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Abstract 

Zinc oxide is a material of high interest due to its wide variety of applications caused by its wide 

bandgap and piezoelectric properties. To optimize the efficiency of the piezoelectric crystal, the 

dimensions of the crystal need to be optimized. Theoretically, the maximum potential will be 

achieved by growing a thin platelet with a [0001] growth direction. However, these platelets cannot 

be grown using the current synthesis techniques. To grow ZnO platelets a matrix may be used. 

Since in nature the size, shape and structure is precisely controlled, as is shown by the 

mineralization of hydroxyapatite platelets in collagen. A collagen matrix may be used. 

To use collagen as a template for crystal growth a mild reaction pH (5-9) and temperature (40 °C) 

is required. Otherwise the collagen will denaturate and lose structure. Currently the synthesis of 

ZnO at mild pH requires a reaction temperature of > 50 °C, this temperature is needed for thermal 

base release. To circumvent this temperature restriction a direct base titration strategy is 

investigated.  

Using ammonia titration at 37 °C and low pH (6.0 – 6.5), ZnO can be synthesized. In the reaction 

product a major phase of layered basic zinc acetate (LBZA) is found. The ZnO yield can be 

increased by using additives such as l-Lysine or poly(allylamine) to promote crystal growth. This 

work shows that ZnO can be synthesized at collagen friendly conditions.  
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1 Introduction 
Piezoelectric materials have a wide variety of applications. They are found in, e.g., sensors,1–5 

actuators6–10 and microelectronic mechanical systems.11–13 This is mainly due to the advantageous 

property that piezoelectric materials are able to accurately change in size and shape upon applying 

an electric voltage.14 However, there are also some disadvantages of the current piezoelectric 

materials, e.g., environmental conditions such as temperature and humidity have a negative effect 

on the performance of the material. Furthermore, they only produce a small amount of electrical 

charge and the output voltage produced is relatively low. Besides this, many of the components of 

piezoelectric materials, such as lead, are toxic and difficult to work with.15 By using a non-toxic 

precursor and a relatively easy synthesis route this problem may be reduced. A well-known 

piezoelectric crystal is wurtzite, zinc oxide (ZnO). This crystal can be formed using non-toxic, bio-

friendly and biocompatible precursors and has been synthesized using hydrothermal methods, a 

relative easy and potentially bio friendly synthetic method. 

To optimize the efficiency of the piezoelectric crystal, the dimensions of the crystals need to be 

optimized. When a piezoelectric crystal is thin, less mechanical stress is needed to bend the crystal 

and gain the same potential difference as when a thicker crystal is used. Thus, by growing ZnO 

crystals into platelets, the efficiency of the piezoelectric behavior may be improved. It is possible 

to synthesize ZnO into platelets using a zinc sulfate precursor.16 Unfortunately, these platelets 

grow in the [1000] or [0100] direction, while for ZnO piezoelectric materials preferential growth 

in the [0001] direction is desired.16 Therefore, another suitable synthetic method to form ZnO 

platelets must be found.  

To form ZnO platelets with the desired [0001] growth direction the morphology of the ZnO 

crystals needs to be controlled. This control may be gained by growing the crystals within a matrix. 

Previously liquid crystals have been used as a matrix to create biomimetic composites.17 However, 

platelet growth has yet to be accomplished. On the other hand, collagen has already proven itself 

as a successful matrix to grow calcium phosphate platelets.18 The hierarchical pore structure of 

collagen could provide a template to grow uniformly sized platelets of ZnO. In order to grow ZnO 

crystals in a collagen matrix, the synthesis conditions should be compatible with the collagen. This 



   

2 
 

means a mild pH, between 5 and 9,19 a reaction temperature below 40 °C and atmospheric 

pressure.20 Furthermore, the precursor needs to be able to infiltrate the collagen.  

1.1 ZnO Crystallography, properties and applications 

ZnO may be used in a wide variety of application such as catalysis,21,22 solar cells,23,24 transparent 

semiconductors,25 light emitting diodes,26–28 sensors4,29–34 and actuators.35–37 This due to its wide 

direct bandgap (Eg) of 3.37 eV at 27 °C,38 large exciton binding energy and piezoelectric 

properties. ZnO can be found as a rock salt (Fm3m), zinc blende (F-43m) and wurtzite (P63mc) 

crystal structure as schematically represented in Figure 1.1 In order to obtain these polymorphs, 

different synthesis parameters need to be considered. Rock salt crystals may be obtained by a 

synthesis at high pressures,39,40 while the zinc blende crystals can be stabilized by growth on a 

cubic substrate.41 Finally wurtzite crystals can be grown under relatively mild conditions (1 bar, 

70-110 °C) and possess most of the previously mentioned properties,42,43 This implies that the ZnO 

polymorph formed under bio-friendly conditions will most likely be wurtzite ZnO.  

Figure 1.1: Model of ZnO crystal structures. (a) Rock salt, (b) Zinc blende, (c) Wurtzite.44 

The wurtzite structure consists of two interpenetrating cph (close packed hexagonal) lattices and 

has space group C63mc. The difference between this space group and the space group of the cph 

lattice is the absence of a horizontal mirror plane. Within non-center symmetric structures, a dipole 

moment can be observed. For wurtzite ZnO this dipole moment is directed along the c-axis of the 

crystal lattice, giving rise to two polar {0001} surfaces. The polar surfaces are the least stable from 

an electrostatic point, frequently leading to anisotropic crystal growth along the c-axis. This 

minimizes crystal growth of the {1010} surface while maximizing crystal growth of the {0001} 

surface.45 
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The piezo-electrical properties of ZnO are a result of the wurtzite crystal structure. When stress is 

applied perpendicular to the c-axis, the ions are compressed within their crystal structure as shown 

in Figure 1.2,46,47 forcing the charges within the crystal out of balance, inducing an electric 

potential. The advantage of this property is that mechanical energy can be transformed into an 

electrical potential. The reverse is true as well, when a charge is applied to the crystal the charges 

within the crystal are forced out of balance resulting in a displacement, thus converting electricity 

into mechanical energy. Control over the size and growth orientation is crucial, as this will 

determine the piezoelectric properties and bandgap for the specific applications. 

Figure 1.2: Mechanism of piezoelectricity. (a) Atomic model of ZnO wurtzite structure. (b) 
Piezo-potential in non-loaded equilibrium, compression and tension model of piezoelectric 

nanogenerators.46 

1.2 Synthesis of wurtzite ZnO 
The properties of ZnO crystals are strongly dependent on the morphology and size of the crystals. 

It is important to control the size, shape and morphology of the crystals during the synthesis. For 

this reason, many methods can be applied to synthesize ZnO crystals, such as electrochemical 

deposition,48–51 metal organic chemical vapor deposition,21,52 pulse laser deposition53,54 and sputter 

deposition techniques.55,56 These methods require harsh or precise reaction conditions such as high 

temperatures, accurate gas concentrations and flow rates. A more facile, economic and 

environmentally friendly synthetic route is the hydrothermal method. This method has several 

advantages compared to other synthetic methods, such as the use of a simple set up and relatively 

low temperature, 70-110 °C.42,43
 

1.2.1 Proposed reaction mechanisms 

Several reaction mechanisms for the crystallization of ZnO have been proposed over the years. 

Interestingly, not one single theory has been accepted as the universal ZnO synthesis mechanism. 

However, all these theories agree on the need of a precursor and hydroxides (a base) within the 
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system. The second is added either directly or indirectly into the system. The most widely used 

materials for this are potassium hydroxide (1.1), ammonia42 and hexamethylenetetramine (HMTA) 

(1.2) respectively. The ammonia created by the decomposition of HMTA (1.2) hydrolyzes into 

ammonia hydroxide and gives rise to the OH- concentration (1.3).  

The most straightforward reaction mechanism to form ZnO is the precipitation of Zn2+ ions and 

the formation of water (1.5). However, the observations of intermediate species have been found 

indicating this reaction mechanism may be an oversimplified representation.57,58  

Furthermore, kinetic studies showed the formation of hydroxide complexes,43 depending on the 

pH and temperature of the reaction the formation of these complexes will occur under different 

conditions (Figure 1.3). The hydroxide complexes that can be formed are: 

When supersaturation of zinc hydroxide complexes is reached, the complex formed as shown in 

equation 1.9 reacts, leading to larger zinc hydroxide species as shown in equation 1.10. The 

formation of these complexes is in accordance with kinetic studies, looking at Zn(II) species at 

different pH as seen in Figure 1.3. The formed complexes are not only dependent on the pH but 

also on the temperature and other species that are present in the reaction mixture. According to 

Ashfold et al. several ammonia complexes are formed in the presence of HMTA and it is evident 

that at low temperatures ammonia complexes are predominantly formed above pH 7.59  
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Figure 1.3: Speciation diagram showing the percent of Zn(II) present in the labelled form at 
each pH. Only species that are present at a ratio greater than 10% in the pH range 2–13.5 are 

displayed.59 

The complex formed as shown in equation 1.10 is expected to form the ZnO nuclei, after which 

the ZnO crystals are formed by dehydration of hydroxide groups and hydroxide ligands of the 

hydroxyl complexes on the surface of the growing crystal. The ZnO synthesis under bio friendly 

conditions needs to be conducted between pH 5 and 9 since zinc hydroxide species (1.8, 1.9, 1.10) 

only get formed above pH 10. Therefore, it can be assumed that another reaction mechanism is at 

place in the bio-friendly synthesis.  

