuits made of discrete electronic components are among the simplest applications 

of printed circuit board technology
12,68

. To demonstrate the device fabrication 

capabilities using inkjet printing approach we produced coloured LED display on A4 

paper. Parallel electrodes are printed on paper and after development LEDs are simply 

stapled in between two electrodes without using any adhesive (figure 4.1A, B). The 

conductivity of printed circuits could be tested by using a 9V as power supply.  
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Figure 4.1: Application of paper based electronic circuit: image of flexible paper display showing (A) 

“S.V.”; an array of 5 LEDs connected to a AgNWs printed interdigitated electrode (B), Electronic 

circuit demonstrating the ability to bend or fold with different radii (C, D, E and F). The LEDs simply 

stapled on printed electrodes (G) 

Paper based circuits can be folded and still maintain function. The printed circuits 

remain conductive even after repetitive bending and folding (figure 4.1 C, D, E and 

F). The superior electrical conductance of the printed circuit should foster applications 

as a highly flexible contact for flexible electronic devices. In another experiment, the 

flexible electrode printed on paper was clamped by two alligator clips and connected 

to a multimeter to measure resistance changes during bending (figure 4.2)  

                                        

Figure 4.2: Photograph of measurement setup for recording changes in resistance with respect to the 

number of bending cycles. 

The change in resistance with respect to the number of bending cycles was measured 

for two different electrodes with line widths 0.3 mm and 0.6 mm respectively. The 

bending was done at a rate 1 cycle/second. Figure 4.3 shows the resistance changes as 

the number of bending cycles increased, where    is the initial resistance measured by 

MECO DT2250-Hz Auto digital clamp multimeter. The lowest radius of curvature 

during bending was 0.476 cm. The resistance increased to almost 3 and 6 times of the 

initial value for 0.6 mm and 0.3 mm wide printed lines respectively, after 1000 cycles 

of bending. 
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            Figure 4.3: Measured resistance ratio as function of number of bending cycles 

A Similar experiment was carried out using an electrode having dimensions   

        and changes in sheet resistance was plotted against number of bending cycles 

(figure 4.4). The sheet resistance was measured by R-CHEK sheet resistance meter. 

The sheet resistance increased to 2.78 times of the value of initial sheet resistance     

after 1000 cycles of bending. These results indicate an improved response over those 

reported by Whiteside and et.al. (Evaporation and sputter-deposition of 

metal)
68

,wherein the AgNW–PVA film (thickness 130 μm) showed a resistance 

increase of 2–3 times only after 250 cycles of tensile or compressive folding                

                                 

             Figure 4.4: Measured sheet resistance ratio as function of the number of bending cycles 
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4.2 Conductive electrodes on transparent sheets 

Printing was done on different OHP (Over Head Projector) sheets, inkjet transparency 

sheets and PET film. Inkjet transparent sheet was coated with hydrophilic polymer 

film that helps to adhere the particles on it, but normal OHP sheets and PET film are 

hydrophobic in nature. They were first UVO plasma treated for 10 minutes then 

coated (dipped into solution) with 4 % (wt. /v) PVA (poly vinyl alcohol) and 4% (wt. 

/v) sodium borate solution. In another experiment, they are coated with 1.5 % ( wt. /v) 

PEI (Poly ethylene imine) solution
69

. In each experiment, the films are dried after 

coating. 

 

 

 

 

 

Figure 4.5: Digital photograph of inkjet transparent sheet printed and developed (A) and SEM image of 

transparent sheet after developing in developer D-76 and washing with hypo solution 

Figure 4.5A is a digital photograph of inkjet transparent sheet coated with a ‘  

        print and developed by D-76. It has sheet resistance        . It is not 

transparent after coating. The morphology of silver nanostructure is shown by SEM 

image (figure 4.5B). The possible reasons for losing transparency may be that the 

dispersion density of silver nanowires is very high, or that the aspect ratio of silver 

nanowires is quite low. 
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Figure 4.6: Digital photograph of OHP sheets and PET film coated with PVA after development, prior 

to hypo washing (A, B, C) and SEM image (D) of PVA coated film after hypo washing process. 

