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ABSTRACT 

A well-dispersed, water-based phosphorescent ink exhibiting good printability characteristics 

and with potential applications in a variety of fields, from biomedicine to fraud prevention is 

described. The hybrid ink is composed of an inorganic nanophosphor, Y2O3:Eu nanoparticles, 

and an organic nanoparticle, cellulose nanocrystals (CNCs). The Y2O3:Eu is prepared using a 

green microwave synthesis and stabilized in aqueous suspension by trisodium citrate, whereas 

the CNCs are extracted from cotton fibers by acid hydrolysis and stabilized by surface sulfate-

half ester groups that are grafted on during hydrolysis. Both preparation processes were well-

controlled and the resulting nanoparticles were characterized in terms of size, surface charge, and 

colloidal stability. The combination of organic and inorganic nanoparticles dispersed in a water 

suspension resulted in a phosphorescent water-based ink, where the cellulose nanocrystals 

provide a transparent and film-forming backdrop for the nanophosphor. As a proof of concept, 

the ink was printed by solvent casting onto various substrates, such as glass, paper, and 

polyethylene.  
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SAMMANFATTNING 

I detta arbete beskrivs ett vattenbaserat, fosforescerande bläck som bildar stabila suspensioner 

och uppvisar god potential för tryck på olika substrat. Bläcket har potentiella 

användningsområden inom allt från biovetenskap till bedrägeriförebyggande syften. Det består 

av oorganiska fosforescerande Y2O3:Eu nanopartiklar och organiska nanopartiklar av kristallin 

nanocellulosa. De oorganiska nanopartiklarna framställdes genom energieffektiv 

mikrovågssyntes, kalcinerades för att slutligen stabiliseras i vattensuspension med hjälp av 

trinatrium citrat. Nanocellulosapartiklarna producerades genom hydrolys av bomullsfibrer med 

svavelsyra. De stabiliseras av laddade sulfatgrupper som bildas på cellulosans yta under 

hydrolysprocessen. Nanopartiklarnas storlek, ytladdning, och stabilitet i vattenlösning 

undersöktes. Suspensionen torkades på olika substrat och bildade då homogena och transparenta 

filmer på glas, papper, och polyetylen som fosforescerade under UV-ljus. 

 

 

NYCKELORD 

Kristallin nanocellulosa, hybrid, fosfor, mikrovågssyntes  
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ABBREVIATIONS: 

AFM Atomic force microscopy 

ATR Attenuated total reflectance 

BCNC Bacterial cellulose nanocrystal 

BNC Bacterial nanocellulose 

CNC Cellulose nanocrystal 

CNF Cellulose nanofibril 
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DI Deionized 

DLS Dynamic light scattering 

EDL Electrostatic double layer 

EM Electromagnetic 

FTIR Fourier transform infrared 

IEP Isoelectric point 

MW Microwave 

NC Nanocellulose 

NCC Nanocrystalline cellulose 

NCCLS National Committee for Clinical Laboratory Standards 

NFC Nano-fibrillated cellulose 

NP Nanoparticle 

PL Photoluminescence 

POM Polarized optical microscopy 

RE Rare earth 

TGA Thermogravimetric analysis 

TSC Trisodium citrate 

ZP Zeta potential 
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1. BACKGROUND 

1.1. Nanocellulose  

Nanocellulose (NC) is a renewable organic material usable in both highly specialized fields such 

as drug delivery,
1
 as well as in more everyday applications, for example as a filler to improve the 

mechanical properties of food packaging materials.
2
 This wide variety of potential NC 

applications is due to its flexible surface chemistry, high fiber strength, shear thinning rheology, 

as well as many other properties.
3
 In addition to its unique physical and chemical properties, it is 

also derived from natural fibers, which means that it is possible to manufacture them in a 

sustainable way.
4
 As the different types of NC can exhibit widely different properties, such as 

liquid crystalline phase formation, or a tensile strength comparable to Kevlar-49 fiber,
3
 they are 

generally divided into three groups; cellulose nanofibrils (CNFs), also called nano-fibrillated 

cellulose (NFC); bacterial nanocellulose (BNC); and finally cellulose nanocrystals (CNCs), also 

called nanocrystalline cellulose (NCC). What they all have in common, in addition to nano-scale 

dimensions, is that they retain the native cellulose I crystal structure of bio-derived cellulose, an 

ordered structure where the cellulose molecule chains run in parallel, as opposed to most 

industrially processed forms of cellulose, which possess the lower energy cellulose II crystal 

structure.
4
 In this work, the focus is exclusively on CNCs. 

 

Figure 1: Nanocellulose can be extracted from a wide range of potential sources. 
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CNCs consist of highly crystalline cellulose particles, where the lengths of individual CNCs are 

shorter than the other types of NC.
5
 Their lengths are on the scale of one hundred nanometers as 

opposed to micrometers, which is the case for BNC and CNF, whereas the diameter is 

comparable to other types of NC, on the scale of 5-10 nm.
6
 Because of their dimensions and 

shape, CNCs are sometimes described as rod-like nanoparticles (NPs). The cellulosic raw 

materials from which CNCs are extracted include a wide variety of sources, including plants, 

paper, or recycled cotton clothing, as depicted in figure 1.
5,6

 The most common extraction 

method for CNCs is based on the acid hydrolysis of plant fibers.
6,7

 In this process, acid is added 

to the cellulosic raw material under conditions that leave the highly crystalline parts of the fibers 

intact but hydrolyze the less crystalline and therefore less resilient parts.
8
 Sulfuric acid is often 

used as a hydrolyzing agent because it replaces some of the hydroxyl groups of the surface of the 

CNCs with -OSO3
-
 sulfate half-ester groups during the process.

9
 This gives the CNC a negative 

charge, which makes them colloidally stable in water due to electrostatic repulsive interactions.
10

 

It is worth noting that CNC production is typically considered an extraction process rather than a 

synthesis as the final product is present in the source material and the process mainly involves 

the removal of unwanted materials.  

The diameter, length, and thermal stability of CNCs is dependent on various reaction conditions 

such as temperature, acid type, acid concentration, as well as the properties of the raw material, 

which are affected by the source type and pretreatment.
10,11

 

On a chemical level, CNCs, as well as other forms of NC, are composed of polymer chains of  

D-glucose units, covalently linked together by (1–4) glycosidic bonds.
4
 Due to their nano-

dimensions, surface properties have a very large effect on the material as a whole, making the 

manipulation and utilization of the surface a field of interest. As can be seen in figure 2, 

hydroxyl groups cover the NC molecules, which make their surfaces quite chemically versatile. 

The hydroxyl groups can both be utilized to form intermolecular bonds to other molecules or 

modified to attach new functional groups to the surface, for example to increase dispersibility in 

a polymeric matrix.
2
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Figure 2: Chemical structure of cellulose. 

A factor to consider when producing CNCs by sulfuric acid hydrolysis is that the resulting CNCs 

are acidic as the counter ion associated with the sulfate half-ester group is a proton.
6
 The surfaces 

can however be neutralized through the addition of a base such a NaOH, exchanging the initial 

proton counter ions with Na
+
 ions. 

12
 This process is schematically explained in figure 3. The 

amount of base needed to neutralize the protons can be determined by pH or conductometric 

titration. 
6,13

 The minimal conductivity, or the maximal pH slope, is achieved at the equivalence 

point, where the ion concentration is minimized and the cellulose is neutralized. 
6,14
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Figure 3: Schematic representation of the conductometric titration process on the particle-scale, 

illustrating the ion exchange process and the associated macro-scale change in suspension 

conductivity.  

