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Abstract: In the present paper, we report on a simple and new approach for the synthesis of 

hierarchical flower-like zinc oxide superstructures ZnO (FL) in the presence of the  

TEMPO-oxidized cellulose gel (TOCgel) through a room temperature sol-gel process in 

aqueous medium. Resulting composite films based on TOCgel and ZnO were investigated 

by several techniques including scanning electron microscopy (SEM), Fourier transform 

infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), thermogravimetric 

analysis (TGA) and mechanical tests. SEM images demonstrated the formation of well-shaped 

flower-like ZnO superstructures within the fibrous structure of the TOCgel with a uniform 

diameter (~5 μm). FTIR and XPS results clearly confirmed the formation of such ZnO 

structures. We suggested that the carboxylate groups of TOCgel fibers act as capping agents 

and promote the construction of such flower-like ZnO via a nucleation-growth process. A 

proposed mechanism based on the oriented attachment-driven growth was discussed in order 

to explain the formation of ZnO (FL). The photocatalytic activity of the TOCgel/ZnO 

composite in the degradation of methylene blue (MB) under UV irradiation was clearly 

confirmed. Finally, mechanical tests demonstrated that the former TOCgel/ZnO film 

maintained a good flexibility (bent up to ~120°) without losing its photocatalytic activity. 
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1. Introduction 

In recent years, the controlled synthesis of inorganic particles and their morphologies are of strong 

interests due to the fact they have very important potential as optical, sensor, catalytic, and electrical 

materials [1–4]. Among those, zinc oxide ZnO has been used as a useful candidate for various 

applications due to their unique optical and electrical properties, which renders it suitable in many 

application fields from optoelectronics to energy conversion, hydrophobic and electrowettable surfaces, 

piezoelectric, nanogenerators, gas sensing, and photocatalytic systems [5–12]. 

It is well known that the physical properties of ZnO are strongly dependent on its morphology and 

size [13]. Numerous researchers have paid considerable attention to the micro/nano-structures systems, 

especially three-dimensional hierarchical superstructures that are assembled by nanoscale building 

blocks such as nanoplates, nanowires, nanosheets and nanorods [14,15]. 

Therefore, considerable efforts have been devoted to design of effective methods to synthesize ZnO 

with tunable size and morphology. Over the past decades, various methods have been developed to 

synthesize ZnO with various morphologies such as physical and chemical vapor deposition, thermal 

evaporation, metal-organic chemical vapor deposition and wetting chemical synthesis, template-assisted 

growth and solution-based approaches [16–18]. During the last decades, various studies concerning the 

control of the nucleation and the growth of ZnO nano/microstructures embedded in polymeric matrices 

have been reported, with a special emphasis on the particles morphological control and its influence on 

their physical properties [19,20]. In this context, Chiolerio et al. have developed a method to fabricate a 

mem-sensor in which ZnO wires embedded in a polymeric matrix are ordered to create morphological 

anisotropy by means of dielectrophoresis [21]. 

For these reasons, several works were performed in order to tune the shape and the size of ZnO 

structures using different capping agents capable of stabilizing a particular crystal facet by adsorption 

and alter the growth rate in different crystal planes [22,23]. Moreover, different soft templates/capping 

agents such as water-soluble polymers [24–26], citrate salts [27,28], surfactants [29–31], a mixture of 

sodium citrate and alkylamine [23], citric acid [25], ethylene diamine [32], and amino acids [33] have 

been successfully used in wet-chemical methods. In this context, Sun et al. have developed a method to 

fabricate novel flower-like 3D ZnO superstructures in aqueous solution and using trisodium citrate dihydrate 

as a surfactant to enhance the nucleation-growth process implied in the formation of such hierarchical 

superstructures [34]. Multilayered ZnO nanosheets with porous structures were synthetized by simple 

calcination of the hydroxide zinc carbonate at 400 °C in air ambient to be used as acetone sensors [35]. 

Gazia et al. have developed a simple method to fabricate a coral-shaped porous ZnO nanostructure 

by room temperature sputtering processes [36]. Ko et al. also reported the formation of novel ZnO 

hierarchical nanowires for high efficiency dye-sensitized solar cells [37]. Moreover, using a 

solvothermal approach in an aqueous solution of ethylene diamine, Lu et al. prepared ZnO hierarchical 

micro/nanostructures possessing enhanced photocatalytic performance [38]. Prism-like and flower-like 

ZnO structures with good photocatalytic activities were synthetized through a hydrothermal route in the 

presence of amino acid [39]. Yin et al. also developed novel ZnO nanorod-assembled hollow superstructures 

for photoluminescence and catalysis applications using hydrothermal reaction via sodium 

carboxymethyl cellulose (CMC) assistance [40]. Flower-like ZnO nanostructures with controllable sizes 
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and higher catalytic activity were fabricated through a solution-phase route in the presence of ascorbate 

as a shape directing/capping agent [41]. 