Figure 4.6(A, B, C) show the photographs of PVA coated OHP sheet and PET film. 

Since the PVA is water soluble powder so during printing the coating dissolves and 

mixes with crystals of AgBr/AgI. After drying the PVA again recrystallize and big 

particles have been observed in SEM image (figure 4.6 D). In between these big 

particles of PVA small silver nano structure were observed. The printed electrodes are 

neither conductive nor transparent. The presence of PVA prevents the lateral growth 

of silver nanowires and renders the film non-conductive at macroscopic length scales.  

 

 

 

 

 

 

 

 

 

Figure 4.7: Digital photograph of and SEM image of OHP sheets (A, C) and PET film (B, D) coated 

with PEI and printed followed by reduction using developer and washing with hypo 
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On the PEI coated OHP sheet, and PET films silver nitrate and solution of KBr/KI, 

were printed and exposed to light from a halogen lamp for 10 minutes followed by 

development and hypo washing (figure 4.7 A, B). The FESEM images (figure 4.7 C, 

D) indicate the formation of nanoparticles instead of nanowires. But it was conductive 

because particles were well dispersed. Also, electron bombardment during SEM 

analysis did not result in the formation of silver nanostructures. It clearly shows that 

there is no unreacted AgBr or AgI. The conductivity of the film also indicates the 

presence on silver on the surface. The particle formation mechanism is not yet fully 

known and may be due to capping action of PEI. Again, the films are not transparent. 

 

 

 

 

 

 

 

 

   

 

    

 

 Figure 4.8: Digital photograph of inkjet transparent sheet coated (spread) by 0.67 M silver nitrate and 

1.34 M NaCl before reduction (A) and after reduction followed by hypo washing (B).FESEM image of 

coated silver nanoparticles(C) 

Various studies
66,70-74

  show that the early addition of NaCl in the polyol synthesis of 

AgNWs from       in ethylene glycol results in the rapid formation of AgCl 

nanocubes, which induces the heterogeneous nucleation of metallic Ag upon their 

A B 

C 
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surfaces. Ag NWs subsequently grow from these nucleation sites. The equilibrium 

reaction of     and    (from NaCl) to form AgCl has been proposed to buffer the 

    ion concentration, limiting Ag nucleation events and thereby promoting the 

growth of AgNWs. Experiment was done for making long silver nanowires following 

this reference. Solution of 0.67M silver nitrate and 1.34 M NaCl were dispersed on 

inkjet transparent sheet and then exposed (figure 4.8A) to light from a halogen lamp 

for 10 minutes followed by development in D-76 and hypo washing (figure 4.8B). 

FESEM image (figure 4.8C) indicates that there is the formation of silver 

nanoparticles in place of nanowires. The reason is not clear behind this formation, but 

silver chloride is not as light sensitive as silver bromide or iodide. The same 

experiment was done on paper. Again similar silver nanopaerticles were observed on 

paper.   

 

 

 

 

 

Figure 4.9: Digital photograph of MCE membrane printed with 2 M silver nitrate and 4 M KBr/KI 

before reduction (A) and after reduction followed by hypo washing (B). 

A hot block technique
75

 was used with an aim to prepare transparent conductive 

electrodes. Mixed cellulose ester membrane (MCE) was printed with 2 M silver 

nitrate and 4 M KBr/KI solution and developed using D-76 developer. Then the 

AgNW-MCE film was treated with acetone vapor. Due to acetone vapour infiltration 

the white and porous MCE membrane was expected to change into transparent and 

pore free structures.  However, the acetone treated membranes were not transparent, 

but the sample was conductive.   

Some experiments were done in solution for preparing long silver nanowires. A 

solution of polyvinylpyrrolidone (PVP) 5 wt. % was prepared. Now 1 ml of 1.67 M 

KBr/KI solution was added followed by the addition of 1.67 M silver nitrate and then 

exposed to light for 5 minutes.  After that 5 mL of developer D-76 was added and 

A B 
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kept for 10 minutes followed by addition of hypo and then centrifugation for 5 times 

to remove unreacted precursors and by-products of the reaction. Samples were also 

prepared for SEM analysis.  