1.2.2 Hydrothermal synthesis of ZnO 

The role of HMTA during the crystallization of ZnO has been widely discussed. First of all, HMTA 

regulates the pH and acts as a hydroxide source by thermally degrading into ammonia and 

formaldehyde above 50 °C, as can be seen in equation 1.2,43,60 Furthermore, it is known that 

ammonia acts as a capping agent during the synthesis of ZnO.61,62 For a typical hydrothermal 

synthesis of ZnO a zinc precursor and hexamethylenetetramine (HMTA) are dissolved in ultrapure 

water. The solution is mixed and heated to 70 – 110°C for an average of six hours. The reaction 

mixture is then brought back to room temperature, purified by centrifugation and typically dried 

in an oven (250-500°C).42,43 This purification will result in pure ZnO as residual products, such as 

zinc hydroxide, that are formed during the synthesis will be converted to ZnO in the oven.  

1.2.3 Influence of direct- and indirect base addition.  

During the indirect base addition by HMTA decomposition pure ZnO is formed within 6 hours 

under relatively low temperatures (70-110 °C).42,43 There is, however, limited control over the 
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reaction. First, there is no direct control on the addition rate of base. Secondly, there has not been 

a clear consensus on the role of HMTA within the system. It has already been proven that the 

decomposition rate of HMTA is independent of present reactions during the ZnO deposition and 

thus it acts as an kinetic buffer.59 However, it is also proposed that HMTA acts as a nonpolar 

chelating agent that preferentially attaches to the {1010} surface, increasing the anisotropic growth 

along the c-axis.63 This has later been refuted by claiming that HMTA does not get adsorbed on 

one of the ZnO surfaces, but that the role of HMTA is only to control the saturation index of ZnO 

through a slow release of base.64 These contradicting statements lead to an unclear representation 

of the ZnO formation.  

An alternative of base addition is the direct approach. In a one pot synthesis, potassium-, sodium 

hydroxide or ammonia is added to the reaction mixture. This eliminates the temperature restriction 

for the decomposition of HMTA is no longer needed. However, this base addition method leads to 

a high base concentration at the start of the reaction (around pH 10-11), possibly resulting in a 

different reaction mechanism for the formation of ZnO. A possible solution to circumvent the 

disadvantages of these base addition methods is to add the base in a controlled rate by titration. 

Giving the possibility to control the synthesis process by regulating not only the amount of base, 

but the kind of base itself that is added to the system.  

1.2.4 Influence of pH, concentration, time and temperature 

Several parameters and their influence on the ZnO crystals have been investigated.65 These 

parameters are the pH, concentration, time and temperature. During the research of Amin et al. the 

baseline experimental setup wat to add an equimolar amount of zinc nitrate and HMTA to a glass 

beaker in which a pre-seeded substrate was suspended for five hours at 90 °C in an oven. Changing 

the starting pH of the reaction mixture results in a change in size and morphology as seen in Figure 

1.4. However, since HMTA is present in the system, upon heating the pH of the reaction mixture 

can increase due to the release of base, which could also affect the morphology and size of the 

product. However, this effect is not discussed within these results. Around starting pH 7 rod-like 

structures are found (Figure 1.4 f). When the starting pH is increased to pH 9, nanotetrapod 

structures are found (Figure 1.4 a) and this could be contributed to the increase of OH- 

concentration giving rise to anisotropic growth directions. When the pH is increased even further 

the growth rate increases, leading to an increase of ZnO particles in solution. Flower-like structures 
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are formed as a result of this (Figure 1.4 b). Upon increasing the initial pH to 11.2, the structures 

become urchin-like with needle lengths about 2 µm (Figure 1.4 a). If the starting pH is lower than 

7, the structures obtained are hexagonal nanorods. Both the diameter and length of the nanorods 

seemed to increase upon lowering the pH. At an initial pH of 1.8, the rods are eroded (Figure 1.4 

d), supporting the results that ZnO is etched in acidic enviroments.66  

Figure 1.4: SEM images of ZnO crystals grown in aqueous solution with varying pH. (a) pH 9.1, 
(b) at pH 10.8, (c) at pH 11.2, (d) at pH 1.8, (e) at pH 4.6 and (f) at pH 6.6.65 

Increasing the precursor concentration will lead to a change in nucleation density and dimension 

of the ZnO crystal. In all these reactions an equimolar concentration HMTA and zinc nitrate was 

used. If the concentration is < 5 mM, no ZnO growth is achieved. Increasing the concentration 

(10-25 mM) will lead to wire-like nanorods. Still higher concentrations lead to well-defined ZnO 

nanorods, finally leading to a thin film if the concentration is > 400 mM. The growth time has an 

obvious effect on the ZnO crystals. After nucleation ZnO nanorods continue to grow with 

increasing growth time. After about 10 hours the crystals have reached their optimal size. The 

system will be in a closure-precipitation equilibrium stage. The temperature of the synthesis has a 

great impact on the aspect ratio and morphology, which is partially due to the decomposition 
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temperature of HMTA.43 Furthermore, if the temperature is increased from 50 to 95 °C, the aspect 

ratio gradually increases and the morphology is changed from hexagonal bi-pillars to nanorods. 

1.3 Objective of thesis 
The work presented in this thesis, focusses on synthesizing wurtzite ZnO crystals under bio-

friendly conditions. The final goal is to synthesize ZnO nano-plates in a collagen matrix, resulting 

in crystals of the same size as those of apatite crystals grown in collagen. For this to become a 

reality, the reaction temperature needs to be decreased to < 40 °C and the reaction should take 

place at a pH range of pH 5-9.  

We aim to achieve this in this work by growing ZnO crystals by a direct base titration method. By 

using the titration method HMTA degradation is circumvented, allowing for reaction temperatures 

below the degradation temperature of HMTA while maintaining a gradual addition of base. The 

reaction will be monitored using in-situ pH and temperature measurements. The bulk properties 

will be analyzed by powder X-ray diffraction (pXRD) while the morphology and size will be 

studied by Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). 

Furthermore, the structures found in TEM will be characterized by Selective Area Electron 

Diffraction (SAED). 

In the work described in chapter 2, ZnO crystals are formed using base titration as base source. 

The reactions were performed under different reaction temperatures, reaction times and pH to 

investigate the influence of these conditions. The results show that the base titration system was 

successful and that layered basic zinc acetate (LBZA) is formed at lower reaction temperatures.  

In chapter 3 the possibility of using additives to promote the growth of ZnO is investigated. pXRD 

data showed the difference in composition caused by the additives. The difference in reaction 

product can be described to the used additive. To explain the effect of the additive on the reaction 

the molecular structures have been compared.  
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2 Experimental details 

2.1 Materials 
All experiments were conducted with Milli-Q water. Zinc acetate was supplied by Acros Organics 

as a white powder. Potassium hydroxide pellets, triethylenetetramine, poly(allylamine 

hydrochloride), l-Lysine and hexamethylenetetramine powder were purchased from Sigma-

Aldrich. Branched poly(ethyleneimine) was acquired from Alfa Aesar. The ammonia 28% solution 

was supplied by UWV as a clear liquid. All chemicals were used as received.  

2.2 Methods 

2.2.1 Experimental reactions chapter 3 

Zinc acetate dihydrate (2.5 mmol) was added to a 100 mL 5 neck-flask and dissolved in 50 mL 

milli-Q water. The mixture was place in an oil bath and continuously stirred at room temperature 

for 10 min. Then the pH was adjusted to pH 6.4 or 8.3 by dropwise addition of acetic acid or 

ammonium. The reaction was started by titrating ammonia (1.0 M) or KOH (0.0001 M) at 1.2 

mL/h (paragraph 2.1.1) and heating the reaction mixture to 37 °C or 56 °C. During the reaction the 

pH was monitored. After 6-144 hours the mixture was purified by centrifugation, using a 

Backman-Coulter Optima L-90K ultracentrifuge at 20000 rpm for 20 minutes. After redispersing 

in water, this procedure was repeated three times to remove salts and other impurities. 