However, these above-mentioned methods require high temperature and introduce impurities in the 

final products when templates and catalysts are used in the reaction system. Moreover, most organic 

additives used in these methods were expensive long chain molecules. 

Recently, ZnO particles attached onto biopolymers have been the subject of increasing interest in the 

field of composite materials [42,43]. Among them, cellulose and their derivatives were chosen as good 

candidates for enhancing the physical properties of the ZnO/cellulose composite. Furthermore, using 

cellulose-based materials is practical because cellulose is the most abundant polymer found in nature, 

inexpensive, easy to process, renewable, biodegradable, and biocompatible [44]. There are several works 

on the literature concerning the incorporation of ZnO particles in cellulose and its derivatives [45,46]; 

however, studies in which oxidized nanocellulose has been used as a capping agent to control the 

morphology of ZnO particles has never been reported. In our study, a flexible TEMPO-oxidized cellulose 

gel (TOCgel)/ZnO composite film was synthesized through a hydrothermal sol-gel process at room 

temperature. In this work, nanocellulose gel was obtained through 2,2,6,6-tetramethylpiperidinyl-1-oxyl 

(TEMPO)-mediated oxidation, which is one of the regioselective chemical modifications of primary 

hydroxyl groups located on the cellulose fibers [47]. The advantage in using TOCgel as a reinforcement 

agent in the composite film is because TOCgel, considered as a cellulosic nanomaterial (5–20 nm wide 

single-sized microfibrils), is composed of crystalline and amorphous domains that are generated by the 

TEMPO-oxidation process [48]. At the same time, carboxyl (COOH) and hydroxyl (OH) moieties 

mostly present in the amorphous domain make TOCgel highly reactive and consequently, improve the 

interaction forces (electrostatic, Van der Waals, hydrogen bonding) with Zn2+ and ZnO species and, 

consequently, promote the formation of hierarchical flower-like ZnO superstructures during the sol-gel 

synthesis, which will be discussed in detail later in this study. 

In this paper, we describe a simple approach for the synthesis of a flexible composite film based on 

TEMPO-oxidized cellulose gel and zinc oxide particles through a hydrothermal route. Herein, polar 

moieties of TOCgel (especially carboxyl groups) play an important role in the driving growth mechanism 

of the formation of ZnO superstructures onto cellulose fibers surfaces and precisely on nucleation-growth 

processes. Finally, the former TOCgel/ZnO (FL) composite film was characterized by different 

techniques, and its photocatalytic activity in the degradation of methylene blue (MB) was also 

performed. A proposed mechanism explaining the formation of ZnO superstructures directly grown onto 

the oxidized nanocellulose backbone was discussed. 

2. Experimental Section 

2.1. Materials 

Zinc nitrate hexahydrate (Zn (NO3)2.6H2O), hexamethylenetetramine HMT (C6H12N4, 99% purity), 

sodium bromide (NaBr), sodium hypochlorite (NaOCl), 4-acetamido-TEMPO  

(2,2,6,6-tetramethylpiperidin-1-oxyl) and methylene blue (C16H18ClN3S.3H2O) were purchased from 

Sigma Aldrich (St Louis, MO, USA) and used as received. A commercial never-dried bleached Kraft 

hardwood pulp was used as the cellulose sample for the production of TOCgel through the TEMPO-mediated 



Appl. Sci. 2015, 5 1167 

 

 

oxidation and mechanical treatments. Analytical grade chemicals and solvents were always used as 

received without further purification. 

2.2. Methods 

2.2.1. Production of TEMPO-Oxidized Cellulose Gel (TOCgel) 

In the first step, the oxidation of native cellulose fibers was carried out by the TEMPO-mediated 

oxidation system [49] and conducted in a 45L flow-through sonoreactor (semi-continuous mode) with a 

nominal input power capacity of 2000W (262 W/L, 12300 W/m2), according to the procedure developed 

in our laboratory [47,50]. The experimental process based on TEMPO-mediated oxidation used in the 

preparation of TOCgel was illustrated in Figure 1. 

 

Figure 1. Schematic representation of the experimental process used in the production of 

oxidized cellulose gel (A); and the TEMPO-oxidized cellulose nanofiber (B). 