The number of NaOH molecules needed to neutralize the CNCs is equal to the number of anionic 

sulfate half-ester groups. It is therefore possible to derive the weight percentage of sulfur atoms, 

as there is one S atom per sulfate half ester group, from the amount of base required to neutralize 

the suspension. This has become the standard way of quantifying the surface charge of 

CNCs.
14,15

 Dong et al. showed that this amount could be calculated through by multiplication of 

the molar mass of Sulphur (𝑀𝑆𝑢𝑙𝑝ℎ) by the concentration (𝑁𝑁𝑎𝑂𝐻) and volume of the base 

(𝑉𝑁𝑎𝑂𝐻), divided by the mass (𝑚𝑠𝑢𝑠𝑝) and the weight fraction CNCs in the suspension, as shown 

in equation 1.
12

 The amount of sulfate half-ester groups can be used in combination with surface 
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area of the CNCs to determine the charge density of the CNCs (e/nm
2
), as well as providing 

some measure of colloidal stability. The amount of base needed for neutralization is also useful 

for systems where the CNCs are to be used in systems that are more sensitive to acidic pH.  

Equation 1: Quantification of sulfate half-ester groups in CNC suspensions as described by Dong 

et al.
12

 

𝑀𝑆𝑢𝑙𝑝ℎ  𝑁𝑁𝑎𝑂𝐻 𝑉𝑁𝑎𝑂𝐻

𝑚𝑠𝑢𝑠𝑝 ∗ 𝑊𝐶𝑁𝐶
∗ 100 =

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑙𝑓𝑢𝑟

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐶𝑁𝐶 
∗ 100 = 𝑊𝑒𝑖𝑔ℎ𝑡 % 𝑆 

 

Another indicator of the colloidal stability of CNCs is their ability to form ordered liquid 

crystalline self-assembled phases. This is a concentration-dependent liquid crystal, which only 

appears when a certain concentration is achieved.
7
 Above this concentration, a denser ordered 

phase appears at the bottom of the suspension, and the top of the suspension remains disordered. 

The ratio of the ordered phase to the disordered phase increases with increasing CNC 

concentration.
12

 The phase separation occurs spontaneously at room temperature, over the course 

of several hours to days, provided the suspension is sufficiently concentrated.
7
 Only well-

dispersed stable dispersions of CNCs show this property as less stable CNCs tend to aggregate or 

gel upon concentration before they are able to form an ordered phase.
16

 Because of this, the 

presence of an ordered phase can be used as a marker for stability. The ordered phase is a chiral 

nematic liquid crystal, as discovered by Revol et al. at McGill University in the early 90s.
7
 In this 

structure the particles are arranged in pseudo-planes, where the direction of the particles in each 

plane is rotated with respect to the plane above and below, such that this direction vector 

undergoes a 360° rotation over a distance that is known as the “pitch”. 
9
 Under POM, CNC 

ordered phases have “fingerprint lines”, where the spacing between two dark lines gives the half-

pitch.
9
 Both the pitch and half-pitch are indicated in figure 4, a schematic showing the 

orientation of CNC rods in a chiral nematic phase. 
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Figure 4: A schematic of the orientation of CNCs in a chiral nematic phase. Both the pitch and 

half-pitch is indicated.  

In general, NC is useful in coating applications as it exhibits shear-thinning rheology,
17

 which 

means that the suspensions flow readily when shear is applied and slows when the shear is 

removed. Classic examples of everyday materials with this property are ketchup and paint. CNCs 

have a few advantages for coating applications as compared with other types of NC: they forms 

films or coatings that are essentially transparent, making CNCs an excellent carrier for optically 

active components,
3
 they form stable dispersions in water at comparatively high solid contents, 

up to approximately 10 wt% 
13

, and they are compatible with many other types of polymers, 

particles, and nanomaterials for a variety of applications.
2,18,19

 There are many examples CNC-

based composites and hybrids, including CNCs introduced into polymer matrices to increase 

mechanical properties,
19

 or CNCs combined with florescent materials to create stable light 

emitting films.
20

 

1.2. Phosphorescence 

A photoluminescent (PL) material absorbs energy in the form of incoming photons, which 

excites electrons to higher energy levels. However, as this elevated energy-state is unstable, the 

electrons relax back to the ground state after a certain time, releasing excess energy in the form 

of another photon, usually with an accompanying small, non-radiative loss in energy.
21

 This 

process is schematically depicted in the Jablonski diagram in figure 5. An incoming photon with 

energy that is equal to or larger than the material bandgap excites electrons to higher energy 

levels, and the process by which the energy is dissipated determines the type of radiative 

transition.  
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The two main types of PL are called phosphorescence and fluorescence, where the biggest 

difference between them lies in the relaxation process of the electrons. During fluorescence the 

relaxation from the elevated energy state is direct and therefore close to instantaneous, occurring 

on a nanosecond timescale.
22

 This is not the case during phosphorescence, as the excited electron 

undergoes an indirect transition by intersystem crossing to a different electronic state, and as 

relaxation from this state is technically spin forbidden by quantum mechanics, it occurs at a 

slower rate and also with a lower efficiency.
23

 This process can take anywhere from to 

milliseconds to hours.
21

 This difference between the two different types of PL is schematically 

illustrated in figure 5. The minimum energy required to excite electrons in the ground state is 

determined by the electronic bandgap of the material. By varying material selection, surface 

chemistry, processing parameters, doping, etc., it is possible to tune both emission and 

absorbance and thus to optimize parameters to produce PL materials for various applications. 

  

Figure 5: Jablonski diagram schematically showing the difference between fluorescence and 

phosphorescence.  

Most commonly one photon is absorbed per energy transition and, as mentioned above, some 

energy is usually lost to heat, which means that the emission occurs at longer wavelengths as 

compared with the absorption, in a process that is called downconversion.
22

 However, it is 

possible for some materials to emit photons of higher energies than those they have absorbed. To 

do this they either absorb two or more photons, or one photon and some other energy from the 
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lattice, such as a phonon.
23

 By combining these energies, the emission of light of a shorter 

wavelength, as compared to the incoming absorbed light is possible in a process called 

upconversion. One example of upconversion is yttrium oxide nanoparticles doped with erbium 

(Y2O3:Er), which absorb infrared (IR) light that can harmlessly penetrate the body and emit 

visible light 
23

. This has potential applications in fields such as bioimaging where PL particles 

attached to tissues of interest can be easily visualized and tracked inside the body.
24

  

1.3.  Y2O3 and Y2O3 doping 

Yttrium is a rare earth (RE) metal with applications in a variety of fields, ranging from high 

quality camera lenses to phosphors.
25

 It is often used in its trivalent oxide form, yttrium(III) 

oxide, which is very hard, transparent over a broad spectral range, and has good thermal and 

chemical stability.
26

 Due to its relatively large bandgap (5.6 eV), it is however not 

photoluminescent in its pure state but can be doped to exhibit the useful property of 

phosphorescence.
21,25

 

Phosphorescence in Y2O3 is achieved through the introduction of dopant elements, often other 