2.2.2 Experimental reactions chapter 4 

Zinc acetate (2.5 mmol) was dissolved in 25 mL milli-Q water, separately either; polyethylenimine 

(0.026 mmol), l-Lysine (0.34 mmol), triethylenetetramine (0.18 mmol) or polyallylamine 

hydrochloride (0.0024 mmol) was dissolved in 25 mL milli-Q water. Both solutions were mixed 

in a 100 mL 5-neck-flask. The mixture was place in an oil bath and continuously stirred at room 

temperature for 10 min. Then the pH was adjusted to pH 6.4 or 8.3 by dropwise addition of acetic 

acid or ammonium. The reaction was started by titrating ammonia (1.0 M) or KOH (0.0001 M) at 

1.2 mL/h (paragraph 2.1.1) and heating the reaction mixture to 37 °C or 56 °C. During the reaction 

the pH was monitored. After 6-144 hours the mixture was purified by centrifugation, using a 

Backman-Coulter Optima L-90K ultracentrifuge at 20000 rpm for 20 minutes. After redispersing 

in water, this procedure was repeated three times to remove salts and other impurities. 
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2.2.3 Titration experiments  

Titration experiments were conducted using a titration setup from Metrohm, together with a 20 

and 2 mL Dosino dosing unit, and temperature corrected pH probe connected to an 809 Titrando. 

The pH electrode was calibrated before each experiment using buffer standards at pH 4.0, 7.0 and 

9.0. The titration units and probe were controlled by Tiamo 2.2 software. The measurements were 

performed with 1-5 second interval time. All experiments were carried out in a 100 mL flask with 

a starting volume of 50-75 mL, which was continuously stirred by a hotplate and magnetic stirrer 

situated underneath the oil bath in which the flask was suspended.  

2.2.4 Average crystal size measurement 

In order to measure the crystals a few rules were put down to increase the reproducibility. These 

rules are as follows, (1) a minimum of a hundred crystals need to be measured. (2) At least five 

images need to be used. (3) The crystals need to lay flat. (4) The crystals need to be randomly 

chosen. (5) If the crystal is ellipsoidal the width will be measured at the broadest section. To 

measure the crystal size, a Matlab script (measure_lengths) was used. 

The crystal size will be noted as: average crystal size ± standard deviation of the distribution.  

2.2.5 Transmission electron microscopy (TEM) 

For dry TEM 200 mesh Cu grids with a continuous carbon film were used in the case of collagen 

measurements 200 mesh Au grids were used instead of Cu. After purifying the product, by washing 

and centrifuging, a 10 µL droplet of the dispersed solution was placed onto the TEM grid for 40 

seconds, after which the TEM grid was blotted for 3 seconds. 

All TEM samples were studied in a FEI Tecnai 20 at 200 kV. The TEM was equipped with a LaB6 

filament and a 2k × 2k Gatan CCD camera. TIA reader and ImageJ were used to analyze TEM 

images and SAED patterns.  

2.2.6 Scanning electron microscopy (SEM) 

For SEM imaging the same samples as for the TEM measurements was used. The TEM grids were 

placed in a stub containing six holes. Upon closing the lid of the stub the TEM grids stayed in 

place during the SEM measurements. The samples were studied with a Quanta 3D FEI at an 

acceleration voltage of 4,5-5 kV.  
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2.2.7 Powder X-ray diffraction (pXRD) 

pXRD measurements were conducted on a Rigaku MiniFlex with Bragg-Brentano geometry using 

coper radiation at 40 kV and 15 mA. Dried powder was applied to a glass slide. The pXRD patterns 

were acquired by step scans from 2θ = 2° to 2θ = 65° with a step size of 0.02° and an appropriate 

dwell time.  
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3 Titration controlled synthesis of ZnO crystals  

3.1 Introduction 
Titration has previously shown to be a useful tool to overcome limitations in the crystallization 

process at low temperatures of iron oxide.67 By titration of the reactants the addition rate as well 

as the pH could be controlled and registered.67,68 This method is applied to the ZnO synthesis by 

exchanging the indirect base source (HMTA) with direct ammonia titration. We hereby aim to 

circumvent the reaction temperature restriction given by the HMTA degradation. This will make 

it possible to monitor the effects of low temperatures on the ZnO reaction at a mild and controlled 

pH. Furthermore, we target to grow predominantly ZnO at low temperatures and observe the 

intermediate needed to form the ZnO crystals.  

During previous unpublished research within this group the hydrothermal ZnO synthesis, using 

HMTA and zinc acetate, was analyzed using in-situ cryoTEM sampling. This showed four general 

morphological regimes (I-IV) (Figure 3.1). At the start of the reaction rectangular sheets were 

observed with a preferential growth in the 010 direction. (I). Upon heating the sheets grew to 

micrometer-sized structures (II). After roughly one hour small amorphous clusters are observed 

and it is assumed that these clusters are primary particles (III). Corresponding with and observed 

drop in pH the primary rapidly disappear and hexagonal wurtzite ZnO pillars are formed (IV). 

These pillars have the preferential growth direction along the c-axis. These pH regions suggest 

that the ZnO crystals are formed by a multistep precursor assisted nucleation mechanism, guided 

by primary particles possibly templated on the formed sheets.  

Figure 3.1: pH and Temperature development with a representation of the four morphological 
regimes of the reaction between zinc acetate and HMTA. 
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3.1.1 Titration protocol 

To recreate the HMTA reaction using direct ammonia addition, a titration protocol was used. 

Similar to the HMTA reaction both the pH and temperature are continuously measured. Upon the 

start of the reaction the ammonia addition rate is set to 1.2 mL/h with a target pH of 6.7 or 8.6, 

depending on the start pH of the solution. The pH profile of the HMTA reaction is imitated, 

therefore during the titration the pH should stay within the same regime. For the HMTA reaction 

this is between pH 5.8 and 6.3. To anticipate pH changes due to lower reaction temperatures, the 

pH range was increased to a maximum pH of 6.7, meaning that the titration will automatically stop 

if this pH is reached and resume if the pH drops below this value. After 2 hours reaction time the 

target pH in the program is set to 6.0.  

The lower pH limit of 6.0 is chosen to maintain the formed product during the reaction. For several 

experiments the solution became completely clear after the pH dropped below 5.9 suggesting 

product dissolution. To confirm the effect of pH on the dissolution of ZnO, a previously 

synthesized product was dissolved consisting of ZnO and a sheet like material, resulting in a turbid 

mixture. Upon lowering the pH to just below 5.9, the mixture became completely clear, indicating 

that a lower pH influences the solubility of the product. 
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3.2 Results and discussion 

3.2.1 Imitation of HMTA system 

For reference ZnO crystals were synthesized using HMTA and zinc acetate at 74 °C for 6 hours. 

During the reaction the pH and temperature were continuously measured as seen in Figure 3.2. 

After purification, only hexagonal pillar shaped crystals were found using SEM and TEM imaging 

Figure 3.2 b-c. The crystals were confirmed to be wurtzite ZnO by pXRD (Figure 3.4). The grown 

crystals are not uniform in size and some are partially hollowed, this may be due to the sonication 

of the sample. Alternatively, the sample was not purified directly after synthesis. Possibly resulting 

in post synthesis etching at the pH 5.8. This etching phenomenon has previously been observed 

and proposed as a low temperature synthesis method for ZnO nanotubes.57  

Figure 3.2: Reaction between HMTA and zinc acetate. (a) pH and temperature development with 
a representation of the four morphological regimes, (b) SEM image of the ZnO crystals, (c) TEM 

image of the ZnO crystals. 

During the ammonia titration reaction all reaction conditions, such as zinc acetate concentration, 

steering rate, heating rate and the reaction temperature were kept the same to the HMTA reaction. 