Before oxidation, 400 g of dried bleached hardwood pulp were pre-soaked for an overnight in 40 L 

of deionized water at room temperature. The soaked pulp was disintegrated for 5 min in a laboratory 

disintegrator to obtain a uniform fiber suspension of about 1% consistency. To the cellulose suspension, 

we added 9.2 g of 4-acetamino-TEMPO and 25 g of sodium bromide. A solution of NaOCl (3.1 mmol/g) 

was added dropwise to the mixture at room temperature under gentle agitation during the first 30 min. 

The pH was maintained at 10.5 by adding 0.5 M NaOH. After the pH was stabilized, the reaction was 

stopped after 90 min by adding 1 L of H2O2 (1%). The TEMPO-oxidized product was filtered, washed 

thoroughly with deionized water, and stored at 4 °C. Then, the carboxylate content of the oxidized cellulose 

was determined using an electrical conductivity titration method [49], and it was equal to ~1.2 mmol/g. The 

obtained carboxylate celluloses were used to make the oxidized cellulose gel. In the second step, 

TEMPO-oxidized cellulose gel (TOCgel) was prepared by high shear dispersion of oxidized pulp in a 

wet colloid milling apparatus (MK 2000/4) from IKA Works, Inc. (Cincinnati, OH, USA). Briefly, the 

oxidized pulp suspension (2 L) was pumped from an agitated tank between a conical rotor and a stator 

in the MK mill in closed loop for one hour to obtain TOCgel material (3% consistency) [47]. Then, 
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carboxylate groups created on the cellulose microfibrils by the TEMPO-mediated oxidation have anionic 

charges in water. These charges induce electrostatic repulsions between the microfibrils, which consequently 

help the defibrillation process and contribute to the formation of individual microfibrils [51]. 

2.2.2. Synthesis of ZnO Powder and TOCgel/ZnO Composite Films 

In our experiment, a sol-gel process was used in the preparation of ZnO particles and TOCgel/ZnO 

composite films in aqueous medium at room temperature. 

TOCgel/ZnO Composite Film Preparation 

TOCgel/ZnO composite films was prepared by initially dispersing 0.25 g of TOCgel in water (50 mL). 

To this suspension, 30 mL of Zn (NO3), 6H2O (0.1 M) was added and allowed to react for 30 min. Then, 

30 mL of HMT (0.1 M) was added dropwise to the mixture and allowed to react for one hour in the 

ambient air under gentle agitation. The resulting structure was then collected on a filter paper in a 

Buchner funnel using reduced pressure and thoroughly washed with ethanol and deionized water. The 

filter paper was subsequently removed and the TOCgel/ZnO composite film was air-dried in the clean 

oven at 70 °C for an overnight. Different concentrations of zinc nitrate (ranging from 5 to 40 mM) were 

used to study their effect on the morphological state of ZnO structures incorporated into the former 

composite film. 

Pure ZnO Preparation 

Pure ZnO powder was synthetized by mixing 30 mL of Zn (NO3); 6H2O (0.1 M) with 30 mL of HMT 

(0.1 M) under the sol-gel process at room temperature. The reaction proceeded for one hour, after which, 

the white solid residue was collected on a filter paper within a Buchner funnel using reduced pressure and 

then thoroughly washed with ethanol and water, and air-dried in the clean oven at 70 °C for an overnight. 

2.3. Characterization 

The SEM images of typical samples were obtained with a JEOL JSM-5500 Scanning Electron 

Microscope (JEOL, Kyoto, Japan). Samples were gold coated using an Instrumental Scientific 

Instrument PS-2 coating unit. The SEM operating voltage was at 15.0 kV. 

FTIR spectra of samples were performed at 16 scans and a 4 cm−1 resolution in transmission mode with 

a PerkinElmer 2000 Fourier transform infrared spectrometer (Buckinghamshire, UK). The samples were 

mixed with potassium bromide (KBr) and the scan range was fixed in the region between 400 and 4000 cm−1. 

Thermal stability analysis (TG/DTG) of samples was carried out in a Perkin-Elmer thermoanalyzer 

(Yokohama, Kyoto, Japan). Samples of pure TOCgel and composites were heated in open platinum pans 

from 50 to 600 °C, under a nitrogen atmosphere, at a heating rate of 5 °C/min. Then, samples were 

heated from 600 to 1000 °C under air at a heating rate of 10 °C/min. 