RE
+3

 ions, which replace some yttrium atoms in the crystal structure. This introduces additional 

energy levels in the material at the interfaces between dopant and oxide, thus allowing for the 

indirect energy transitions required for phosphorescence.
27

 The introduction of new energy 

bands, which depend on the nature of the dopant, determines both the light emission wavelength 

and whether the phosphorescence process is upconverting or downconverting.
28

 The emission 

intensity is strongly influenced by dopant concentration, where the intensity increases with 

increasing dopant content up to a critical concentration where quenching occurs. At this point the 

intensity no longer increases but rather tends to decrease as the fraction of dopant is increased.
29

 

The critical concentration of a specific dopant is dependent on the crystallite size, particle size, 

and particle surface area.
30,31

 Some examples of possible dopants for Y2O3 include 

downconverting Tb
3+

and Eu
3+

, which absorb UV wavelengths and emit at approximately 550 nm 

and 610 nm, respectively, and upconverting Er
3+

, which absorbs IR and emits at approximately 

650 nm.
23,27

 Among these, Eu
3+

 doping is one of the most thoroughly explored and characterized 

in literature and will therefore be the dopant employed in this study.
29–31
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It is generally desired to synthesize these and other NPs in a manner that minimizes the energy 

usage and the number of additional steps required to acquire the finished product. One way to 

work toward this goal when synthesizing nanophosphors is to use wet chemical methods which 

generally result in particles with narrow size distributions and low energy demands during 

production.
22

 To further decrease the energy required and achieve a well-controlled reaction 

process, microwave (MW) synthesis may be employed.
32,33

 For Y2O3:Eu a MW hydrothermal 

route is advantageous as it is generally fast and allows for the simultaneous synthesis and doping 

of Y2O3:RE precursors in aqueous suspension.
34

 It also allows for a wide variety of geometries at 

both the micro and nano-scales, such as nanorods, flower-like microspheres, spherical, or other 

shapes, depending on reaction conditions.
34–36

 

1.4. Nanoparticle suspension stability 

When combining inorganic and organic nanomaterials to create a hybrid there are a plethora of 

factors that need to be considered, mainly factors relating to the surfaces of the materials. The 

electrostatic double layer (EDL) is one of these factors. This is a layer consisting of two parts; 

charged groups attached to the particle surface and associated counterions that exist in a diffuse 

layer outside of the charged surface and extend into the surrounding solution with decreasing 

concentration. For oxides this layer is often dependent on hydroxyl groups present on the 

surface, the stability of which are in turn affected by the concentration of protons in the 

suspension (i.e. pH).
37–39

 At a sufficiently high pH, which is called the pKa, half of the hydroxyl 

protons have disassociated, thus leading to a negative surface charge and positive counterions 

surrounding the surface, as described below in equation 2. As the pH is lowered and the proton 

concentration increases the reaction tends towards the left with fewer free protons. It is also 

important to consider that very high and very low pH values can damage certain materials. For 

example, strong acids tend to break down both non-noble metals and organic materials, such as 

CNCs. 
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Equation 2: Deprotonation of hydroxyl groups on an oxide surface 

𝑂𝑥𝑖𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 −  𝑂𝐻 ⇌  𝑂𝑥𝑖𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑂− + 𝐻+ 

The same reaction, shown in equation 3 below also occurs on the surface of sulfate-half ester 

groups on CNC surfaces. At approximately pH 3 the protons associated with the sulfur half-ester 

deprotonate and the particles exhibit an overall negative surface charge, as per equation 3.
40

  

Equation 3: Deprotonation of sulfate-half ester groups on a CNC surface 

𝐶𝑁𝐶 −  𝑂𝑆𝑂3𝐻 ⇌  𝐶𝑁𝐶 − 𝑂𝑆𝑂3
− + 𝐻+ 

Whether surface charge groups are protonated or not has a large effect on the stability of 

colloidal suspensions in water as uncharged particles will aggregate, whereas charged particles 

repel each other. This surface charge can be quantified by zeta potential (ZP), which reflects the 

difference between the potentials of the EDL of the material and its surroundings.
41

 This also 

reflects the stability of a suspension as particles of like-charge of sufficient magnitude repel each 

other, thus preventing aggregation. Note that the ZP of a material in suspension at one moment in 

time should not be used as the sole determining factor for colloidal stability but as a general rule 

of thumb, a ZP of ±30 mV or larger indicates that the suspension is stable, whereas a ZP 

approaching 0 mV is a sign that the suspension will rapidly flocculate or precipitate.
42

 

The deprotonation processes described above as well as similar reactions affecting surface 

charge are often pH-dependent and gradual. Because of this it is useful to determine the surface 

charge as a function of pH to better understand the stability of NPs in various environments. A 

ZP curve of a hypothetical oxide is shown in figure 6 where a characteristic gradual change in 

surface charge can be seen.
43,44

 A value of interest to determine stability of NPs is the isoelectric 

point (IEP), the pH at which the zeta potential is zero and the sign of the surface charge  

changes.
39,42
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Figure 6: Schematic of the ZP of a hypothetical oxide in a suspension as a function of pH. 

ZP is generally seen as a good way to assess the stability of a nanoparticle suspension but it is 

not perfect and certain factors need to be considered to ensure that the measurements actually 

reflect reality. Some examples include particle concentration, ionic strength, polarity of the 

surrounding solution, and size of the dispersed particles.
45

 By adding a small amount of 

electrolyte to a suspension the ionic strength is increased, which will compress the EDL to show 

the behavior of the suspension under more realistic conditions.
41

  

Hand-in-hand with ZP measurements are particle size measurements by dynamic light scattering 

(DLS), which mirrors ZP results, in that particle size increases at conditions where the 

suspension is unstable and is minimized at low salt and at conditions where ZP indicates 

colloidal stability. However, even though DLS is useful to study stability trends for most NPs, 

the DLS average sizes are not necessarily an indication of the exact particle dimensions, 

especially for rod-like particles such as CNCs. This is because in DLS NP size is calculated from 

the diffusion coefficient assuming that the moving particle is a non-interacting sphere moving 

around freely in the suspension.
41

 

As mentioned above, when discussing CNCs it is possible to tailor the colloidal stability of 

nanoparticles by various methods, such as surface modification with ligands. These molecules 
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(or sometimes ions) may have asymmetric properties, such as one end that is hydrophilic and one 

end that is hydrophobic. For the dispersion of nanoparticles with hydrophilic surfaces in a 

hydrophobic medium, an amphiphilic ligand can attach to the nanoparticle surface through its 

hydrophilic part, with is hydrophobic part in contact with the surroundings. Various forms of 

citrate, for example, have been used to stabilize noble metals, Y2O3, and various iron oxide NPs, 

imparting a strong negative surface charge in both weakly basic and neutral solutions, instead of 

being slightly positive at the same conditions when bare.
46–50

 The exact nature of the bond 

between the citrate molecules and a metal oxide depends on many factors but there are three 

main ways the carboxyl groups of a citrate molecule can adhere to an oxide, which are 

schematically shown below in figure 7. In trivalent rare earth compounds the bonding tends 

towards bidentate, figure 7b.
48,51

  

 

Figure 7: A schematic of a) monodentate, b) bidentate, and c) bridging interactions between 

carboxyl groups and a metal (M) oxide (O) surface. 

Although, a small amount of electrolyte is added to suspensions in order to obtain accurate DLS 

and ZP measurements, avoiding excessive ionic strength is also an important consideration. 