A big difference between the HMTA and ammonia titration reaction is the time point when base 

is added to the system. During the HMTA reaction the reaction mixture needs to be heated to above 

50 °C before base is released, this takes about 10 minutes. During the ammonia titration reaction, 

however, the addition of base starts immediately. The features of the HMTA reaction pH curve are 
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discussed in paragraph 2.1. These features can also be found in the titration curve of the ammonia 

titration reaction (Figure 3.3). (I) starts at the beginning of the reaction and ends after about 27 

minutes, (II) ends before the rapid decrease in pH after ± 40 minutes of reaction time, (III) shows 

a rapid decrease in pH and ends when the pH becomes more or less constant after ± 72 minutes of 

reaction time, (IV) presents itself until the reaction is stopped. Even though both pH curves contain 

the same features they are passed at a different time and rate. For example, region II which is onset 

in both reactions at around 20 minutes of reaction time lasts for close to 100 minutes using HMTA 

yet only 20 minutes when using ammonia titration. This substantial difference gives an indication 

that the reaction rate is significantly increased when using ammonia titration. Which would 

insinuate that the ZnO are formed earlier using ammonia titration than by using HMTA as a base 

source. This difference in reaction speed could be contributed to the amount of base that is added 

to the system. Using ammonia titration, more base is added and, as mentioned before, it is added 

from an earlier time point.  

Figure 3.3: measured pH with time of the HMTA (black) and ammonia titration (red) driven 
reactions. 

Besides the apparent similarities between the pH curves the most distinct difference is the increase 

in pH in the ammonia titration curve after 2 hours of reaction time. This is an artifact of the titration 

model. The titration model is programmed such that a minimum pH of 6.0 has to be reached after 

a reaction time of 2 hours. If this criterion is not met, the titration will continue. The ammonia 

titration curve reaches, after 2 hours of reaction time, a pH of 5.83, which is below pH 6.0. 

Therefore, the titration of ammonia will resume until a pH of 6.0 is reached. 
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After the reactions the formed products were analyzed and compared. Both reactions resulted in 

the formation of a white powder. After purification the HMTA reaction resulted in a yield of 34.5 

% compared to a 65.8 % yield of the ammonia titration reaction, meaning that the ammonia 

titration reaction yields a higher efficiency than the HMTA reaction. The crystallinity was probed 

using pXRD. All signals of the HMTA and ammonia titration reaction product can be assigned to 

the wurtzite ZnO (ICDD 36-1451). This data shows that the bulk properties of the products are 

comparable.  

Figure 3.4: pXRD spectrum of products formed by HMTA and ammonia titration reaction at 74 
°C in comparison to a theoretical pXRD of wurtzite ZnO. 

SEM and TEM images (Figure 3.2b, c; Figure 3.5 a, b) were used to study the crystal morphology, 

clearly showing the presence of hexagonal pillars in both cases. The composition and crystal 

structure of the hexagonal pillars was confirmed by selected area electron diffraction (SAED) 

(Figure 3.5 c). The ZnO wurtzite crystals, formed by the HMTA reaction, have an average length 

and width of 999 ± 237 nm and and 701 ± 154 nm, respectively (Figure 3.2 b, c). The average 

length and width of the ammonia titration crystals is 933 ± 303 nm and 329 ± 95 nm, respectively 

(Figure 3.5 a,b ). The length of the crystals is similar, but the width of the HMTA crystals is more 

than twice the size of the titration assisted synthesis. This could be caused by the capping of the 

lateral crystal facets by ammonium. Since relatively more ammonium is present in the ammonia 

titration reaction than the HMTA reaction, the lateral crystal facets are capped more strongly, 

obstructing the crystal growth in that direction. Another difference between the formed crystals is 

that the crystals in Figure 3.2 c seem to be partially hollow while in Figure 3.5 b this is not the 
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case. This could be due to an etching phenomenon that occurs around pH 5.8.57 This phenomenon 

is only observed for the HMTA reaction product. One of the major differences of the reaction was 

the final pH of the reaction. The final pH of the HMTA reaction (pH 5.8) was significantly lower 

than that of the ammonia titration reaction (pH 6.0). This difference may be evidence that the 

hollowing of the ZnO crystals is caused by the low final pH of the HMTA reaction.  

Figure 3.5: Electron microscopic analysis of ammonia titration at 74 °C. (a) SEM, (b) TEM with 
SEAD view, (c) SEAD. 

To conclude, even though the reaction speed of the titration assisted reaction seems to be higher, 

the products, in shape and purity, are very similar. The crystals of both reactions are similar; 

however, during the ammonia titration reaction significantly more ZnO is formed. This leads us to 

believe that the ammonia titration model shows results that are sufficiently close to those of the 

HMTA system. Therefore, this system is a valid option to study the synthesis temperature of the 

ZnO reaction at decreased temperature.  

3.2.2 Ammonia titration at lower temperatures 

After the successful synthesis of ZnO using ammonia titration at 74 °C the synthesis temperature 

was lowered to 56, 47 and 37 °C. During the reactions the concentration of precursor, starting pH 

(pH 6.4) and ammonia titration parameters were kept the same. To investigate the effect of reaction 

time on the formed crystals, the reaction time was varied.  

To compare the pH curves of the reactions at different temperatures the four morphological regions 

were used as a guideline. The reaction was continued until all four expected morphological regions 

were observed. In all cases the synthesis resulted in a turbid mixture, obtaining a white powder 

after purification. From the pH profile (Figure 3.6 a) an upward trend in pH is visible, with 

decreasing temperature. This trend is clearly visible in the equilibrium pH in region IV. For a 
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reaction at 56 °C this is at pH 6.0 whereas at 47 °C the equilibrium pH is 6.5. This insinuates that 

less base is consumed during the reaction at lower temperature than at higher temperature.  

Figure 3.6: Continuous pH and temperature measurements at varying reaction temperatures. (a) 
pH measurement, (b) temperature development, (c) ammonia titration profile (d) cut-out of pH 

curve at 47 °C (e) cut-out of pH curve at 37 °C. 

Another noticeable feature of the pH curves is that the reaction rate of the reaction changes for 

every reaction temperature. This difference is clearly visible between the reaction temperatures of 

74 °C and 37 °C. When the temperature is decreased the four regimes occur later in time and take 

longer to transition to the next regime. An example is the second regime, which has an onset after 

the initial pH decrease (after ± 20 minutes) and continues until another clear decrease in pH. At 74 

°C this regime continues for 20 minutes. In the case of the 37 °C reaction the second regime stops 

after approximately 55 hours of reaction time. Furthermore, the decrease in pH, characteristic for 

the third morphological regime, regime becomes less apparent with decreasing reaction 

temperatures. Especially at 47 °C and 37 °C (Figure 3.6 d, e) the transition becomes very shallow, 

with a pH decrease of only 0.04 pH, whereas for the reaction at 56 °C this decrease covers 1.2 pH. 

In order to observe the effect of reaction temperature on the composition of the product pXRD 

measurements have been conducted. In all cases the reaction time of the analyzed product was 24 

hours, unless mentioned differently. At 74 °C all diffraction signals could be ascribed to the ZnO 
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wurtzite crystal structure (Figure 3.7). The signals are sharp and well defined indicating high 

crystallinity of the material. At a reaction temperature of 56 °C ZnO wurtzite signals are visible, 

in combination with signals that can be ascribed to layered basic zinc acetate (LBZA). The ZnO 

signals have, however, a low intensity indicating that only a small amount of LBZA is present in 

the sample. LBZA structures matching our experimental data have been found in literature.69–72 

LBZA has a molecular formula of Zn5(OH)8(CH3COO)2·2 H2O, with the main 001 peak at 6.6 °, 

corresponding to an interplanar layer spacing of 1.32 nm.73,74 At an angle of 4.5 ° 2θ another very 

faint diffraction peak is observed. This can be ascribed to LBZA with the 001 peak at 4.5 ° and an 

interplanar spacing of 1.97 nm.71,75 

Figure 3.7: pXRD of ammonia titration for 24 hours (unless stated otherwise) at different 
reaction temperatures and XRD data of ZnO and LBZA from literature. 

When the reaction temperature is lowered further to 47 °C and 37 °C the LBZA, with both 

interplanar spacings, becomes more predominantly present in the bulk material. At 47 °C and 37 

°C diffraction patterns corresponding to ZnO are still present; however, they are very low in 

intensity. Especially, the three iconic signals at 31.8 °, 34.5 ° and 36.3 ° have almost completely 

disappeared. Since the speed of the reaction decreases with lower temperatures, as shown by the 

pH curves (Figure 3.6 a), it is reasonable to assume that the reactions at lower temperature (37 °C 

and 47 °C) had not yet been completed. This could explain the increased amount of LBZA and 

decreased presence of ZnO. Furthermore, it is known that LBZA is a stable material at low 

temperatures making the transition to ZnO considerably slower.71 When the reaction at 37 °C is 
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carried out for 72 hours (Figure 3.7) a significant increase in ZnO in the bulk is observed, 

reinforcing the claim that reaction of the formation of ZnO is significantly slower at lower 

temperature.  

By changing the temperature of the reaction, but keeping the reaction time constant (24 hours), a 

clear comparison on the size and morphology of the formed reaction product can be made (Figure 

3.8).  