XPS measurements were performed with a Kratos Ultra electron spectrometer (AXIS ULTRA, 

Kratos, Manchester, UK, 2000) using a monochromatic (AlKα) X-ray source (k = 1486.6 eV) with a 

power of 225 W, at a take-off angle of 90° relative to the sample surface. The low-resolution survey 

scans were taken with a 1 eV step and 160 eV analyzer pass energy. High-resolution spectra were taken 
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with a 0.1 eV step and 40 eV analyzer pass energy. The analysis area was less than 1 mm2 and 

measurements were taken at two different locations on each of the touching faces of pure TOCgel and 

TOCgel/ZnO composite film. The collected data were analyzed using Vision software version 2.1.3 and 

CASA XPS version 2.3.15 (Kratos, Manchester, UK, 2013). 

Tensile Tests of pure TOCgel and TOCgel/ZnO composite films were performed on a universal 

testing machine (INSTRON 4201, Instron, Canton, MA, USA) at room temperature with a gauge length of 

10 mm and cross-head speed of 10 mm/min. The average value of five replicates for each sample was taken. 

Finally, the photocatalytic activity of the pure ZnO and TOCgel/ZnO composite films in the 

degradation of MB (10 mM) was performed in air at ambient temperature. The same amount of each 

sample (50 mg) was immersed in 50 mL of MB solution and then exposed to ultra-violet irradiation from a 

15W Hg lamp (model UVL-56, UVP, Upland, CA, USA) for 2 h. After that, the absorbance of MB was 

measured using a UV-vis spectrometer (Cary 5000 spectrophotometer, Varian, Melbourne, Australia). The 

photocatalytic efficiency was evaluated in terms of the decrease of the absorption peak intensity of MB 

at 665 nm which indicates the degradation of the MB during the UV-irradiation. 

3. Results and Discussion 

The main goal of this work was to investigate the contribution of TOCgel (up to 80% nanofibers) in 

the crystal growth of hierarchical flower-like ZnO superstructures through a hydrothermal synthesis at 

room temperature. In this study, hexamethylenetetramine (HMT) was used as a catalyst and a source of 

base (i.e., OH−) in precipitation and formation processes of ZnO particles during the reaction medium. 

Thus, the obtained composite films based on TOCgel and ZnO were analyzed by different techniques in 

order to confirm the formation of ZnO superstructures onto the cellulose fibers surfaces and to 

investigate their mechanical and photocatalytic properties. A mechanism explaining the formation of 

ZnO superstructures was discussed in detail later in this section. 

3.1. SEM Analysis of TOCgel/ZnO Composites’ Characterization 

Figure 2 exhibits typical scanning electron microscopy (SEM) images of TOCgel/ZnO composite 

films prepared with different concentrations of zinc nitrate hexahydrate in the presence of HMT through 

the hydrothermal route at room temperature. In the present work, the contribution of carboxylate 

moieties of TOCgel in the tuning of the shape of ZnO structures directly grown within the cellulosic 

fibrous structure was studied. In comparison with the pure TOCgel (Figure 2A), our results indicate that 

the amount and the morphology of well-dispersed ZnO clearly depend on the concentration of Zn2+ 

introduced in the reaction. 

A low-magnification view of composite films shown in Figure 2B–E demonstrates the formation of 

uniform flower-like ZnO superstructures well-dispersed onto TOCgel surfaces and having an average 

diameter of about 5 μm. However, when the concentration of Zn2+ is too low (50 mM), the flower-like 

ZnO structure appears to be not completely achieved (Figure 2B). The increase of the Zn2+ concentration 

(≥10 mM) strongly enhances the formation of a large quantity of well-shaped flower-like ZnO 

superstructures within the fibrous 3D network of TOCgel (Figure 2C,D). In addition, the size of these 

ZnO superstructures remains unchanged and is equal to 5 μm approximately. The dimension of these 
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superstructures was in agreement with the work of Wang et al., which synthetize flower-like ZnO 

superstructures with approximately 5 μm diameter [52]. 

 

Figure 2. SEM images of TOCgel/ZnO composite films prepared with different 

concentrations of Zn2+: 0 mM (A); 5 mM (B); 10 mM (C); 20 mM (D) and 40 mM (E). 

Moreover, higher concentration of Zn2+ (≥ 40 mM) leads to higher amount of ZnO superstructures 

which appear more collapsed and denser as shown in Figure 2E. In this case, the surface of cellulose 

fibers is covered by a continuous and relatively homogeneous-deposited ZnO coating. However, the 

resulting thick coating ZnO render the final composite film brittle and could not be suitable due to its 

poor mechanical behavior (very brittle). Furthermore, to study the effect of carboxylate groups (COO−) 

of TOCgel (~1.2 mmol/g) on the morphology of ZnO architectures, we prepared a composite film based 

on native cellulose fibers (~0.05 mmol/g) and ZnO under reaction conditions similar to that used for the 

TOCgel/ZnO composite film. Interestingly, we did not observe any regular flowerlike morphology via 

SEM (Figure 3A) of this sample (lower carboxylate amount); rather, some aggregated structures with 

undefined morphologies were observed. 

