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Low-temperature ZnO atomic layer deposition on biotemplates: ﬂexible photocatalytic ZnO structures from eggshell membranes Seung-Mo Lee,*a Gregor Grass,b Gyeong-Man Kim,c Christian Dresbach,d Lianbing Zhang,a Ulrich Go¨selea and Mato Knez*a Received 17th November 2008, Accepted 5th February 2009 First published as an Advance Article on the web 6th March 2009 DOI: 10.1039/b820436e Macroporous ZnO membranes with a strong photocatalytic eﬀect and high mechanical ﬂexibility were prepared from inner shell membranes (ISM) of avian eggshells as templates after performing low-temperature ZnO atomic layer deposition (ALD). In order to evaluate the potential merits and general applicability of the ZnO structures, a comparative study of two membranes with coatings of either TiO2 or ZnO, processed under similar conditions, was performed. The study includes crystallographic features, mechanical and thermal stability and bactericidal eﬃciency. Both, the ZnO and the TiO2 coated membranes clearly exhibited bactericidal eﬀects as well as mechanical ﬂexibility and thermal stability even at relatively high temperatures. The ZnO membranes, even though prepared at fairly low temperatures (B100 1C), exhibited polycrystalline phases and showed a good bactericidal eﬃciency as well as higher mechanical ﬂexibility than the TiO2 coated membranes. This study shows the beneﬁts of low-temperature ZnO ALD i.e., the thermally non-destructive nature, which preserves the mechanical stability and the native morphology of the templates used, together with an added functionality, i.e. the bactericidal eﬀect.



1. Introduction During the evolution of biological creatures, numerous microand nanostructures with speciﬁc functionalities developed for adaptation to environmental conditions. Adoption of such structures by mimicking or templating came into focus of science in recent years.1 Functionalization of structures by coating biological templates is one of the methods to produce more stable organic or inorganic micro/nanostructures. So far those coatings have been performed mainly by chemical vapor deposition and sol-gel strategies on various biotemplates such as cellulose,2 wool,3 butterﬂy wings,4 superhydrophobic plant leaves4 and pine wood.5 However, these methods have some limitations in processing, such as occasional non-uniform coating of large templates or demanding ﬁlm thickness control.6,7 As a promising method to overcome these processing limitations, atomic layer deposition (ALD) has recently attracted attention. Advantages of ALD are the conformal replication of 3D morphologies, large area uniformity, precise ﬁlm thickness control on the nanometer scale and a wide range of operation temperatures.8–10 The feasibility of ALD for biological templates,11–13 as well as for organic materials14–16 has already been proven. However, to the best of our a
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knowledge, so far ALD researchers have mainly focused their interest on the perfect coating of the ﬁne structures of biotemplates with functional metal oxides such as TiO211 and Al2O3.11–13 Research, focusing on the optimal combination of the original functionality of the biotemplate itself and an appropriate metal oxide which can maximize additional functions of the resulting templated structures, has rarely been undertaken. Moreover, mechanical stability as a guarantee for easy handling and practical use has hardly been considered. Here, we present an example which satisﬁes the above requirements. As an example for a temperature sensitive biotemplate an avian eggshell membrane (ESM, Fig. 1) was processed. Those membranes were already previously used as templates for sol-gel17–19 or further deposition methods.20–22 In our studies we used the macroporous inner shell membrane (ISM) which is a part of an avian ESM (Fig. 1). It prevents bacterial invasions, thus protecting the embryo.23–25 We deposited TiO2 or ZnO by ALD on this ISM, both of which show bactericidal photocatalytic eﬀects under UV illumination (ISM/TiO2 and ISM/ZnO).26,27 We investigated the bactericidal properties of those membranes and characterized them quantitatively using a photocatalytic reaction which inactivated Escherichia coli (E. coli) bacteria. Both resulting membranes showed successful photocatalytic functionalization of the original ISM structure in line with good bactericidal eﬀects. ZnO membranes, even though prepared at fairly low temperatures (B100 1C), showed polycrystalline phases and exhibited stronger bactericidal eﬀects than TiO2 coated membranes. In addition, an improved mechanical stability of the ZnO coated membranes was observed. This journal is 
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Fig. 1 Structure of an avian egg and scanning electron micrographs of an inner shell membrane (ISM) of a hen’s eggshell membrane (ESM). (a) Details of an avian egg (redrawn from ref. 23) and photograph of the ISM from ESM around the air cell of the egg. (b) Low magniﬁcation SEM of an ISM viewing from the direction of the blue arrow shown in (a). (c) Magniﬁcation of several ISM ﬁbers, showing their highly interwoven and conglutinate feature.