Figure 3.8: SEM imaging of crystal formation under different synthesis conditions. (a) Overview 
of the synthesis conditions used 

Not only the reaction temperature, but also the reaction time plays a role in the crystal size. The 

crystals formed at 74 for 6 hours have an average length and width of 696 ± 225 nm and 299 ± 77 

nm, respectively (Figure 3.8 b). The crystals after 24 hours of reaction time are significantly bigger 
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with an average length and width of 933 ± 303 nm and 329.0 ± 95 nm, respectively (Figure 3.8 c). 

This shows that crystal growth continues after the pH has reached an equilibrium in the fourth 

morphological regime (Figure 3.6 a). This trend even continues at lower reaction temperatures, as 

can be seen in 37 °C reaction series. . At this temperature the reaction was performed for 24, 72 

and 144 hours. SEM images showed that the crystals that are formed after 144 hours (Figure 3.7 

i) are less defined in shape than the crystals that are grown for 24 hours (Figure 3.7 g). However, 

upon increasing the reaction time the crystal size has increased. For the 24 hour reaction the crystal 

length and width were 268 ± 133 nm and 109 ± 58 nm, respectively, after 144 hours the crystals 

had grown to 349 ± 245 nm and 263 ± 231 nm, respectively  

The LBZA species found in SEM imaging (Figure 3.8 e, f) is visible in TEM imaging as sheet like 

material (Figure 3.9). Sheets such as found in this product are similar to the sheets observed during 

in-situ cryoTEM sampling in the first and second morphological regime (paragraph 3.1). SAED 

confirms these sheets have the same crystal spacings as LBZA. This shows that LBZA is not only 

the side product of low temperature ZnO formation but also the initially formed intermediate 

species.  

Figure 3.9: TEM image of ammonia titration reaction product synthesized at 47 °C. Inset SAED 
of LBZA 

3.2.3 NH3 titration at elevated pH  

ZnO has previously been synthesized at low temperature using a high pH.76 Therefore, to improve 

the synthesis at 37 °C the starting pH has been increased. Since bio-friendly synthesis conditions 

must be used, a starting pH of 8.0 has been chosen.  

In order to improve the synthesis at 37 °C, the reactions was executed at 37 °C and at a starting 

pH of 8.3. This pH was chosen to still be within the previously set regime and stay above pH 8.0. 

To execute the reaction the titration protocol was changed to a target pH of 8.0, meaning that the 
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titration will automatically stop if this pH is reached and resume if the pH drops below this value. 

During the reaction the pH did not drop below pH 8.0 (Figure 3.10 a). The pH curve showed a 

decrease in pH immediately after 2 hours of titration. This feature is consistent for all reactions 

preformed at an elevated pH; however, this feature is not observed during ammonia titration at 

reactions with a lower starting pH. Therefore, it is insinuated that a different reaction mechanism 

may have occurred. pXRD analysis shows the formation of pure wulfingite, better known as ε-

Zn(OH)2. No ZnO or LBZA spacings are present (Figure 3.10 b). This zinc hydroxide has a 

P212121 space group and is a well-known precursor for ZnO formation.77–79 SEM imaging (Figure 

3.10 d) show octahedral crystals after a reaction time of 144 hours, characteristic for wulfingite.  

Figure 3.10: Synthesis at starting pH of 8.0. (a) pH temperature graph. (b) pXRD spectra of 72 
and 144 hour synthesis (c) SEM image 72 h reaction, (d) SEM image 144 h reaction.  

The difference in reaction mechanism, resulting in wulfingite crystal formation, could be 

contributed to the fact that Zn2+ is an amphoteric species. Upon dissolution in an alkaline solvent 

zincates such as [Zn(OH)4]2- are formed, whereas under acidic conditions [Zn(H2O)6]2+ complexes 

are formed.80 This difference in initial complex formation can have an enormous influence on the 
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reaction mechanism and the final product. At the pH used in the experiment the Zn(OH)2 crystals 

are stable and will therefore not dissolve and form another species such as ZnO.  

3.3 Hydroxide titration at low temperatures 
Since it is unclear how ammonia influence the reaction and given that our titration strategy allows 

for the gradual addition of other bases, direct hydroxide (0.004 M) titration was investigated. The 

reaction was performed at 37 °C and the base concentration was equal to that of the ammonia (1 

M) titration. No onset of turbidity is observed resulting after 24 hours in a completely clear reaction 

mixture, using centrifugation no solid product could further be isolated. Furthermore, SEM and 

TEM imaging, of the reaction product before purification, showed no presence of crystals or other 

materials. The pH development during the hydroxide titration differs from the ammonia titration 

as can be seen in Figure 3.11. Both curves initially decrease in pH; after ± 45 minutes of reaction 

the pH increases again for both curves. However for the KOH curve the pH increases slower than 

during the ammonia titration. Insinuating that more base is consumed during the KOH titration. 

After 2 hours of reaction time the pH curves further deviate. The ammonia titration curve slowly 

decreases in pH, whereas the KOH curve continues to increase in pH. Combined with the lack in 

turbidity, this difference in pH behavior shows that ammonia has a significant influence on the 

reaction.  

Figure 3.11: pH curves of ammonia titration (gray) and KOH titration (red) reaction. 

The fact that no product was formed may be contributed to the absence of ammonium ions. The 

speciation diagram of zinc(II) (Figure 1.3) showed that stable hydroxide complexes can only be 

formed above a pH of 10. Since the reaction is executed between pH 6 and 7, no stable zinc 

hydroxide species can be formed to initiate the ZnO formation. Furthermore, upon comparing the 
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pH curve to KOH titration without precursor (can be found in the supplementary information 

Figure S7.1), the pH curve shows that base is consumed during the reaction. This base 

consumption may be attributed to the formation of soluble zinc hydroxide species.  

3.4 Conclusion 
The titration method was comparable to the HMTA reaction at 74 °C. When the reaction 

temperature is decreased while maintaining the starting pH at 6.4, the four morphological regimes, 

described by previously unpublished work within the group, are observed but progressively at later 

time points and pass at a slower rate at lower temperatures. This results in an increased reaction 

time for lower temperature reactions.  

By decreasing the temperature of the reaction, the bulk composition of the product changed. In all 

cases (even at 37 °C) ZnO was formed; however, at lower synthesis temperatures (< 47 °C) LBZA 

becomes the predominant product. LBZA is present containing different interlayer spacings, 

namely 1.32 nm and 1.97 nm. Furthermore, there is not only a change in composition of the 

material with reaction temperature, but also in size and morphology of the crystals. At a synthesis 

temperature of 74 and 56 °C hexagonal pillars were formed but the crystals grown at 56 °C were 

significantly shorter than those grown at 74 °C. When the reaction temperature was decreased 

further to 47 and 37 °C, ellipsoidal crystals were formed which decreased in size at decreasing 

reaction temperature.  

The starting pH of the reaction seems to have a significant effect on the reaction and the formed 

product. By increasing the starting pH to 8.3 only wulfingite was formed. Therefore, in order to 

synthesize ZnO at low temperatures and mild pH the pH range needs to be maintained between a 

pH of 5 - 7.  

Direct hydroxide titration could be used as a base source for ZnO formation; however, for 

hydroxide to be an effective base source the pH of the reaction mixture should be above pH 10. 

Therefore, direct hydroxide titration will not be a suitable alternative for ZnO formation under bio-

friendly conditions.   
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4 Additive influence on ZnO Synthesis 

4.1 Introduction 
Ammonia titration at 37 °C has proven to result in small ZnO crystals; however, LBZA is the 

predominant product in these reactions. Furthermore, the reaction evolves at a slow pace taking 3 

days at 37 °C before ZnO can be clearly measured by pXRD (Figure 3.7). In order to increase 

crystal formation and growth a catalyst may be used. Literature already showed that several 

additives such as polymers,81,82 proteins83 or biomolecules84–90 can control the crystal growth of 

ZnO. l-Lysine for instance is previously used to change the growth behavior of the ZnO crystals 

to form nanoflowers89,90 or nanorods.87 Furthermore, l-Lysine is a well-known to act as buffer 

during the hydrolysis of tetraethylorthosilicate (TEOS) in an unbuffered aqueous solution.91 l-

Lysine ensures the growth of small monodisperse nanoparticles. Another form of l-Lysine, poly(l-

Lysine), has previously been reported to assist in the formation of ZnO at room temperature with 

a 95% conversion.82 Thus, l-Lysine may also increase the performance of the ZnO synthesis. 