 

 

 

 

Figure 4.10: FESEM image of an undeveloped sample cast from solution (A) and after development 

followed by hypo washing and centrifuging 

Figure 4.10A indicates that, due to PVP the silver bromide particles have aggregated 

together.  The morphology of silver nanowires is shown in figure 4.10B. 

Summary of the work on preparing transparent electrodes 

 The aspect ratio of silver nanowires is very low.  

 We do not have control on the growth of wires. 

 The diameter is also not uniform. 

 The deposition density (mg/  ) of AgNWs is very high. 

 The silver nitrate may react with transparent sheet and may impart colour.  

For getting transparent conductive electrodes the diameter of silver nanowires
35-37,75-81

 

required to be less the 100 nm and length greater than 5    the deposition density 

should also be as low as possible without losing conductivity. 

4.3 Inkjet printed silver nanostructured filter paper for water purification 

Metallic silver and its compounds have excellent antibacterial properties
82,83

. Silver 

acts as an inhibitor for most of the bacterial proteins, DNA and enzymes. It also 

causes cell membrane perforation and alteration of selective permeability leading to 

bactericidal effects
84

. Treatment with silver nanoparticles results in pitted membranes, 

increased membrane permeability and cytoplasm leakage in E-Coli. Silver 

nanoparticles (AgNPs) show strong biocidal effects on as many as 16 species of 

bacteria including E-coli
85

. Due to this, silver ions are being used in the formulation 

of dental resin composites
86-89 

ion exchange fibers
90

 and coatings of medical devices
91-

B A 
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93
. The antimicrobial activity of silver particles has also been investigated in several 

studies. 

The use of filter papers coated with silver nanoparticles/ nanowires for removing 

bacteria from contaminated water was also investigated. Filter paper is a low cost 

material that is also biodegradable, biocompatible and can be manufactured in a 

sustainable manner. The hydrophilic nature and porous structure of fiber allows 

binding of nanoparticles/nanowires by capillary forces resulting in a high loading of 

nanoparticles/nanowires.  

4.3.1 Mechanism of  releasing silver ions from silver nanoparticles 

There has been significant debate regarding the antibacterial activities of silver 

nanoparticles vis-à-vis their ability to act as a reservoir of silver ions. Recently, Xiu 

et.al.
94  

have shown that silver nanoparticles exhibit negligible particle-specific 

antibacterial activity and that their role is that of a reservoir of silver ions. They 

explained the reaction mechanism of toxicity as: 

oxidation of silver nanoparticles in aqueous solution when exposed to air 

                    

in acidic condition, 

                            

The release of silver ions depends on availability of oxygen. They clearly showed that 

silver ions are not released, when AgNPs/AgNWs were stored under anaerobic 

conditions. The presence of chloride, sulphide, phosphate or organic ligands in water 

reduces the bioavailability of free silver ions and reduces the toxicity of filters based 

on the direct addition of silver ions. However, the AgNPs/ AgNWs can act as a 

continuous source of ions because of their large surface to volume ratio. 

An objective of this work was to synthesize nanostructured silver coated membranes 

for water filtration. Initially, we used reactive inkjet printing of silver nanoparticles 

produced by in situ reduction of silver nitrate solution on filter paper either by 

ascorbic acid solution or photoreduction
95

 (photolysis and chemical reduction).  
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4.3.2 Printing of Ascorbic Acid solution 

Ascorbic acid (Vitamin C) was used as a reducing agent. In the redox reaction, silver 

ion requires one electron and each ascorbic acid molecule can donate two electrons. 

To ensure complete reduction, we used equimolar solution (1.7 M) of ascorbic acid. 

Ascorbic acid also acts as the stabilizer for silver nanoparticles. A 50 wt.%       

solution was prepared and added to ascorbic acid solution for maintaining the pH at 8 

(as the reaction is faster at this value). Silver nanostructures were formed in situ by 

printing ascorbic acid on top of silver nitrate, using the same design for printing. 