Charged nanoparticles are stable at low ionic strengths, but as ionic strength increases, 

electrostatic shielding occurs and destabilizes the suspensions, causing aggregation, 

sedimentation, or gelation.
41

 Electrostatic shielding means that the EDL is compressed to such an 

extent that the attractive but very short range van der Waal interactions that lead to particle 

aggregation overcome the repulsive interactions that stabilize the particles.
52

 Thus, to obtain 

stable suspensions it is important to both consider ionic strength and pH. 

a) b) c) 
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Thus, to produce a stable suspension containing two or more different nanoparticles, such that 

both nanoparticles are dispersed at the nano-scale, the surface charges of the constituents must be 

comparable and of the same sign. Additionally, as discussed in detail above, factors such as pH 

and ionic strength are also important to consider. 

1.5. CNC-based Y2O3:Eu phosphorescent hybrids 

Research into inorganic-organic hybrid nanomaterials is of growing interest, particularly when 

the components of the hybrid are green, sustainable, and non-toxic. This thesis aims to further 

explore the intersection between inorganic and organic chemistry, by producing a material that 

combines CNCs and inorganic Y2O3:Eu nanophosphors as a novel green and water-based ink for 

printing. As discussed above, consideration of the colloidal stability of each nano-component as 

a function of ionic strength and pH is critical in order to design a stable ink with the required 

properties of film formation, matrix transparency, and phosphorescence, since for instance CNC 

aggregation due to some source of instability can compromise film formation and matrix 

transparency. The aim of this work then is to produce a stable, water-based ink, where each 

component is dispersed at the nano-level such that the nano-derived properties are retained. 

2. MATERIALS AND METHODS 

Two separate materials were produced using water-based solution chemistry and then combined 

to form the inorganic-organic phosphorescent hybrid. CNCs were produced using conditions 

based on research from the 1990s out of Derek Gray’s laboratory at McGill University in 

Canada, whereas the Y2O3:Eu was produced using the method of Khachatourian et al., modified 

to result in a higher yield per produced batch.
12,26,29

 

2.1. CNCs 

The CNC production utilized involves first treating a natural source of cellulose with 

concentrated acid to degrade everything except the crystalline matter and then carefully 

removing all excess acid to finally achieve a stable suspension of cellulose crystallites in 

water.
8,12

 



14 

 

 

 

2.1.1. CNC Production 

Sulfuric acid (95-97% Merck) was diluted to 64 wt% with purified water “Type I” NCCLS water 

(from this point onward referred to as “purified water”) using a hydrometer to accurately assess 

the density of the solution as sulfuric acid density changes significantly as a function of 

concentration and temperature. 43 g of shredded Whatman™ “Ashless clippings filter aids” 

cotton filter paper, dried at 50 °C overnight, was added to 750 mL of acid at 45 °C in a water 

bath. After 45 minutes at 45 °C, the reaction was stopped by quenching through a 10-fold 

dilution with purified water. 

The diluted mixture was then transferred to and centrifuged in 250 mL bottles at 4,000 rpm over 

several cycles of 30 minutes in a Hettich Rotixa/A centrifuge. After each cycle, the acidic 

supernatant was decanted, and more reaction mixture was added to the bottles, until the original 

reaction mixture was depleted. At this point, the pellets were washed with purified water until a 

solid pellet no longer formed at the bottom of the container. The contents were then transferred 

into Spectra/Por® 5 Dialysis Membranes with a molecular cut of weight of 12-14 kDa. Each 

tube, holding approximately 700 mL in volume, was placed into a 5 L bucket containing purified 

water for dialysis under stirring.  

In one of the dialysis containers approximately 200 mL CNC suspension was dialyzed against a 

similar volume of purified water (5 L). The pH of the contents of this dialysis tube was 

monitored using a Mettler Toledo MP220 pH meter, and the concentration in the tube was 

determined gravimetrically by drying 3 × 1 mL samples at 60 °C in air over night. The dialysis 

water was changed, concentration was determined, and pH values were measured 18 times over a 

period of 29 days. At day 16, the contents of all tubes were mixed together, sonicated, and 

redistributed into new dialysis tubes to ensure dispersion of agglomerates potentially containing 

acidic parts. 

Sonication was conducted using a Sonics and Materials Inc. Vibracell VC 750 in 80 mL batches 

using a microtip at 40% amplitude, the highest possible power, for 5 min. The sonication energy 

was delivered in pulses of one second in length and with one second of rest time between every 

pulse (total sonication time per 80 mL was thus 10 min). The CNC was then filtered twice 
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through cotton filter paper to remove any remaining larger impurities or metal residue from the 

sonication probe.  

Approximately 1000 mL CNC suspension was neutralized using NaOH in an amount determined 

by conductometric titration. Approximately 300 mL of this neutralized suspension was 

concentrated to a volume of approximately 40 mL using a Millipore™ XFUF07601 Solvent-

resistant Stirred Cell. The new concentration was determined using gravimetric drying, as 

described above.  

2.1.2.  CNC Characterization 

Surface charge by titration: To determine the sulfate-half ester content of the CNCs, 

conductometric titration was performed by titrating 5 mL of a 0.61 wt% CNC suspension diluted 

in approximately 120 g of 1 mM NaCl against 1.97 mM NaOH, previously calibrated by titration 

against a standard HCl solution. The titration was repeated five times to ensure accuracy.  

Thermal stability: After this, the thermal stability of films cast from both neutralized and as-

prepared acid-form CNCs were assessed by thermogravimetric analysis using a Mettler Toledo 

TGA 2, and heating from room temperature to 600 °C at a rate of 20 °C/min.  

Colloidal stability by ZP and DLS: Autotitrations adding HCl, NaOH, and NaCl to CNC 

solutions, diluted to 0.1 wt% were performed in a Zetasizer Nano ZS with an MPT-2 multi-

purpose titrator accessory, measuring the ZP and z-average size from DLS as a function of pH 

and ion concentration. To stabilize the hydrodynamic size of the pure CNC and increase the 

accuracy of the measurements acid and base titrations were performed at 10 mM NaCl 

concentration. All DLS measurements are conducted three times and the standard error is 

calculated at a 95% confidence limit. 

Infrared spectroscopy: Dried films cast from neutralized and acid-form CNCs were examined in 

a Perkin Elmer Spectrum One FTIR Spectrometer with an ATR accessory. 

Self-assembly: Colloidally stable CNCs are known to give ordered phases above a critical 

concentration. In order to determine whether the CNCs produced in this work exhibited this 
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property, a concentrated suspension (approximately 5.6 wt%) was introduced into a glass 

microtube (Vitrocom 1 cm width, 1 mm depth, 10 cm height), which was left open to evaporate 

slowly under ambient conditions until an ordered phase appeared at the bottom of the tube. The 

ordered phase was visualized through crossed polarizers and by polarized optical microscopy. 

Particle size by atomic force microscopy: The sizes of CNCs (height and length) were measured 

by AFM (MultiMode®, Bruker, peak force mode utilizing ScanAsyst-Air tip and cantilever). 39 

particles were analyzed using Nanoscope software. For spin coating, approximately 1 mL of 

0.001 wt% CNC suspension was put on a 1 cm
2
 silicon wafer that had been previously rinsed 

with ethanol and plasma (air) cleaned. The sample was left to rest on the wafer for 60 s before 

being spun at 3000 rpm for 60 s. After this, purified water was put on the wafer and it was spun 

under the same conditions again. Note that to obtain an accurate diameter of the particles the 

height rather than the diameter was measured to avoid tip broadening effects. The results are 

presented an average with an associated standard deviation. 