4.2 Results and discussion 

4.2.1 l-Lysine as additive 

Previous research by Begum et al. showed the formation of ZnO by combining poly(l-Lysine) with 

the zinc precursor Zn(OH)2.82 No additional base source was added during this reaction. So, to test 

the effect of l-Lysine as base source, the ammonia titration was exchanged for direct l-lysine 

addition. A big difference between the reaction performed by Begum et al. and the reaction 

described here is the precursor, since here zinc acetate is used as precursor. The l-Lysine was added 

to the reaction mixture before the start of the reaction; however, these reaction conditions did not 

lead to a turbid mixture and TEM analysis did not show the presence of ZnO or LBZA crystals. 

The addition of base seems necessary for the formation of ZnO. Likely Begum et al. was able to 

form ZnO because the used Zn(OH)2 precursor has a double function as base source.  

Therefore, l-Lysine was combined with ammonia titration. To investigate the difference between 

the ammonia titration reaction and the l-Lysine assisted reaction the pH curves were compared. 

For this comparison the pH curves of the ammonia titration and the addition of l-Lysine, the 56 °C 

reaction temperature will be used since under these conditions all four morphological regimes are 

clearly visible. Both curves contain the same features, corresponding to the four morphological 

regimes (Figure 4.1). However, there are some differences between the two curves. For the 
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ammonia titration the first morphological regime ends after ± 75 minutes, whereas upon the 

addition of l-Lysine it ends after ± 45 minutes. Furthermore, a double peak is present after 15 

minutes of reaction time when l-Lysine is added to the reaction mixture. For both curves the third 

regime starts almost at the same time, after ± 5 hours and 45 minutes of reaction time. But the 

regime shows a difference in pH decline. The pH value declines relatively fast at the beginning of 

the ammonia titration reaction and reaches an equilibrium value after ± 6 hours and 45 minutes. 

The reaction with lysine on the other hand has a slower pH decrease and reaches equilibrium after 

14 hours of reaction time. The most obvious difference between the two graphs is the position of 

the curves in the graph. The curve where l-Lysine was added is 0.2 pH point higher than the 

ammonia titration reaction. This could indicating that upon addition of l-Lysine less base is 

consumed by the reaction or that l-lysine acts as a base source. 

When preforming the reaction at 37 °C with l-Lysine a double peak is observed, this feature is also 

visible in the 56 °C reaction with l-Lysine (Figure 4.1). In the 37 °C reaction it is less pronounced, 

but still visible after ± 38 minutes of reaction time. Insinuating that this feature is characteristic for 

reactions containing l-Lysine. 

Figure 4.1: pH graph (a) of reaction using ammonia titration at 37 °C (blue) and 56 °C (black) 
and using additional l-Lysine at 37 °C (green) and 56 °C (red). Zoom-in (b) of the first 1.2 

hours.  

To compare the bulk properties of the ammonia titration to the l-Lysine addition pXRD 

measurements have been used. In all cases the reaction time was 24 hours. For both reaction 

products at 56 °C most signals can be described to wurtzite ZnO (Figure 4.2); however, there are 

also some weak signals present corresponding to LBZA. In this regard the bulk properties of the 
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product formed in the presence of l-Lysine are almost identical to that of ammonia titration. 

However, the yield of both products is different. Whereas the ammonia titration reaction leads to 

a yield of 52.8% ± 3.4, the addition of l-Lysine results in a yield of 67.3% ± 2.6, presuming full l-

Lysine incorporation. This increase in yield is surprising, because the pH curves (Figure 4.1) 

showed that less base is consumed which would insinuate that less product can be formed. The 

increased yield implies that the addition of l-Lysine results in a more efficient reaction. The pXRD 

data of the ammonia titration at 37 °C showed the presence of ZnO in low intensity and LBZA to 

be the predominant species in the bulk. Upon adding l-Lysine to the reaction mixture the intensity 

of ZnO signals increased (Figure 4.2), indicating that a higher percentage of the composition can 

be attributed to wurtzite ZnO. The increase in ZnO signal intensity indicates that l-Lysine 

contributes to the formation of wurtzite ZnO crystals. Furthermore, the addition of l-Lysine leads 

to an increase in yield. Without l-Lysine the reaction only yielded 47.2% ± 4.1, whereas reactions 

with l-Lysine yielded 60.7% ± 2.6, presuming full l-Lysine incorporation. So, not only a bigger 

part of the bulk is composed of ZnO but also more product is formed. Besides ZnO, LBZA is also 

found in the composition of the final product. From LBZA two species can be observed with 

different layer spacings, namely 1.32 and 1.97 nm. 

Figure 4.2: pXRD of reactions using ammonia titration and additional l-Lysine at 37 °C and 56 
°C. 
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To study the effect of l-Lysine on the crystal size and morphology SEM imaging has been used 

(Figure 4.3). In all cases the reaction time was 24 hours. The ZnO crystals synthesized at 37 °C 

without l-Lysine are spindle shaped with an average crystal length and width of 268 ± 133 nm and 

109 ± 58 nm, respectively (Figure 4.3 a). Along with the ZnO crystals, LBZA is observed. When 

l-Lysine is added to the reaction mixture, the formed ZnO crystals are spindle shaped with an 

average crystal length and width of 1080 ± 691 nm and 500 ± 335 nm, respectively (Figure 4.3 b). 

The morphology of both products is the same; however, the crystal size of the ammonia titration 

with l-Lysine is significantly bigger. This evident size difference adds to the idea that l-Lysine has 

a positive contribution to the growth of ZnO crystals. 

Previous research claimed that l-Lysine has an effect on the morphology and size of the formed 

ZnO crystals.88,89 To investigate the effect of l-Lysine on the morphology of the ZnO crystals the 

products synthesized at 56 °C were imaged using SEM (Figure 4.3 c, d). This reaction condition 

was chosen because it is the lowest temperature at which hexagonal pillars are found for the 

ammonia titration reaction. The reaction with l-Lysine resulted in short hexagonal ZnO pillars, 

similar to those formed without l-Lysine. Without the addition of l-Lysine the crystals had a length 

and width of 366 ± 127 nm and 213 ± 67 nm, respectively, but when l-Lysine was added the crystal 

size grew to 583 ± 210 nm and 323 ± 97 nm, respectively. The fact that hexagonal pillars of similar 

size are formed during a synthesis at 56 °C shows that l-Lysine does not have an effect on the 

morphology of the crystals, which instead is dictated by the reaction temperature. It does seem that 

l-Lysine has an effect on the crystal size, since the crystals grown with l-Lysine are significantly 

bigger. Furthermore, l-Lysine has a positive effect on the efficiency of the reaction, because the 

yield is increased as well as the relative intensity of the ZnO signals in the pXRD measurements. 

Figure 4.3: SEM imaging of ZnO crystals synthesized for 24 hours, with and without l-Lysine, at 
varying temperatures. (a) Ammonia titration at 37 °C, (b) ammonia titration and l-Lysine at 37 

°C, (c) ammonia titration at 56 °C, (d) ammonia titration and l-Lysine at 56 °C. 
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To study the effect of l-Lysine on the maturing of the reaction mixture, the reaction product of a 

reaction with l-Lysine and without l-Lysine has been analyzed by pXRD a day, and three weeks 

after the reaction had been performed (Figure 4.4). Both reactions were performed for 24 hours at 

37 °C. The part of the reaction product that was analyzed after three weeks was not purified and 

stored in a dark cabinet. The results of the ammonia titration reaction, without l-Lysine, shows no 

increase in ZnO signal intensity, indicating that no significant formation or growth of ZnO occurs 

at room temperature. Even though, previously it was shown that the ZnO crystal growth continued 

at 37 °C (Figure 3.7). In presence of l-Lysine, the pXRD shows more clearly ZnO signals after 

one day than when only ammonia titration is used. When the reaction product, containing l-Lysine, 

is analyzed after three weeks a clear increase in ZnO signals is visible. This shows that l-Lysine, 

even at room temperature, promotes either the formation or conversion from LBZA to ZnO.  

Figure 4.4: pXRD of bulk composition of an ammonia titration reaction with or without l-Lysine. 
Purification after 1 day and after 3 weeks. 

4.2.2 L-lysine as additive at elevated pH 

By adding l-Lysine the efficiency of the reaction has increased and the crystal size of the product 

obtained at 37 °C was substantially larger compared to the single ammonia titration. However, 

pure ZnO formation has not been obtained. To increase the conversion of the ZnO synthesis the 

starting pH has been increased, since research revealed successful synthesis of 95% conversion to 
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ZnO by using a starting pH of 7.6.82 Therefore, the starting pH of our reaction has been increased 

to 8.3, so that the reaction conditions are closer to those found in the literature.  