In comparison with SEM images provided in Figures 2 and 3, it is evident that the flower-like ZnO 

superstructures are formed only in the presence of carboxylates, which indicate the crucial role of 

carboxylate moieties of TOCgel in nucleation and growth process of ZnO in a particular direction that 

ultimately results in the formation of such anisotropic flower-like morphology, which is in accordance 

with the results reported elsewhere by other researchers [41]. These results indicate that the flower-like 

ZnO architectures can be formed in the presence of ascorbate ions which are similar to carboxylate 

moieties of oxidized cellulose material (TOCgel). In addition, the presence of carboxylate functions onto 
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cellulose fibers surfaces enhances the individualization state of cellulose nanofibers and consequently, 

facilitates the diffusion phenomena of chemical reactants (i.e., Zn2+; HMT, OH−) in the cellulosic 

material. Consequently, this phenomenon leads to the formation of well-dispersed ZnO superstructures 

onto the TOCgel network. Moreover, we prepared pure ZnO using the same hydrothermal conditions in 

the presence of HMT and without the addition of cellulose fibers in the reaction medium. 

 

Figure 3. SEM images of samples films synthetized with two types of cellulose fibers:  

(A) native cellulose fibers; and (B) oxidized cellulose (TOCgel); and without cellulose (C). 

In comparison with the heterogeneous nucleation observed in the presence of cellulosic fibers, SEM 

images demonstrated the formation of rod-like ZnO microstructures which could be obtained through 

the homogeneous nucleation directly in the solution (Figure 3C). According to the literature [53], the 

adsorption of HMT chains onto the non-polar facets of zincite crystal (i.e., 100, 110 and 010) promotes 

the epitaxial growth of ZnO along the c-axis and leads to the formation of rod-like ZnO microstructures 

as shown in Figure 3C. In addition, an alignment phenomenon of flower-like ZnO superstructures has 

been observed in the TOCgel/ZnO composite film. 

This is further supported by high magnification SEM, which demonstrated the alignment state of ZnO 

superstructures along the main cellulosic fibers axis (Figure 4). In fact, the physical interaction (i.e., 

hydrogen bonding, electrostatic and van der Waals forces) between polar moieties (carboxylate and 

hydroxyl) of TOCgel on the one hand, and polar species of ZnO crystal (basal plane 001) and Zn2+ ions 

on the other hand could explain the incorporation state of ZnO superstructures along the cellulose fiber axis. 

As shown in Figure 4, the alignment of flower-like ZnO superstructures towards the composite film 

is well-characterized by a 5 μm width, which is similar to the diameter of a single flower-like ZnO 

structure observed in this composite. This indicates that the former TOCgel/ZnO (flower-like) possess 

specific anisotropic microstructures. 
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Figure 4. SEM images of TOCgel/ZnO composite film indicating the alignment of  

flower-like ZnO superstructures. 

In order to explain the growth mechanism involved in the formation of these superstructures, a 

physical and chemical approach will be discussed in detail later in this section. 

3.3. FTIR and XPS Results 

Figure 5 showed the FTIR spectra of pure ZnO, pure TOCgel and TOCgel/ZnO composite films. 

FTIR spectrum of the pure ZnO showed a high intensity broad band around 480 cm−1 due to the 

stretching mode of the zinc and oxygen bond [54]. The similar band was also observed in the case of 

TOCgel/ZnO confirming the presence of ZnO species in the final composite. In addition, FTIR spectrum 

performed onto the composite indicating any significant change in the characteristic FTIR peak of the 

TOCgel (C–O–C ether bonds at 1030 cm−1) which is clearly similar to those of the pure TOCgel (Figure 5). 

Thus, the TOCgel backbone was maintained after the hydrothermal synthesis, suggesting that there was 

some degradation of the TOCgel. 

Moreover, the FTIR spectrum of TOCgel exhibits a peak at 1610 cm−1 corresponding to the 

carboxylate groups. The position of this peak appears to be slightly shifted in the former composite film 

(~1625 cm−1), which could be related to the adsorption of carboxylate onto ZnO structures [41,55]. 

To further prove the presence of ZnO superstructures incorporated in the TOCgel/ZnO composite 

film, X-ray photoelectron spectroscopic study has been used. As can be seen in XPS spectra (Figure 6A), 

XPS survey spectra of the composite shows three main peaks, one peak at 532 eV corresponding to O 1s, 

one peak at 285 eV corresponding to C 1s, and two peaks at 1020–1045 eV corresponding to Zn 2p. Of 

course, the presence of Zn element is due to ZnO structures present in the final composite. 