2.2. Y2O3:Eu 

The doped Y2O3:Eu NPs were synthesized in a two-step process: (1) MW synthesis of precursor 

nanoparticle suspension containing both Y and Eu, and (2) calcination of the precursor powder. 

The combined concentration of Y
3+

 and Eu
3+

 is denoted “[RE]”. 

2.2.1. Y2O3:Eu Synthesis and Property Mapping 

Yttrium nitrate hexahydrate Y(NO3)3·6(H2O) (Sigma-Aldrich 99.98%), Eu(NO3)3·5(H2O) 

(Sigma-Aldrich 99.98%), and urea CO(NH2)2 (Merck ≥99%) were used as received. The 

compounds were dissolved in DI (deionized) water under stirring to create stock solutions. The 

stock solutions were mixed to create a sample solution with 60 times as many moles of urea as 

compared to rare earths, where 13 molar percent of the rare earths were Eu and the remainder Y. 

The exact composition of this stock solution is given in table 1. 
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Table 1: The composition of the concentrated solution, later diluted to produce the precursor NP 

powder. 

Compound Concentration [M] 

Y(NO3)3·6(H2O) 0.0348 

Eu(NO3)3·5(H2O) 0.0052 

Urea 2.4 

 

To be able to map both the effect of concentration, and reaction time, some of this solution was 

further diluted from the as-prepared 0.04 [RE] to [RE] = 0.02 M and 0.005 M. These samples are 

named after their solution concentration (high, medium, and low) and reaction time in minutes in 

accordance with Table 2 below: 

Table 2: Reaction conditions and names of the various samples used for precursor powder 

production. 

[RE] (M) 0.04 (as prepared) 0.02 (diluted 1:1) 0.005 (diluted (1:8) 

Reaction time (min) 20 30 20 30 20 30 

Sample name HC20 HC30 MC20 MC30 LC20 LC30 

 

After characterization, MC20 was deemed the most suitable reaction and a larger second batch of 

this powder was created in addition to the samples mentioned above. This larger batch was used 

to make the hybrid. 

The sample solutions were transferred to 20 mL vials and heated in a Biotage® Initiator+ 

microwave at 90 °C, with a max power output of 400 W and with 900 rpm stirring to produce 

Y(OH)CO3 NPs. The resulting suspensions were centrifuged at 8000 rpm for 10 minutes, 

decanted, and washed with DI water three times to remove any remaining urea derivatives. The 

samples were then dried overnight in a vacuum oven at 80 °C at low pressure.  
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Weight loss during the calcination process: Next, the dried sample powders were calcined at 900 

°C for 2 h in air, or alternatively examined in a Mettler Toledo TGA 2 ramping the temperature 

with 20 °C/min from room temperature to 900 °C, to give the final Y2O3:Eu.  

Particle size by DLS: The DLS sizes of the different suspensions in aqueous NaOH solution at 

pH 10.7 was conducted using a Zetasizer Nano ZS with an MPT-2 multi-purpose titrator 

accessory.  

Emission and excitation properties: The PL properties of the calcined powders for mapping 

where quantified in a Thermo Scientific™ Varioskan™ LUX multimode plate reader. The 

emission spectra of suspensions with Y2O3:Eu in aqueous NaOH solution at pH 10.7, sonicated 

to disperse as best as possible the powder aggregates, were evaluated. Note that even with 

sonication these powders were prone to aggregation which affected the results. The emission 

spectra were measured under an excitation wavelength of 210 nm, the wavelength with the 

maximum intensity from the excitation spectra.  

2.2.2. Y2O3:Eu Characterization 

To determine compositions, FTIR-ATR was performed on both the starting compounds and the 

finished powders using a Perkin Elmer Spectrum One FTIR Spectrometer with an ATR 

accessory. The calcination process was also examined in a Mettler Toledo TGA 2 as mentioned 

previously.  

2.2.3. Surface Modification of Y2O3:Eu using sodium citrate 

Using the same synthesis method described above a larger batch of the MC20 NPs was 

synthesized. 25 mg of the resulting Y2O3:Eu NPs was put in a reaction vessel kept at 

approximately 70 °C and under continuous vigorous stirring by magnet, adding two different tri-

sodium citrate (TSC) solutions, 0.25 mg/mL and 50 mg/mL. To determine the amount of TSC 

needed to stabilize the Y2O3:Eu NPs, surface area approximations were used assuming a 

spherical NP shape using diameter obtained from DLS size measurements (see appendix). Based 

on a 20x excess of the minimum amount required to fully cover the spherical particles, 7 mL of 

0.25 mg/mL TSC was added over a period of 3h with only a small amount of NPs dispersing and 
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a large amount of NP left agglomerated on the bottom of the reaction vessel, even after leaving 

the reaction overnight. After this approximately 1 mL of the higher concentration TSC solution 

was added per hour until the suspension no longer had any visible aggregates. For complete 

dispersal, 7 mL of the lower concentration TSC solution and 4.17 mL of the higher 

concentration, for a total of 210 mg sodium citrate and 12 mL purified water used. During the 

process, the suspension was sonicated three times over approximately 5 minute intervals using a 

MSE (UK) Ltd Soniprep 150 (microtip 1.9 mm at 5 µm amplitude). The stabilized Y2O3:Eu 

particles were then dialyzed using Spectra/Por® 5 Dialysis Membranes with a molecular cut of 

weight of 12-14 kDa to remove excess TSC, evaporation concentrated at 40 °C to approximately 

½ of the initial volume, and added to the neutralized CNC suspensions with varying 

concentrations of both Y2O3:Eu and CNC. 

2.2.4. Characterization of Y2O3:Eu-citrate modified nanoparticles 

DLS measurements of the stabilized suspension were conducted as mentioned above. The 

particles were also examined using AFM at the same conditions discussed above. The sample 

was prepared by dip-coating, where 1 mL of 0.01 wt% yttria suspension was left to rest on an 

ethanol-rinsed and plasma cleaned silicon wafer for 10 minutes before rinsing with water. 75 

particles were examined to determine the size distribution. 

2.3. CNC Phosphor Hybrid 

The concentrated, and neutralized CNC suspension (determined gravimetrically to be 5.6 wt%) 

was mixed with the stabilized, and dialyzed Y2O3:Eu suspension at volume ratios of 1:1, 1:3, and 

1:5. To determine the concentration of the Y2O3:Eu suspension, the hybrid films were burned in 

the TGA mentioned above. These films were photographed in ambient and under UV-light. 

In addition a pure CNC film was used as reference. A total of 600 μL of each mixture was put 

onto a circular polystyrene surface (1.5 cm in diameter) and allowed to dry under ambient 

conditions overnight.  
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Film thickness was measured using a Mitutoyo digimatic micrometer (MDC-25HMT) and a 

comparison of the viscosity of a pure CNC suspension at 2.8 wt% and the hybrid with an 

equivalent CNC concentration was conducted in a Malvern Kinexus Pro KNX 2100. The 

Y2O3:Eu content was determined using the TGA as described above. 

3. RESULTS AND DISCUSSION 

3.1. CNCs 

3.1.1. CNC Production 

The pH and weight % of the CNC suspension during dialysis as well as the pH of the dialysis 

water is shown in figure 8. The vertical line indicates the point at which the contents were 

removed from dialysis, recombined, and sonicated, which corresponds to a minor pH drop in the 

suspension, thus indicating that pockets of acid were released during the sonication. In addition 

to the dip in pH, the suspension showed a clear difference in opacity before and after sonication 

and went from milky and relatively opaque to a more translucent liquid during the sonication, as 

shown below. The sonication energy input was 260 Joules per gram CNC. The visual result of 

the sonication can be seen in figure 9. 