As the redox reaction (silver nitrate and ascorbic acid) was rapid, the formation of 

silver nanoparticles could be observed immediately after printing as indicated by the 

change in color of the paper. The color of coated filter paper varies from white to 

brown and to gray, depending on the amount of silver deposited. In the 

photoreduction method the color changes when exposed to light and became metallic 

silver after developing and washing (figure 4.11A, B, C, D) 

                        

Figure 4.11 .Digital photograph of the filter paper (A) after printing 5 times KBr +KI solution and 

silver nitrate and exposing under Halogen lamp after every printing cycle for 5 min, (B) image after 

dipping in developer and washing, (C) 5 prints of silver nitrate and ascorbic acid, and after being 

washed with water and (D) 5 M silver nitrate printed cotton cloth reduced by developer hydroquinone 
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In the photoreduction method silver nanowires were formed and it was cherecterized 

using Scanning Electron Microscopy (SEM). The presence of nanostructures is clear 

in the samples and shown in figure 4.12 

   

 

 

 

 

 

 

 

                      

 

Figure 4.9. Representative SEM images of (A) photoreduced filter paper, (B)  plan  view of ascorbic 

acid printed filter paperand (C) filter paper without any coating  

Table 4.3: Measured Flow rates [See Appendix- A] 

S.No. Filter paper 

sample used 

Quality 

of 

water 

used 

Initial 

head 

(cm) 

Effective 

flow area 

(   ) 

Averageflow 

rate (mL/min) 

Effluent 

quality 

(Visual 

observation) 

1 Without print DI 6.5 94.985 143.4 Normal 

2 Without print DI 6.5 63.585 94.2 Normal 

3 Without print Tap 10 63.585 114.6 Normal 

4 Without print DI 10 63.585 141.0 Normal 

5 1 print of 1.7M 

ascorbic acid 

solution 

DI 10 63.585 171.3 Dirty 

6 1 print of 2M 

silver nitrate 

solution and 1.7 

DI 10 63.585 178.0 Dirty 

B A 

C 
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M ascorbic acid 

solution 

7 2 prints of 2M 

silver nitrate 

solution and 1.7 

M ascorbic acid 

solution 

DI 10 63.585 190.0 Dirty 

8 With 5 prints of 

2M silver nitrate 

solution and 

1.7M ascorbic 

acid solution 

DI 10 63.585 210.0 Dirty 

9 With 5 print of 

1M KBr/KI 

solution and 1M 

siver nitrate 

,exposed and 

developed 

Tap 10 63.585 173.4 Normal 

 

Table 4.3 summarizes the results of flowrate measurements carried out using various 

samples. The first two results show that  flow through filter paper scales with the area 

exposed, i.e.more the exposed area higher the flowrate through filter paper. This result 

(that flowrate is proportional to exposed area) is also an indirect evidence that the 

setup used does not have any leakage paths. In the third run, the flow rate decreased 

because of the use of tap water, which contains particles and these may result in 

blocking of pores of filter paper. The monotonous run to run decrease of measured 

flowrate (Table A.5 Appendix-A) using tapwater as feed is also indicative of particle 

buildup. These initial runs that were carried out in a conical funnel set-up, which 

results in a head variation with time. We then designed another set-up, similar to the 

standard Herzberg flow tester
98

 wherein a constant head is maintained throughout the 

duration of the experiment. The fourth run, using the modified setup, yields a flowrate 

value of 141 mL/min, which corresponds well with the flow rate value mentioned by 

filter paper manufacturers. 1 print of 1.7M ascorbic acid solution increases the flow 

rate significantly. This is attributed to the hydrolysis of cellulose fiber of filter 
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paper
96,97

, with ascorbic acid acting as a catalyst for hydrolysis of cellulose. 

Hydrolysis of fiber results in an increase of the pore size, hence, flow rate 

increases.The extent of the hydrolysis reaction will also depend on the nature of 

contact between ascorbic acid and the paper fibers. If acid first comes into contact 

with silver nitrate, then it will reduce silver salt while part of fiber that does not 

contain silver salt will be hydrolyzed. The effluent is dirty and colored because it may 

contain ascorbic acid, dissolved fiber and silver particle that leached out during 

filtration. The flow rate from photo reduced filter paper is also higher than normal 

filter paper. It is again due to basic hydrolysis of cellulose fibers. The effluent water 

was clean, which indicates there is no leaching of unreduced silver or other by-

product of reaction. So photo reduced filter paper can be used for water filtration 

because it contains only silver nanostructures. In the ascorbic acid method, the paper 

also contain unreduced reactants, which come out during filtration. Ascorbic acid also 

support hydrolysis of paper which in turn reduces the strength of paper. 