Moreover, high resolution scans of the XPS spectra of Zn 2p (Figure 6B) can be decomposed into 

two main components centered at 1020.2 and 1045.3 eV which correspond to Zn 2p3/2 and Zn 2p1/2, 

respectively. According to the literature, these subpeaks of the Zn 2p were found to be related to Zn–O 

bonding in ZnO [56]. In addition, the peak corresponding to the nitrogen element appears to be very 

weak (0.17%) which is possibly due to the fact that the obtained composite film may be possibly free of 

residual HMT and nitrate ions. In addition, the increase in O/C ratio from 0.58 to 0.97 for the 

TOCgel/ZnO composite can be attributed to the incorporation of ZnO structures (rich in oxygen atoms) 
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within the fibrous structure of the cellulose. We also observed that the O/C ratio (0.58) is similar to that 

of the pure TOCgel [57], which confirms that the TOCgel structure did not significantly alter during the 

hydrothermal synthesis. 

 

Figure 5. FTIR spectra of TOCgel/ZnO composite, pure TOCgel, and pure ZnO. 

 

Figure 6. XPS survey spectra of the TOCgel/ZnO composite and the pure TOCgel (A); and 

high-resolution XPS scan of Zn 2p in the TOCgel/ZnO composite (B). 

3.4. Mechanism of the Formation of Flower-Like ZnO Superstructures 

The synthesis of ZnO flower-like structures was performed directly onto TOCgel surfaces through 

hydrothermal routes with some modification from the previous literature [34,41]. Indeed, the growth of 

ZnO superstructures onto the TOCgel surface can be related to the treatment of TOCgel with both Zinc 

nitrate and HMT solutions, which led to the nucleation and the growth of discrete seeds at the cellulosic 

fiber surface. Herein, HMT was used as a pH buffer by a slow release of OH− ions in the reaction medium 

to facilitate the controlled growth of ZnO particles though thermal decomposition as follows [58]: 	ܥ଺ܪଵଶ ସܰ + 6 ଶܱܪ ↔ 6 ܱܪܥܪ + 4 ଷܪܰ	ଷ (1)ܪܰ + ଶܱܪ → ସାܪܰ + (2) ିܱܪ
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	ܼ݊ଶା + ିܱܪ	4 →	Zn(OH)4
2−

∆→ ZnO(solid) +water + (3) ିܱܪ2

As mentioned in Equations (1)–(3), HMT releases slowly hydroxide ions in the medium, and then, zinc 

cations bound to OH− through coordination or electrostatic interaction, forming the complex Zn(OH)4
2− 

which contribute to the formation of ZnO nucleated via thermal treatment of the solution of Zn(OH)4
2− onto 

the TOCgel surface. In this study, the presence of polar moieties (COO− and OH) at the surface of TOCgel 

fibers should be responsible for the improvement of the heterogeneous nucleation of ZnO particles. The 

origin of this improvement lies especially in electrostatic forces that occur between COO− moieties of 

TOCgel and Zn2+ ions introduced in the reaction medium. With the reaction proceeding, ZnO nanoparticles 

formed onto TOCgel surfaces would be aggregated into larger structures in order to minimize the total surface 

energy, which results in the formation of numerous spherical ZnO aggregations in the medium due to the 

Ostwald ripening [59]. Moreover, the very high concentration of carboxylate anions presented in the reaction 

medium could be responsible for the formation of such ZnO nanosheets. Indeed, with the reaction 

proceeding, the initial fast nucleation of ZnO leads to the decrease of the concentration of ZnO2
2− monomer. 

Thus, the adsorption of COO− ions on the positively charged Zn-(0001) plane would dominate in the 

competition with ZnO2
2− growth units. According to the literature [34,60–62], the excess of COO− species 

stabilizes the surface charge and the structure of Zn-(0001) surfaces to some extent, retard growth along the 

c-axis and promotes the fast growth along the a-axis (0110) which results in the formation of ZnO nanosheets 

with a {2110} planar surface as illustrated in Figure 7. 

 

Figure 7. Schematic illustration of the proposed mechanism explaining the formation 

flower-like ZnO superstructures. 