 

Figure 8: The pH of the CNC suspension and the dialysis water as well as the concentration of 

the CNC suspension as a function of time during the cleaning process. 
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Figure 9: A comparison between the as-prepared CNC suspension at 0.61 wt% and pH 4 and the 

same suspension after sonication. The increased transparency indicates a more well-dispersed 

suspension after sonication. 

It can also be noted that the pH values and concentration stabilize relatively quickly and a CNC 

solution of similar purity could possibly be produced in a shorter time-scale, especially with 

more frequent water changes and a larger ratio of dialysis water to CNCs.  

This fast acid removal can also be seen by the appearance of the dried CNC films in figure 10. 

The CNC sample from the first day, the dish furthest to the left, reacted during the drying 

process and looks burnt from the acid. This has happened to a much lesser extent in the samples 

from day two and the sample from day three onward are functionally transparent.  

 

Figure 10: Dried CNC films after the first three days of dialysis, showing various degrees of 

hydrolysis during the drying process. 
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Another comment relating to the production is that a large amount of purified water is needed for 

laboratory scale CNC production and that that a relatively large amount of acid is discarded 

during the process. This is however not the case in industrial scale production where acid and 

other byproducts can be recovered and processes other than dialysis are employed to deacidify 

the reaction.
6
 

 The properties of the purified CNC suspension in acid-form after purification by dialysis and 

sonication are summarized in table 3 below. Concentration and standard error of the CNC 

suspension is calculated using data from the last three days of dialysis as measured parameters 

had stabilized at that point. The standard error is calculated at a 95% confidence limit. 

Table 3: Properties of the as-prepared CNC suspension. 

pH 4.05 

Sulphur content 0.41 ± 0.01 wt% 

CNC concentration 0.62 wt% ± 0.01 wt% 

 

3.1.2. CNC Characterization 

At moderate pH, 3.5 to 10, both ZP and DLS z-average size are relatively stable at values of 

approximately -35 mV and 100 nm, respectively, which can be seen in figure 11. It can however 

be observed that the ZP trend differ from the z-average size at elevated pH in that the ZP was 

reduced before the particle size increased. Thus, CNCs become colloidally unstable at low and 

high pH extremes but are stable from approximately pH 3.5 to 10. 
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Figure 11: ZP and DLS average size of diluted, as-prepared acidic CNC suspension (0.1 wt%, 10 

mM NaCl), titrated with NaOH and HCl to adjust pH. 

At low pH values, the excess of protons condense onto the sulfate ester groups, as shown in 

equation 3, thus neutralizing the surface, resulting in a drastic loss in stability as attractive van 

der Waal forces are no longer counteracted by surface charge repulsion. In a study by Akhlaghi 

et al., this instability was observed between pH 2 and pH 4 for a CNC suspension at 0.01 wt%, 

which is similar to the results obtained in this study.
40

 At high pH, once all sulfate half-ester 

groups are neutralized, the addition of NaOH contributes to the overall ionic strength of the 

suspension, which may lead to instability by electrostatic shielding of the CNCs, as discussed in 

the introduction. 

To explore in more detail how ionic strength impacts CNC stability, the ZP and DLS size as a 

function of added NaCl was examined. As shown in figure 12a below, relatively stable DLS and 

ZP values are obtained above 5 mM NaCl. At NaCl concentrations below 5 mM, the spread of 

the data is very large because both the size and ZP measurements require that the EDL be 
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somewhat compressed. However, this stability does not last and at approximately 40 mM 

concentration of NaCl there is another abrupt increase in ZP and DLS size, shown in figure 12b. 

 

 

Figure 12: ZP (black triangles) and DLS z-average size (gray diamonds) of diluted, as-prepared 

acidic CNC suspension at 0.1 wt% and titrated with NaCl solution to a) 15 mM and b) 50 mM. 

The CNCs produced in this work were stable enough to produce an ordered phase as shown in 

figure 13b, which shows a photograph of a phase separated suspension between crossed 

polarizers. Figure 13a show POM imaging of the liquid crystal phase on the bottom of the 

suspension with a visible fingerprint structure. The pitch was found to be 8.8 µm at 11.5 wt% 

which generally agrees with literature. Figure 13c shows the disordered phase on the top of the 

liquid crystal, containing dispersed spherical liquid crystal fragments, or tactoids. Note that the 

dark pink indicates disorder whereas blue and yellow indicate polarization in perpendicular 

directions. The CNC concentration at which the phase separation became noticeable was around 

10 wt%. 
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 Figure 13: a) Fingerprint texture from POM imaging of the anisotropic phase of the 

concentrated CNC suspension. b) Photograph of the separated phases. c) POM imaging of the 

top part of the suspension, showing small spheroidal tactoids. 

Table 4 presents the dimensions of the CNC particles, determined from the AFM imaging shown 

in figure 14a. These dimensions agree with literature.
6,13

 As can be seen in figure 14b, the 

particles form a smooth surface, in this case in the nm-scale, at elevated concentrations. 

Table 4: The dimensions of the CNC particles, as determined from AFM imaging.  

Length [nm] 105 ± 11 

Diameter [nm] 6.5 ± 0.6 

 

a) b) c) 
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Figure 14: a) One of several AFM images of diluted CNCs used to calculate size distribution. b) 

AFM of uniform CNC film. 

3.2. Y2O3:Eu Property Mapping 

The TGA of the samples used for mapping in figure 15 showed two separate reactions occurring 

approximately at the same temperatures, 180 °C and 610 °C, marked with gray lines in the 

figure. It can also be seen that all the samples that were in the MW reactor for 20 minutes exhibit 

similar mass losses, retaining between 57% and 54% of their original weight after the reaction. 

The samples that reacted for 30 minutes however showed a greater spread and retained between 

39% (HC30) and 25% (LC30). This indicates that it is possible that unwanted materials or side 

products are created at longer reaction times, thus risking making the particles less pure. This 

TGA data can be compared to the theoretical weight reduction for complete reactions of pure 

precursors, as shown below in table 5. Note that this would disregard the Eu-containing 

compounds present.  

a) b) 
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Figure 15: TGA during the calcination process of the samples with various reaction parameters.  

The temperatures where the reactions occur are in accordance with literature regarding the 

calcination of Y(OH)CO3 by D. Sordet and M. Akinc.
53

 The two reactions, reaction 4a and 4b 

are shown below and occur around 180 °C and 610 °C. Note that Y and Eu are chemically very 

similar.  

Equation 4: Two-step calcination process of the Y(OH)CO3 to Y2O3. 

 𝑌(𝑂𝐻)𝐶𝑂3 (𝑠) → 𝑌2𝑂2𝐶𝑂3 (𝑠) +  𝐻2(𝑔) + 𝐶𝑂2(𝑔) (a) 

 𝑌2𝑂2𝐶𝑂3 → 𝑌2𝑂3 + 𝐶𝑂2 (b) 

 

The molar mass and theoretical mass loss for the reactions, assuming completely pure 

compounds and complete reactions are shown below in table 5. Comparing these values to the 

TGA results one can see that the 20-minute reactions are considerably closer to the theoretical 

values and therefore probably contain less unwanted organic compounds. 
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Table 5: Weight comparison of the components according equation 4 assuming no loss of solids. 