These initial results are promising and indicate that the process of reactive inkjet 

printing described earlier can help fabricate filter papers coated with silver nanowires 

at a low-cost.   
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Chapter 5 

Summary and scope for future work 

The formation of silver nanowires on paper using inkjet printing to form conductive 

patterns has been actively pursued worldwide; this is the first report of successful 

formation of silver nanowires on paper using inkjet printing. Also, the formation of 

such nanowires insitu enables the use of salt solutions as precursors, which eliminates 

the need for costly formulation of nanoparticle/nanowire laden inks and also the 

requirement for sophisticated print heads to deliver the inks. The results of this work 

should have significant impact in various fields requiring patterned conductors on 

paper such as on-site theranostics, low-cost water filtration aids and flexible electronic 

devices. 

Future work  

 Optimize the aspect ratio of silver nanowires to overcome the issues in making of 

transparent conductive electrode.  

 Testing inkjet printed silver nanostructured paper for various flexible electronic 

devices.  

 Characterization of effluent collected form filtration operation for determining 

silver and silver ion  content. 

 Testing of antibacterial activity of silver nanostructure coated filter 

paper also analyzing the silver taken up by the bacterial cells during 

percolation through the silver nanoparticles loaded filter paper. 

 Optimize silver particle/nanowires concentration for effectively killing 

bacteria. 

 Testing of materials other than filter paper like clothes for printing and their 

filtration properties. 
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Appendix- A 

Sample Calculation: 

1. Calculation of Volume per print per square centimeter 

             Area printed =            

Table A.1: Data for 10sets of printing (10 times print in each set) 

Before printing 

(g) 

After printing 

(g) 

Change in 

weight (g) 

Amount (mg) of 

water used per 

print per square 

centimeter 

30.503 29.676 0.827 1.3006 

29.676 28.954 0.731 1.1496 

29.624 28.796 0.828 1.3022 

28.796 28.066 0.730 1.1481 

30.925 30.032 0.893 1.4044 

30.032 29.298 0.734 1.1544 

29.298 28.570 0.727 1.1433 

31.056 30.233 0.823 1.2943 

30.233 29.505 0.728 1.1449 

29.505 28.769 0.738 1.1575 

Average mass of water printed per run per square centimeter  

=                      

Sample calculation 

Change in mass =0.827 g 

Mass printed per run per square centimeter  

= 
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2. Model calculation for the thickness of layer of silver nanowires formed on 

paper, assuming uniform plating. 

Assumption:  silver nitrate solution density is 1      

Total volume of silver nitrate printed per run per square centimeter  

                                          =                     

The total amount of silver nitrate solution used for printing 9    area with silver 

nitrate concentration 1.67 M three times(run) 

                 (

 

   

   
)   (

   

 
)         

                      

Concentration of            =       
        

    
                   

Mass of         printed                                      

Mass of         printed per square centimeter 

                                   

 

Assuming 100% reduction of silver nitrate to silver, then 1mol       = 1 mol Ag 

 Silver deposited                  
             

   
                  

Density of silver =             

Volume of silver deposited    
           

                          

Area printed        (plan view) 

Assuming uniform dense printing (uniform layer thickness) 

Thickness of layer                                                
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3. Calculation of conductivity of silver coated electrodes 

Table A.2: Data for conductivity calculation with number of print = 3 

Concentration 

of Silver 

Nitrate(M) 

Mass of Silver 

Nitrate printed   

         

Sheet resistance(  

 ) 

By  4 probe IV 

0.167 0.104 117     

0.333 0.207 1365 

0.5 0.311 236.950 

0.667 0.415 66.415 

0.833 0.518 36.700 

1.00 0.622 31.155 

1.167 0.726 21.156 

1.333 0.829 13.061 

1.5 0.933 7.046 

1.67 1.039 4.924 

 