After that, these primary ZnO nanosheets (average thickness of ~80 nm) might have many crystalline 

boundaries on their surfaces, which displayed more defects than other regions and were 

thermodynamically unstable. Consequently, they would tend to further diminish their energy through 

surface reconstruction, which would provide active sites for secondary heterogeneous nucleation and 

growth according to the literature [34,63]. 
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In this context, the presence of these actives sites would promote the adsorption of carboxylate moieties 

of TOCgel (as a surfactant) especially onto the reactive planes of ZnO, usually the (001) plane [64], which 

would affect the secondary nucleation. Consequently, such adsorption could facilitate the secondary 

structure nucleation on the initial structure (through the intersection of nanosheets) in order to reduce 

the interfacial activation energy, and finally contribute to the construction of the well-shaped flower-like 

ZnO superstructures with porous surfaces within the former TOCgel/ZnO composite film as illustrated 

in Figure 7. Earlier, several researchers have also demonstrated the effect of citrate and ascorbate 

solutions on the formation of flower-like ZnO structures under hydrothermal route [34,41]. In our work, 

carboxylates moieties present along the oxidized cellulose fibers display similar effects in the tuning of 

the shape of ZnO and, fortunately contribute to the elaboration of a flexible composite material in which 

flower-ZnO superstructures are well-dispersed within the fibrous network of TOCgel as confirmed by 

the SEM images (Figure 2). 

3.5. Thermal Stability 

Figure 8 showed the thermogravimetric curves of pure ZnO, pure TOCgel and TOCgel/ZnO 

composite which were recorded under inert atmosphere. Both materials contain a few layers of moisture, 

which were eliminated at 105 °C. As can be seen in the thermogram curve, the decomposition of the 

pure TOCgel between 250 and 300 °C was attributed to the destruction of the crystalline region of the 

cellulose fiber and decomposition of amorphous region into a monomer of D-glucopyranose and followed by 

the major thermal-oxidative degradation of the organic part from 580 °C [57,65]. 

 

Figure 8. Representative TGA curves (A) and DTGA curves (B) of pure TOCgel and 

TOCgel/ZnO composite. 
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In comparison with the TOCgel/ZnO composite film, TG curves demonstrated clearly that the latter 

exhibits higher thermal stability than pure TOCgel, which can be clearly highlighted by the ability of 

ZnO superstructures well-dispersed within the fibrous network to protect TOCgel nanofibers. Several 

works indicated that the thermal stability of carbohydrate (i.e., starch, cellulose) did not change after 

incorporation of ZnO [66,67]. 

However, our result demonstrated the thermal stability enhanced with TOCgel after the incorporation 

of ZnO flower-like superstructures. This contradiction could be explained by the strong interaction 

electrostatic/hydrogen bonding between the carboxylate moieties of TOCgel and ZnO flower-like 

superstructures, which contributes to the shift observed in the thermal degradation temperature of 

TOCgel from 300 to 335 °C which, in turn, offer thermal processing advantages. We also observed a 

low transition (at 162 °C) in the DTG curve of the final composite film. According to the literature, this 

transition can be assigned to the loss of water trapped in the composite film and the decomposition of 

some incorporated HMT or nitrate ions possibly remained in the composite [66]. Moreover, after 

combustion of all organic parts in the TOCgel/ZnO composite (under air atmosphere), the residual 

amount (~18% by weight) corresponds to ZnO as shown in Figure 8. 

3.6. Mechanical Properties 

In order to investigate the mechanical behavior of the TOCgel/ZnO composite film, tensile tests were 

performed on the both samples (TOCgel, composite and ZnO). As shown in Figure 9A, the tensile curve 

of pure ZnO is not shown due to the poor mechanical properties of ZnO powders and the high brittleness 

of the ZnO film. 

 

Figure 9. Tensile stress-train behaviors of pure TOCgel and the TOCgel/ZnO composite 

films (A); and optical image of the composite film (B). 

Indeed, Interfacial interaction between ZnO and TOCgel appears to be an important factor affecting 

the mechanical properties of the composite film. In our work, results showed that the incorporation of 

ZnO within the fibrous network of the TOCgel enhances the mechanical behavior of the composite film 

through the well-dispersed state and strongest interactions of ZnO onto cellulose fibers surfaces. Of 

course, the mechanical behavior of the composite remained lower comparatively to that of the pure 
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TOCgel. However, the composite film maintains some flexibility (bending up to 120°) as shown in the 

optical image (Figure 9B). In conclusion, by making a coating of ZnO flower-like superstructures onto 

the flexible TOCgel matrix, flexibility can be introduced without loss of its photocatalytic properties. 

3.7. Photocatalytic Degradation 

The photocatalytic activity of pure ZnO (rod-like), TOCgel/ZnO (FL) and native cellulose/ZnO 

(aggregated nanoparticles) in the degradation of MB was performed in air at room temperature and under 

the exposure of the ultraviolet lamp for 2 h. The MB was chosen in this work due to their strong 

adsorption characteristics on many surfaces, good resistance to light degradation and a well, defined 

optical absorption band in the visible region [67]. 