Compound Molar mass (g/mol) 
Molar mass  

per Y (g) 
% of initial mass 

Y(OH)CO3 165.90 165.90 100 

Y2O2CO3 
269.82 134.91 81.3 

Y2O3 
225.81 112.905 68.1 

 

The FTIR results in figure 16 show that the calcined samples are chemically very similar, 

displaying transmission valleys at approximately the same wavenumbers. They consist mostly of 

Y2O3 as shown by the valley at 555 cm
-1

 indicating Y-O stretching. There also seems to be C-O 

stretching present as shown by the valleys at 1520 and 1400 cm
-1

. These valleys are most 

probably adsorbed carbonate groups, originating from CO2 in the ambient atmosphere, showing 

peaks at 1585 and 1334 or 1452 and 1388 cm
-1 

depending on bonding type according to E. Köck 

et al.
48,54
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Figure 16: FTIR spectra of calcined dry Y2O3:Eu powder at various reaction parameters. 

Table 6 shows the DLS z-average size of the NPs dispersed in basic solution (pH 10.7) by 

sonication after calcination. It should however be noted that the dispersion was far from perfect, 

and the data is therefore not necessarily entirely accurate, further highlighting the need for 

improvement the colloidal stability through the use of TSC. As can be seen in table 6 the 

smallest particles seem to be those produced in the MC series. The particle sizes are in the same 

order of magnitude as compared to previous research by Khachatourian et al. using similar 

reaction conditions.
26
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Table 6: DLS z-average size of the calcined Y2O3:Eu particles. 

 

DLS z-average diameter 

with standard error [nm] 

HC20 322 ± 71 

HC30 255 ± 68 

MC20 214 ± 23 

MC30 321 ± 163 

LC20 418 ± 121 

LC30 303 ± 13 

 

As all samples were chemically similar and showed phosphorescent properties. The LC samples 

were not examined further as the yield was small, at approximately 10 mg per batch (under the 

optimistic assumption of reaching 100% conversion) and larger amounts of powder were 

required to manufacture the amounts needed to create a phosphorescent hybrid, especially if one 

of the goals of the work is to show feasibility of larger-scale production. In comparison, the MC 

and HC conditions can produce 40 mg and 80 mg per batch respectively, assuming ideal 

conditions and 100% yield. 

The excitation and emission spectra below are from the NPs dispersed in the same basic solution 

as mentioned previously. Because of the instability and the particles tendency to agglomerate 

some degree of light scattering from non-dispersed particles is likely occurring and little can be 

concluded from the peak intensities. It can however be seen from figure 17 that the NPs in 

suspension have their largest excitation peaks at around 210 nm (figure 17a), and emission at 

approximately 610 nm (figure 17b). The excitation maximum is close to, but not exactly the 

same as compared to literature values, whereas the emission is almost exactly where literature 

predicted it would be. The excitation and emission maximum are at 210 and 611 nm and 

literature suggested Y2O3:Eu produced using a similar manufacturing process resulted in maxima 

at 235 and 613 nm.
26,27
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Figure 17: Spectra showing a) excitation at 611 nm emission b) emission at 210 nm excitation of 

bare Y2O3:Eu particles in water, synthesized using various reaction parameters.  

As the chemistry and phosphorescence properties of all samples were similar, but the TGA 

indicated some possibility of contamination in samples with longer reaction times (30 min), these 

samples were excluded as candidates for larger batch production. Within the 20 minute series, 

the NPs in MC20 seemed smallest and therefore easiest to stabilize due to a larger surface area 

per weight. Thus, MC20 was chosen to be produced in larger scale and incorporated into the 

hybrid ink. 

The effect ambient light and shortwave (254 nm) UV-illumination on the produced powder is 

shown below in the figure 18 photographs.  
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Figure 18: Photographs of Y2O3:Eu NPs under ambient and 254 nm UV-illumination. 

3.3. Y2O3:Eu Stabilization with TSC 

During the first day of stabilization, the effect of a small TSC excess per surface area (see 

appendix), similar to that used when modifying Fe3O4 with TSC, was examined.
55,56

 This 

resulted in very little effect and a large excess of TSC, approximately 600x according to the 

initial assumptions of NP-size and shape, an excess similar to that used to stabilize Y2O3:Eu NPs 

in the work by M. G. Ivanov et al. was deemed necessary to get a well-dispersed suspension.
48

 

The Y2O3:Eu NPs in the dialyzed suspension were however not spherical as would be indicated 

by previous research, but plate-like with diameters similar to the spheres proposed by 

Khachaturian et al. but with heights of only a few nanometers.
26,29

 From figure 19a, the particle 

dimensions were determined to have a bimodal distribution of particle diameters with two groups 

of NPs, one slightly larger and flatter with diameters of 182 ± 14.5 nm and heights of 2.6 ± 0.5 

nm, and one consisting of smaller and thicker platelets with diameters of 55 ± 5.1 and heights of 

3.8 ± 0.5 nm. A comparison of the large and small particles can be seen in figure 19b. As the 

particles turned out to be plate-like rather than spherical, it is worth mentioning that the excess 

will actually be closer to 3x if we assume that all of the particles were cylinders with the 

dimensions of the smaller population, or approximately 15x if we assume that the particles all 

had the dimensions of the larger population. Thus the actual excess is most likely somewhere in 

between 3x and 15x and far from the 600x that was originally assumed. 
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Figure 19: AFM imaging of a dip-coated Y2O3:Eu suspension, a) shows a larger overview 

picture used to determine a statistical distribution of particle sized and b) shows the two different 

particle types, larger and flatter (marked by black circles) and smaller and thicker (marked by 

white circles). 

The ZP of a 0.15 wt% Y2O3:Eu suspension was determined to be -44 mV, a negative surface 

charge strong enough indicate that the suspension is stable and of the same sign as compared to 

the CNC suspension (figure 11). That means that the particles are of comparable size and surface 

charge, pointing towards them being compatible and able to create a stable hybrid suspension. 

3.4. CNC phosphor hybrid 

Figure 20 shows suspensions that were mixed in different ratios to form films and coatings. All 

the suspensions are relatively transparent at these concentrations, indicating good stability. No 

agglomerates or other precipitates form when mixing the two suspensions, even when leaving it 

for weeks, which demonstrate the stability of the hybrid ink.  

a) b) 
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Figure 20: Suspensions from left to right; TSC stabilized Y2O3:Eu, hybrid material, and CNC 

(0.5 wt%). 

As opposed to the excitation spectra of the (unstable) pure Y2O3:Eu suspension the stabilized 

suspension in figure 21 displays two peaks; one at approximately 210 nm, like in in figure 17 and 

one at approximately 238 nm. The second peak is very close to the values discussed in 

literature.
26,27

 Even though the hybrid itself did not exhibit a clear excitation maximum at this 

second wavelength the emission spectrum at both 210 nm and 238 nm was examined and results 

are shown in figure 22. 

 

Figure 21: Excitation spectra of the pure Y2O3:Eu suspension, the hybrid suspension, and the 

CNC suspension. 
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The spectra Figure 22 below shows that the maximum emission wavelength is not affected by 

adjusting the excitation wavelength from 210 nm to 235 nm, but that both the relative heights of 

the peaks are affected. Also note that the emission intensity in Figure 22 b is approximately one 

order of magnitude larger as compared to the spectra in 22a. This would indicate that 235 nm is a 

wavelength more suitable for excitation if the goal is maximization of emission intensity.  