The pH curve of the reaction containing l-Lysine (Figure 4.5) contains a double peak from 42 to 

54 minutes of reaction time. This feature seems to be characteristic for reactions containing l-

Lysine since they are also observed during all reaction with a starting pH of 6.4 (Figure 4.1). After 

2 hours of reaction time, the pH of the l-Lysine reaction slowly increases (Figure 4.5). This is not 

characteristic for the ammonia titration reaction at 37 °C (Figure 3.6) since normally a slow 

decrease in pH is observed after this time point. The difference in pH curve suggests that there was 

a difference in the reaction mechanism.  

Figure 4.5: Synthesis using the addition of l-Lysine at an elevated starting pH. 

Characterization of the bulk composition showed that the formed product consisted of Wulfingite 

crystals (Figure 4.6). Furthermore, no ZnO or LBZA signals were present. A similar pXRD 

spectrum was previously observed with the ammonia titration synthesis with a starting pH of 8.5 

(Figure 4.6). There are slight deviations in the peak intensity between the products. The most 

prominent differences are the signals at 20.3° and 21.6° 2θ. The theoretical data shows the first 

peak to be higher in intensity than the second, which is also the case for the product from the 

ammonia titration. This could be contributed to a change in aspect ratio and the random orientation 

of the crystals during the pXRD measurement. However, the l-Lysine assisted reaction product 

shows the reverse, with the first peak being lower in intensity than the second. 
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Figure 4.6: pXRD spectra of products synthesized at elevated pH. 

4.2.3 Hydroxide titration in combination with l-Lysine 

Previously it was found that ammonia plays an important role in the nucleation of ZnO (paragraph 

3.3). Whether the amine groups of l-Lysine have a similar effect on the nucleation as well as the 

growth of the ZnO crystals is still unclear. Therefore, ammonia titration was exchanged for direct 

hydroxide (0.001 M) titration at 37 °C in the presence of l-Lysine. During the first two hours, no 

turbidity was observed. Leading to a completely clear reaction mixture after 24 hours, after 

centrifugation no solid product could be isolated. The pH development of the reaction with only 

hydroxide titration and the reaction with hydroxide titration and l-Lysine are almost identical 

(Figure 4.7). With the biggest difference being the pH after 14 hours. For the reaction without l-

Lysine the pH after 14 hours lays higher than the starting pH but when l-Lysine is added the pH is 

equal to the starting pH. Besides the difference in starting pH, which might influence the final pH 

of the reaction, there is a distinct difference in reaction mixture composition. KOH is a strong base, 

whereas l-Lysine can act as a buffer. The buffering effect of l-Lysine could lead to a difference in 

pH behavior.  

TEM and SEM imaging of the reaction product, before purification, showed no presence of ZnO 

crystals or other materials. The similarities between the reaction with and without the addition of 

l-Lysine indicate that the amine groups of l-Lysine does not affect the nucleation of LBZA 

particles.  
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Figure 4.7: pH curves of KOH titration without (black) and with (red) l-Lysine. 

4.2.4 Results of alternative amine addition  

The reaction with the addition of l-Lysine resulted in a higher efficiency of the ZnO formation and 

at 37 °C and yielded bigger crystals. However, ZnO is not the predominantly formed species. To 

optimize the formation of ZnO at 37 °C, other additives may be used. For alternative additives, 

several amines were chosen, such as poly(ethylenimine) (PEI), poly(allylamine) hydrochloride 

(PAH) and triethylenetetramine (TETA). The two polymers were chosen to create a higher local 

density of amine groups, where PAH contains primary amines and PEI predominantly secondary 

amines. This may affect the nucleation and growth of the LBZA and ZnO crystals. TETA was 

selected for being known as a growth medium and orientator for ZnS growth.92,93  

4.2.4.1 Poly(ethylenimine) (PEI) as additive 

To investigate the difference between l-Lysine and PEI as additive, the pH curves of the reactions 

were compared. The pH of the PEI reaction continues to increase until the titration of ammonia is 

stopped, after two hours of reaction time (Figure 4.8). Hereafter, the pH remains constant 

coincidentally because the ammonia titration is terminated. However, when ammonia is titrated to 

water the pH increase is much steeper as can be seen in the supplementary information (Figure 

S7.2). This is different from the pH profile when l-Lysine is added, where the pH slowly decreases 

after two hours of reaction time (Figure 4.8). During the reaction with PEI the reaction mixture 
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does not become turbid and results in a completely clear mixture after 24 hours. No product could 

be observed by SEM and TEM imaging. Indicating that no reaction had occurred  

Figure 4.8: pH curves of the ammonia titration reaction with PEI (black), TETA (red), l-Lysine 
(blue) and PAH (green). 

4.2.4.2 Poly(allylamine) (PAH) as additive 

PAH already proved itself to be effective in the ZnO growth, Begum et al. showed the formation 

of ZnO crystals using Zn(OH)2 as a precursor.82 The initial stages of the PAH reaction look similar 

to that of the l-Lysine reaction (Figure 4.8). In both cases a double peak is observed prior to a 

decrease in pH. After a local minimum in pH is reached, a difference in reaction behavior can be 

observed. For l-Lysine the pH increases gradually, and slowly decreases again after 2 hours of 

reaction time. The PAH curve; however, has a steeper increase in pH and creates a plateau after 

two hours of reaction time, which continues for another hour before showing a distinct drop in pH.  

Characterization using pXRD revealed that LBZA was the predominant species (Figure 4.9). 

Besides LBZA clear ZnO can be observed. However, the intensity of the ZnO signals is 

significantly lower than when l-Lysine is used as additive. SEM imaging shows small spindle 

shaped ZnO crystals (Figure 4.10 b), with a broad size distribution and long sheets corresponding 

to LBZA. The average length and width of the formed ZnO crystals is 180 ± 54 nm and 114 ± 30 

nm, respectively. Compared to the crystals formed by l-Lysine addition this is significantly 

smaller.  
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Figure 4.9: pXRD of bulk composition prepared by using different TETA, PAH and l-Lysine as 
additives. 

4.2.4.3 Triethylenetetramine (TETA) as additive 

The pH curve of the TETA initially decreases rapidly in pH for 25 minutes, which is followed by 

a pH increase which continues until the ammonia titration is stopped. This decrease and increase 

in pH can also be observed in the l-Lysine reaction, but they occur in a shorter time frame. This 

could insinuate that upon using TETA the reaction is slower than when using l-Lysine. The 

reaction mixture was clearly turbid after 1 hour of reaction time insinuates that a reaction has 

occurred. After 24 hours of reaction the mixture was still turbid. Analysis by pXRD shows that the 

product is predominantly composed of LBZA (Figure 4.9). Only a single signal (36.3 °) 

corresponding to wurtzite ZnO was found. Since there are signals present not corresponding to 

ZnO or LBZA and another undefined species seems to be formed. SEM imaging showed sheet like 

material consistent with LBZA (Figure 4.10 c). Besides the sheet like material only incidental ZnO 

crystals, with a spindle shape, were observed using TEM. 
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Figure 4.10: SEM imaging of material formed using different additives. (a) l-Lysine, (b) PAH, 
(c) TETA. 

4.2.5 Discussion of alternative amine addition 

The additives used result in the formation of different products and bulk compositions. PEI 

completely inhibited the reaction, while reactions using PAH or l-Lysine resulted in LBZA and 

ZnO, but in different ratio’s. And a reaction with TETA only resulted in LBZA and an undefined 

species. The used additives are all very similar in chemical composition, since they are rich in 

amine groups, but they all have a very different molecular structure.  

Figure 4.11: Molecular structure of additives. (a) l-Lysine, (b) PEI, (c) PAH, (d) TETA. 

L-Lysine is an amino acid containing two amine groups and a carboxylate (Figure 4.11 a). Both 

amines present in the molecule are primary, possibly leading to a strong binding interaction with 

the ZnO crystal. Furthermore the amines are connected by a C5 chain resulting in high mobility of 

the chain. The mobility will make the possibility higher to bind with both amine groups to the 

lateral face of the crystal. Possibly promoting the crystal growth.  
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The PEI used in the reaction is a branched polymer with a molecular weight of 1200 g/mol (Figure 

4.11 b). Because it is a branched polymer many of the amine groups will be in the center of the 

rigid polymer cluster, therefore these amines will only be accessible for small molecules or ions. 

They will not be able to interact with the lateral faces of the ZnO crystals. Furthermore, the 

polymer consists mainly of tertiary amines, which are weaker in binding than primary amines. 