As we know the thickness of film (theoretically calculated and by SEM image 

analysis), we can calculate the resistivity as: 

                                                      

For theoretically calculated film thickness 629nm  

                               

                          

             
 

              
               

Similar for calculated thickness 825nm from SEM images conductivity =       
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4. Measurement of flow rate though filter paper  

4.1 Checking setup consistency with standard Herzberg flow tester 

Filtration speed measure by Herzberg flow rate tester
98

. In this test, the effective flow 

area is        and a constant head of     is maintained. Time required for 

collecting        pre-filtrate water is known as flow rate through filter paper. For 

grade 2 filter paper        water was collected in 240 seconds, so  

                  Flow rate = 
      

          
 

                                   = 0.416  mL/second = 25  mL/min. 

In the experimental setup, the head is maintained by opening and closing of normal 

water tap or DI water tap and monitoring the level visually. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

110 mm 6.5 cm                    

90 mm 6.5 cm 1
0

 c
m

 

Figure A.1 Setup without PVC pipe Figure A.2 Setup with PVC pipe 
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Table A.3: Flow rate for setup without PVC pipe and filter paper without print (DI 

water was used) and 100 ml water is collected 

S. No. Time (s) Flow rate (mL/s) 

1 41 2.44 

2 39 2.56 

3 43 2.33 

4 43 2.33 

5 44 2.27 

Average flow rate = 2.39      =143. 4 mL/min 

Head = 6.5 cm 

Effective flow area  
    

 
               Diameter D = 110 mm 

 

Table A.4: Flow rate for setup with PVC pipe and filter paper without print (DI water 

used) and 100 ml water is collected 

S. No. Time (s) Flow rate (mL/s) 

1 58 1.72 

2 60 1.67 

3 66 1.51 

4 67 1.49 

5 69 1.45 

Average flow rate = 1.57      

Head = 6.5 cm 

Effective flow area  
    

 
             Diameter D = 90 mm 

Since           area give the flow rate = 2.39      

So            area will give the flow rate = 
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Table A.5: Flow rate form setup with PVC pipe and filter paper without print (Tap 

water used) and 100 ml water is collected 

 

S. No. Time (s) Flow rate (mL/s) 

1 41 2.44 

2 43 2.32 

3 50 2.00 

4 50 2.00 

5 50 2.00 

6 54 1.85 

7 60 1.66 

8 62 1.61 

9 63 1.59 

10 63 1.59 

 

Average flow rate = 1.91      = 114.6        

Head = 10 cm, Effective flow area  
    

 
            

Since            area give flow rate 114.6         

So         will give                          =  
        

      
              

Table A.6: Flow rate for setup with PVC pipe and filter paper without print (DI water 

used) and 100 ml water is collected 

S. No. Time (s) Flow rate (mL/s) 

1 37 2.70 

2 44 2.27 

3 43 2.32 

4 40 2.50 

5 44 2.27 

6 41 2.44 

7 41 2.44 
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8 45 2.22 

9 45 2.22 

10 47 2.13 

 

Average flow rate = 2.35      = 141         

Head = 10 cm, Effective flow area  
    

 
            

Since            area give flow rate 141         

So         will give                          =  
      

      
             

Table A.7: Flow rate for setup with PVC pipe and filter paper with 5 print of 1M 

KBr/KI solution and 1M silver nitrate, exposed under halogen lamp after each 

printing cycle and developed and washed (DI water used) and 100 ml water is 

collected 

S. No. Time (s) Flow rate (mL/s) 

1 29 3.45 

2 31 3.22 

3 31 3.22 

4 34 2.94 

5 33 3.03 

6 36 2.74 

7 38 2.63 

8 40 2.50 

9 38 2.63 

10 40 2.50 

 

Average flow rate = 2.89      = 173.4         

Head = 10 cm, Effective flow area  
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Table A.8: Flow rate for setup with PVC pipe and filter paper with 1 print of 1.7M 

ascorbic acid solution (DI water was used) and 100 ml water is collected 

S. No. Time (s) Flow rate (mL/s) 

1 33 3.03 

2 33 3.03 

3 34 2.94 

4 36 2.77 

5 35 2.85 

6 35 2.85 

7 36 2.77 

8 36 2.77 

9 36 2.77 

10 36 2.77 

Average flow rate = 2.86      = 171.3         

Head = 10 cm, Effective flow area  
    

 
            