 

Figure 22: The emission spectra obtained by a) excitation at 210 nm and b) excitation at 235 nm. 

The viscosity as a function of shear rate of the hybrid and pure CNC are compared in figure 23. 

As can be seen both suspensions show very similar shear thinning properties, suggesting that the 

hybrid would perform similarly as compared to CNC in printing.  
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Figure 23: Viscosity as a function of shear rate for pure a CNC suspension as well as for the 

hybrid material. 

The Y2O3:Eu content, and thicknesses of four cast films are presented in Table 7 and their 

properties are discussed below. 

 Table 7: Properties of the free-standing films. 

 Volume ratio 

Y2O3:Eu / CNC 

suspension 

Y2O3:Eu content 

[wt%] 

Approximate 

thickness [mm] 

A 5:1 13% 0.3 

B 2:1 5.2 % 0.4 

C 1:1 2.6 0.6 

D Pure CNC n/a 0.6 

 

As can be seen in figure 24 below all of the free standing films are transparent. It can also be 

noted that the thicker samples makes the background slightly diffuse, although this effect is 

marginal.  
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Figure 24: Hybrid films as per table 7 in ambient light. 

The phosphorescence of the various films is shown in figure 25. All of the films were bendable 

enough to remove from the mold without them breaking even though they were all brittle. 

 

Figure 25: Hybrid films, as per table 7, under ambient light and 254 nm shortwave UV light. 

From the POM images of the hybrid films in figure 26 it can be seen that the domain size, the 

size of the area of a single color, in these cases blue and yellow, seems to increase as 

nanophosphor NPs are added (figure 26 A - C). This can be compared to pure CNC (figure 25 D) 

where a larger amount of small domains are present. This in addition to the lack of pink areas 

would suggest that the addition of stabilized Y2O3:Eu NPs can change the interactions between 

the CNCs in a way that creates larger domains that are still ordered and nematic. Also note the 

lack of aggregates in even the highest concentration film, suggesting that the CNC and NPs are 

both very well dispersed as well as compatible in suspension.  
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Figure 26: POM imaging of hybrid films with decreasing Y2O3:Eu content as per table 7. 

Figure 27 shows the difference between the FTIR-ATR spectra of films A and D. The magnified 

part of the spectra shows the peak around 1570 cm
-1

 caused by the carboxyl groups in the TSC. 

With the exception of this peak the spectra are very similar, meaning that the introduction of the 

inorganic NPs did change the chemistry of the CNCs. 

A B 

C D 



39 

 

 

 

 

Figure 27: IR spectra of the pure CNC film (D) and a hybrid film (A). 

As can be seen in figure 28 the thermal stability of CNC film seems to increase with the addition 

of Y2O3:Eu. Whereas the acid form CNC film starts degrading at just below 200 °C and the 

neutralized CNC film (D) at a few degrees higher, the hybrid film (A) does not degrade until 

approximately 250 °C. This can be compared to the paper, a potential substrate for the ink, which 

has an ignition temperature of approximately 230 °C. The hybrid film also retained a larger 

portion of its organic content at temperatures above 400 °C. 
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Figure 28: Thermal degradation of a hybrid film in comparison to neutralized and acid form 

CNC films. 

Figure 29 below shows a bendable hybrid film, approximately 0.01 mm thick, coated on a PE 

strip that was selectively plasma-treated to increase hydrophilicity (hybrid material only adhered 

to the plasma treated triangular area). This shows that a phosphorescent CNC hybrid could have 

applications in packaging and fraud detection, where a small defined area with specific 

luminescence properties could be incorporated into already existing packaging solutions.  
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Figure 29: Bendable phosphorescent CNC film (11 wt% Y2O3:Eu) on PE visualized under  

254 nm UV illumination. 

Figure 30 show the hybrid on a paper surface, further displaying the versatility of the material 

and indicates that it could be used on for example paper bills or packaging. 

  

Figure 30: Phosphorescent hybrid film containing 13 wt% Y2O3:Eu on a commercial paperboard 

coated with cationic starch for improved CNC adhesion visualized in ambient light and under 

254 nm UV illumination. 

4. CONCLUSIONS 

 The dialysis process to remove acid from recently hydrolyzed CNC is relatively fast in its 

initial stages and the dialysis time could possibly be significantly shorter than the 29 day 

period used in this study 

 The stabilization of Y2O3:Eu NPs with TSC seems to require a large excess of TSC  

 TSC stabilized Y2O3:Eu nanosheets and neutralized CNCs can form a stable and 

phosphorescent hybrid suspension properties close to those of pure CNC 

 This suspension can form films that can be cast on various surfaces  

Ambient light Shortwave UV 
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5. FUTURE WORK 

 Closer examine the parameters effecting CNC dialysis such as surface area of dialysis 

container, container membrane type, water/CNC ratio, stirring etc.  

 Determine how various parameters affect the shape of MW synthesized Y2O3:Eu 

 Examine the properties of the hybrid at higher Y2O3:Eu concentrations  

 Use the hybrid for inkjet printing 

 Determine if the same synthesis and stabilization methods are viable for other NP-CNC 

hybrid systems  
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8. APPENDIX 

Approximate surface area (A), volume (V), mass (m), and average radius (r) calculated using 

DLS, as well as the density (ρ) of Y2O3.  

𝑟𝑁𝑃 = 100 𝑛𝑚,    𝐴𝑁𝑃 = 4 𝜋 𝑟2 ≈ 1.3 ∗ 105 𝑛𝑚2,   𝑉𝑁𝑃 =
4 𝜋 𝑟3

3
≈ 4.2 ∗ 106 𝑛𝑚3 

𝜌𝑁𝑃 ≈ 5
𝑔

𝑐𝑚3
,      𝑚𝑁𝑃 = 𝑉𝑁𝑃 ∗ 𝜌𝑁𝑃 ≈ 2.1 ∗ 10−14 𝑔  

The diameter (dTSC) and area (ATSC) of the footprint of one carboxylic group, or the area of the 

red dotted line in the illustration below, calculated using a C-O bond length (l) of 0.13 nm and a 

bond angle (𝛾) of 125°. The molar mass (MTSC) is also given. 

𝑑𝑇𝑆𝐶 = 𝑠𝑞𝑟𝑡[𝑙2 + 𝑙2 − 2𝑙2 ∗ cos(𝛾)] ≈ 0.23𝑛𝑚 

 ATSC = 4𝑝𝑖 (
𝑑𝐹𝑃

2
)

2

≈ 0.17 𝑛𝑚2 

𝑀𝑇𝑆𝐶 = 258.06 
𝑔

𝑚𝑜𝑙
  

 

An approximation of the amount TSC needed to stabilize the NPs was determined by assuming 

that the TSC covered 100% of the surface area and that only one of the carboxyl groups on each 

TSC bonded to the surface.  

𝐴𝑁𝑃

𝐴𝑇𝑆𝐶
= 7.6 ∗ 105 𝑇𝑆𝐶 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑒𝑟 𝑁𝑃 

7.6 ∗ 105 ∗

1
6 ∗ 1023  𝑀𝑇𝑆𝐶

𝑚𝑁𝑃
= 0.016 𝑔 𝑇𝑆𝐶 𝑝𝑒𝑟 𝑔 𝑁𝑃 

125° 

0.125nm 
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