Because PEI contains many amine groups within the polymer cluster, the polymer is able to form 

a dissolvable complex with heavy metals such as zinc. This chelating characteristic of PEI is shown 

to be effective to remove heavy metals from water.94 Therefore it can be assumed that within this 

system PEI acts as a chelating agent, and suppresses the formation of LBZA or ZnO by decreasing 

the Zn(II) concentration in solution. Which would explain why no product is formed when PEI is 

present.  

The PAH used in the reaction is a linear polymer with a molecular weight of 17500 g/mol (Figure 

4.11 c). This polymer has only primary amines, resulting in strong binding. Furthermore, the 

polymer has a relatively flexible chain, which could lead to a higher probability that multiple amine 

groups can attach to the lateral face of the crystal. These characteristics are close to those of l-

Lysine, however the reaction leads to smaller crystals and a decrease in ZnO in the bulk 

composition. This difference may be ascribed to the fact that PAH is a big polymer that is probably 

coiled in solution. This means that there are less amine groups present to interact with the lateral 

facets of the ZnO crystal. Therefore, the amount and size of the formed crystals is lower. 

TETA is a relatively short linear molecule, containing primary and secondary amines in a 1:1 ratio 

(Figure 4.11 d). Between the amine groups only two carbon atoms are present, resulting in low 

flexibility between these two amines. When a primary amine binds to the lateral surface of the 

ZnO crystal the chance that the neighboring amine binds to the surface is relatively low. However, 

the secondary amine furthest from the primary amine could bind to the ZnO crystal. Because the 

chain length between these amine groups give enough flexibility to find the preferred 

conformation. This means that in an optimal situation only half of the present amine groups can 

contribute in the growth of ZnO.  
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4.3 Conclusion 
The replacement of ammonia titration by l-Lysine showed that l-Lysine was not a suitable base 

source for the formation of ZnO. This was made clear by the fact that no LBZA or ZnO was 

formed. Upon adding l-Lysine to the ammonia titration reaction the pH curve showed a double 

peak after ± 15 minutes of reaction time. This double peak seems to be characteristic for the 

reactions containing l-Lysine since even at 56 °C and at elevated pH this feature is observed. The 

addition of l-Lysine leads to both a relative increase of ZnO in the final product and an increase in 

the total yield. However, LBZA is still the predominant formed species at 37 °C.  

By studying the morphology of the formed ZnO crystals at 37 and 56 °C it is clear that the 

morphology of ZnO is not dictated by l-Lysine but by the reaction temperature. L-Lysine does 

have an effect on the crystal size. The crystal size increased upon the addition of l-Lysine to the 

reaction protocol from a length and width of 268 ± 133 nm and 109 ± 58 nm respectively to 1080 

± 691 nm and 500 ± 335 nm respectively. Indicating that l-Lysine promotes ZnO crystal growth. 

When l-Lysine is used the starting pH is of importance. Upon increasing the starting pH of the 

reaction to 8.3, pure wulfingite was formed. This is in line with the ammonia titration results, 

where l-Lysine was not used. Meaning that l-Lysine does not influence the growth behavior caused 

by the pH. 

Exchanging ammonia titration for direct hydroxide titration in combination with l-Lysine could 

show whether the amine groups of l-Lysine can promote the nucleation of ZnO or LBZA in 

absence of ammonia. However, no product was formed showing that l-Lysine does not affect the 

nucleation of LBZA or ZnO at investigated concentrations. 

Several different additives were used to further promote the ZnO growth including l-Lysine, PEI, 

PAH and TETA. All of these additives promoted the formation of ZnO less than l-Lysine. PEI 

showed work as a chelating agent for zinc, suppressing the formation of ZnO. When PAH was 

used as an additive ZnO crystals were formed, however they were smaller than those grown by 

using l-Lysine. Because only a limited amount of amine groups are available to interact with the 

ZnO crystal. TETA on the other hand did not result in significant ZnO nucleation or growth, only 

incidental ZnO crystals were found by TEM. 
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5 Conclusion and outlook 

5.1 Conclusion 
The overall objective was to grow wurtzite ZnO crystals under bio-friendly conditions, so that the 

ZnO crystals could be grown in a collagen matrix. To accomplish this the thermal degradation of 

HMTA as base needed to be replaced. The use of ammonia titration instead of HMTA under 

similar conditions resulted in an increase in the yield of the reaction product and made it possible 

to perform the synthesis below 50 °C. Upon decreasing the reaction temperature to as low as 37 

°C using ammonia titration, ZnO was still formed in combination with LBZA. With decreasing 

reaction temperature, LBZA was formed as a side product. The relative amount of LBZA to ZnO 

increased with decreasing temperature. Even though at 37 °C, ZnO was still formed, LBZA was 

the predominant phase and the synthesis was relatively slow. Upon increasing the reaction time 

the size of the ZnO crystals increased, but even after 144 hours of synthesis, LBZA was still the 

predominant phase.  

Since the formation of ZnO at low temperature is slow and results in predominantly LBZA, amine 

based additives are used to promote the growth of ZnO at 37 °C. Several were investigated. PEI 

acted as a chelating agent and completely suppresses the ZnO growth. L-Lysine and to a lesser 

degree PAH were the most promising additive. Their presence not only resulted in an increase of 

ZnO yield, but also in a significant increase in crystal size. The flexibility of the chain seem to 

play a role in the effectiveness of the additive. Since l-Lysine has a flexible chain between the 

amine groups and all amine groups are accessible, it is an effective growth promotor. PAH was 

also able to promote the ZnO growth, but to a lesser extent than l-Lysine because PAH is a coiled 

polymer in solution leading to only a fraction of the amine groups to be available for binding on 

the lateral surface of the crystal.  

The starting pH of the reaction plays an important role in the synthesis. Since Zn(II) is an 

amphoteric species, under different pH conditions other complexes are formed. At a starting pH 

above 7.0 Zn(II) is inclined to form zinc hydroxide species in water, resulting in the formation of 

Zn(OH)2 crystals preventing its transitions to ZnO. This is independent of the presence of l-Lysine. 

When the starting pH is below 7.0, Zn(II) is inclined to form [Zn(H2O)6]2+. This difference in 

initial zinc complexes leads to a difference in reaction pathway to form ZnO.  
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Direct hydroxide titration experiments did not result in ZnO formation showing that ammonia was 

needed to initiate the crystal nucleation. At pH 6.4 the hydroxide complexes are not stable and 

therefore will not initiate crystal growth. The addition of l-Lysine to the direct hydroxide titration 

reaction showed that l-Lysine is not able to nucleate the LBZA or ZnO crystals, concluding that l-

Lysine is predominantly a crystal growth promotor.  

Overall, we were able to create a bio-friendly ZnO synthesis route by exchanging HMTA for 

ammonia titration in presence of l-Lysine as a promotor. By using a starting pH of 6.4 and a 

reaction temperature of 37 °C this results in spindle shaped ZnO crystals with an average crystal 

length and width of 1080 ± 691 nm and 500 ± 335 nm, respectively. 

5.2 Outlook 
In future research the optimization of additive addition may be investigated. In this research a 

branched high molecular weight PEI was used. Linear low molecular weight PEI will likely not 

work as a chelating agent and result in ZnO growth. Now an idea on the effect of amine groups is 

presented, to understand the effects of amine groups more clearly more research needs to be 

conducted. For instance, the effect of carboxylate groups in amino acids on the ZnO growth is still 

unknown. To investigate this, l-Lysine may be exchanged for 2-aminoheptanoic acid, here the 

primary amine on the R group is exchanged for a CH3. This small change in molecular structure 

will give insight in which amine is most important for the growth promotion and what the effect 

of the acid group is.  

In order to grow the ZnO crystals in collagen more research needs to be conducted in the uptake 

of zinc ions by collagen. EDX measurement could give insight in the uptake of zinc ions by 

collagen, but will not conclusively show the location of the ions. Since the ions could also be on 

the surface of the collagen. When growing ZnO in collagen the direct ammonia titration in 

combination with l-Lysine should be used, at a reaction temperature of 37 °C and with a starting 

pH of 6.4. To analyze the collagen, SEM and TEM imaging might be used. If crystal formation is 

found, SAED might give insight in the composition of the formed crystals. Since it is difficult to 

observe if the crystals are grown within or on the collagen, TEM tomography might be used.  

When ZnO can be grown in collagen the crystal growth outside of the matrix will need to be 

suppressed. This could be achieved by adding branched PEI to the solution to act as a chelating 
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agent. However, due to the zinc ion concentration difference inside of the collagen and in the 

solution diffusion could occur, leading to zinc ion depletion in the collagen.  
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7 Supplementary information 
 

Figure S7.1: pH curve of ammonia titration in water. 

 

 

Figure S7.2: pH curve of KOH titration in water 
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