From Figure 10A, it can be observed that the absorption peak intensity of MB in the 500–700 nm 

regions (especially at 665 nm) decreases rapidly, compared to the intensity of the initial MB solution, 

because supported ZnO structures promotes the catalytic photodegradation [68]. This result was also 

confirmed by the significant change in the coloration of dried samples (from blue to violet) under the 

exposure to the UV light lamp for about two hours as represented in the optical images (Figure 10B). 

The violet color of irradiated sample could be related to the degradation state of MB molecules through 

the photocatalysis effect of flower-like ZnO superstructures embedded in the TOCgel/ZnO composite 

material. Of course, the coloration change and the decrease of the absorption peak of MB were more 

pronounced in the case of the pure ZnO, because this sample consist in a 100% ZnO particles. However, 

in the case of composites, the amount of ZnO was about 15%–20% (w/w) as determined by the thermal 

analysis (Figure 9). 

 

Figure 10. UV-Vis spectra of different supernatants of MB obtained after UV-irradiation for 

2 h; (A) optical images of corresponding dried samples after photocatalytic process for pure 

ZnO and TOCgel materials (B). 
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According to the literature [69], the photocatalytic process of ZnO can be elucidated by the 

photogeneration process as illustrated in the Figure 11. 

 

Figure 11. Schematic representation of the photocatalytic process of the ZnO in the 

degradation of the MB. 

In fact, the UV radiation absorbed by ZnO induces the formation of electron-hole pairs through the 

photogeneration process. Then, the interaction between holes and hydroxyl groups of ZnO contributes 

to the formation of the strong oxidative hydroxyl radicals (°OH). Furthermore, H2O could also react with 

holes to form hydroxyl radicals. Thus, the strong oxidant property of the hydroxyl radical lead to the 

oxidation of organic materials, and of course to the degradation of MB as shown in Figure 10. 

In the present study, it appears interesting to appoint the effect of the morphology of ZnO structures 

onto their photocatalytic degradation efficiency in the degradation of MB solution. 

To further explain this, a further experiment was performed using other morphologies of ZnO under 

the same conditions to demonstrate the effect of ZnO morphologies on the photocatalytic efficiency of 

ZnO structures. In this context, we investigated the photocatalytic performance of native cellulose/ZnO 

composite in the degradation of MB solution under the UV irradiation for 2 h. As shown in Figure 10A, 

the decrease of the absorption peak (at 665 nm) appears to be more pronounced in the case of 

TOCgel/ZnO (FL) than that of native cellulose/ZnO (aggregated nanoparticles), which clearly indicates 

the influence of ZnO morphologies on the photocatalytic degradation process. Our results are in clear 

accordance with the literature in which flower-like ZnO structures exhibit the highest catalytic activity 

efficiency more than other structures such as spindlelike, swordlike, commercial ZnO materials [13,52]. 

As shown in the SEM images (Figure 3); we demonstrated that the oxidized cellulose or TOCgel (rich 

in carboxylate groups) should be responsible for the formation of flower-like ZnO superstructures in the 

former composite, which was not the case of the oxidized cellulose. 

4. Conclusions 

In this paper, we report a simple and efficient hydrothermal method of preparing mainly flower-like 

ZnO superstructures with controllable sizes using TEMPO-oxidized nanocellulose gel (TOCgel) as a 

shape-directing/capping agent in the presence of an amine at ambient temperature. 

The former composite film based on the TOCgel and ZnO superstructures exhibited high flexibility 

(bent up to 120°) and characterized by good thermal and photocatalytic properties. FTIR and XPS data 

confirmed the presence of Zn–O bond of ZnO structures in the former composite. We also demonstrated 

the contribution of carboxylate groups of TOCgel in the tuning of the shape and size of zinc oxide 
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superstructures, which were well-dispersed within the fibrous structure of the cellulosic material. In fact, 

carboxylate groups of TOCgel act as capping agents during the hydrothermal synthesis, which adsorb to 

a particular crystal facet (polar plane-001) and enhance the secondary structure nucleation on the initial 

structure (through the intersection of nanosheets) in order to reduce the total energy of the system, and 

contribute to the construction of the well-shaped flower-like ZnO superstructures with porous surfaces 

into the former composite. 

Finally, because of the high flexibility, good mechanical, thermal and photocatalytic properties of the 

former TOCgel/ZnO composite films, they can be suitable in applications of disposable electronic 

devices, sensors, piezo-electric devices, photo-catalytic systems, and actuations. 
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