Table A.9: Flow rate for setup with PVC pipe and filter paper with 1 print of 2M 

silver nitrate solution and 1.7 M ascorbic acid solution (DI water used) and 100 ml 

water is collected 

S. No. Time (s) Flow rate (mL/s) 

1 29 3.45 

2 31 3.22 

3 35 2.85 

4 32 3.12 

5 34 2.94 

6 35 2.85 

7 36 2.77 

8 35 2.85 

9 36 2.77 

10 35 2.85 

Average flow rate = 2.97      = 178         
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Head = 10 cm,         Effective flow area  
    

 
            

Table A.10: Flow rate for setup with PVC pipe and filter paper with 2 prints of 2M 

silver nitrate solution and 1.7 M ascorbic acid solution (DI water used) and 100 ml 

water is collected 

S. No. Time (s) Flow rate (mL/s) 

1 29 3.45 

2 29 3.45 

3 30 3.33 

4 32 3.12 

5 31 3.22 

6 34 2.94 

7 32 3.12 

8 34 2.94 

9 32 3.12 

10 33 3.03 

 

Average flow rate = 3.17      = 190         

Head = 10 cm, Effective flow area  
    

 
            

Table A.11: Flow rate for setup with PVC pipe and filter paper with 5 prints of 2M 

silver nitrate solution and 1.7 M ascorbic acid solution (DI water used) and 100 ml 

water is collected 

S. No. Time (s) Flow rate (mL/s) 

1 28 3.57 

2 27 3.70 

3 28 3.57 

4 29 3.44 

5 28 3.57 

6 29 3.44 

7 29 3.44 

8 29 3.44 
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9 29 3.44 

10 30 3.33 

 

Average flow rate = 3.50      = 210         

Head = 10 cm, Effective flow area  
    

 
            

5 List of chemicals used 

Table A.12: List of chemicals used  

S. 

NO. 

Chemical Name and 

Molecular formula  

Mol. 

weight 

Catalog 

No./ 

Product 

No. 

Supplier  Grade  

1 Polyvinyl 

alcohol(PVA)         

85000-

124000 

39791K05 SDFCL Degree of 

hydrolysatio

n  86-89% 

2 Sodium thiosulphate 

anhydrous         

158.11 20825K10 SDFCL 98% AR 

3 Sodium sulphite 

anhydrous extrapure 

       

126.04 1949130 SRL 98% AR 

4 di-Sodium tetra 

borate(Borax 

powder)              

381.38 27965 SQ 98% 

5 Potassium bromide KBr 119.00 20195 SDFCL 99.5% AR 

6 Potassium chloride KCl 74.55 20198 SDFCL 99.5% AR 

7 Potassium iodide KI 166.01 P0470 RFCL 99.8% 

8 L-Ascorbic acid        176.13 54006 SDFCL 99% LR 

9 Polyvinylpyrrolidon(PVP)  10000 P-2019 Rolex 

Lab. 

LR 

10 Propan-1-ol       601.10 20345105 SDFCL 99.5% AR 

11 Sodium chloride NaCl 58.44 20241K05 SDFCL 99.9% AR 

12 Quinol 110.11 20312K01 SDFCL 99.5% AR 
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90 mm 

(Hydroquinone)        

13 Metol (N-methyl-p-

aminophenol 

sulphate)

                  

344.39 39266K01 SDFCL 99% LR 

14 Polyethyleneimine(PEI) - P0381 TCI 30% in water 

15 Sodium Carbonate 

anhydrous        

105.99 106392.05

00 

MERCK 99.9% GR 

 

A.2: Flow rate measurement setup  

    

Figure A.2a flow rate measurement setup   

 

 

 

Figure A.2b Cross-sectional view of Buchner funnel 
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A.3: Printer set up: 

                       

                         Figure A.3. HP Deskjet printer (Model J 1000) with the top cover removed 

A.4: Schematic of Process of fabrication 
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