3. Experimental 3.1 Preparation of the inner shell membrane (ISM) from a hen’s egg Hen’s eggs were purchased from a grocery store. They were gently broken and the ISM around their air cell portion23 was carefully cut out and collected (Fig. 1a). The ISM was washed several times with deionized water in order to thoroughly remove the thin albumin layer, and were subsequently dried at room temperature for 4 h. 3.2



TiO2/ZnO atomic layer deposition (ALD) on ISM



The prepared ISM was placed in the ALD chamber (Savannah 100, Cambridge Nanotech) and dried at 70 1C for 20 min in vacuum (1  10 2 torr) with a steady Ar stream (20 sccm). For the TiO2/ZnO deposition, well established ALD processes were applied. Titanium(IV) isopropoxide (Ti(OiPr)4, TIP) and water11,28 and diethylzinc (ZnEt2, DEZ) and water29,30 were used as precursors, respectively. The Ti(OiPr)4 and ZnEt2 were purchased from Sigma Aldrich. Each cycle was composed of a pulse, exposure and purge sequence for each precursor. For the TiO2 deposition, for example, the TIP vapor was injected into the ALD chamber for 1.5 s (PULSE). Subsequently, the substrate was exposed to the TIP vapor for 30 s (EXPOSURE). The excess TIP was purged from the This journal is 



c



the Owner Societies 2009



ALD chamber for 30 s (PURGE). In the same manner, the PULSE (1.3 s)/EXPOSURE (30 s)/PURGE (30 s) processes of H2O were repeated. The thickness of the TiO2 and ZnO ﬁlms was adjusted by the number of cycles to 30 and 55 nm, respectively. For the preparation of diverse samples of TiO2 and ZnO, the substrate temperature was varied between 70 and 300 1C. More detailed information on the applied ALD processes and sample denotations is given in Table 1. 3.3 Characterization Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were applied to investigate the size and morphology of the samples. The investigations were conducted using a JSM-6340F at 15 kV (SEM) and JEOL 2010 at 200 kV (TEM), respectively. The crystallographic features of the metal oxide membranes were investigated by X-ray diﬀraction (XRD, Philips X’Pert MRD) with Cu Ka (l = 1.5421 A˚) radiation. The transfer of the samples was done in air. For y 2y measurements the samples were suspended on a silicon wafer as a convenient substrate. 3.4 Microbiology As a test strain for all bactericidal eﬀect studies, Escherichia coli (E. coli) strain W311031 was used. A single colony was inoculated from a Luria-Bertani (LB) agar plate (Carl Roth Phys. Chem. Chem. Phys., 2009, 11, 3608–3614 | 3609



Table 1



Detailed processing conditions of the ALD process and sample denotation



Material



Precursor



Pulse/s



Exposure/s



TiO2



Ti [OCH(CH3)2]4



1.5



30



30



H2O



1.3



30



30



(C2H5)2Zn



0.1



5



15



H2O



1.5



15



150



ZnO



Purge/s



GmbH, Germany) with 4 ml of LB broth (Carl Roth GmbH, Germany) in a 10 ml glass bottle. The bottle was incubated overnight at 30 1C on an orbital shaker at 250 rpm (E. coli solution 1). After 16 h, the culture was diluted to 1 : 50 into fresh LB broth and incubated for 3 h at 250 rpm to obtain a logarithmic growing culture for bactericidal eﬀect experiments (E. coli solution 2). The cell concentration of the E. coli solution 2 was determined by the spread plate method.32 The initial logarithmic growth phase population of E. coli ranged approximately from 105 to 106 colony forming units (CFU)/ml. 3.5



Photocatalytic experiments of ISM/TiO2 and ISM/ZnO



A reactor for the photocatalysis experiments was designed (Fig. 2). The E. coli suspension was exposed to UV light (Osram UVC-LPS 9, peak: 365 nm, power: 2W, UV light including visible blue light) from the lower part of the reactor and was continuously shaken at 250 rpm during each experiment. A 4 ml portion of E. coli solution was taken from the prepared stock solution and pippetted carefully into the reactor. The photocatalytic inactivation of the E. coli cells was assessed by taking a 100 ml volume of the E. coli solution 2 from the



Fig. 2 Schematics of the reactor for Escherichia coli (E. coli) photocatlysis experiments. The whole body was made from PTFE (polytetraﬂuorethylene). The sterilization was performed at high temperatures for each experiment. In order to reduce the UV absorption through the supporting part as well as to support the ISM, a PMMA (polymethyl methacrylate) sheet (1 mm thick) was used. Through the ring shaped gasket and the mechanical clamping (spring and bolt/nut type) the leakage of E. coli solution was eﬀectively prevented.
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Cycle



Substrate temperature/1C



Sample numbering



500



70 160 225 275 300 70 100 125 200



ISM/TiO2/70 ISM/TiO2/160 ISM/TiO2/225 ISM/TiO2/275 ISM/TiO2/300 ISM/ZnO/70 ISM/ZnO/100 ISM/ZnO/125 ISM/ZnO/200



500



reactor every 5 min or 15 min for 60 min and diluting the solution 1/100 (E. coli solution 3) and 1/1000 (E. coli solution 4) with fresh LB liquid medium. In order to count the number of viable E. coli, a 10 ml volume of the E. coli solution 4 was taken and spread onto LB agar plates as described in the previous section. The thus prepared LB agar plates were incubated overnight at 37 1C. After 12 h, the number of colonies was counted. For each experiment, three plates were used and averaged. The results were plotted as the survival ratio. 3.6 Tensile test of native ISM, ISM/ZnO/100 and ISM/TiO2/275 membranes For the measurement of engineering stress (s)-engineering strain (e) behavior of the prepared samples, all ISM samples were cut with a knife (BAYHAs, Blades, No.24) to 2 mm  10B20 mm. Tensile tests were performed on a ZWICK 1445 tensile test machine with a 10 N HBM load cell, controlled by a PC with automated testing software. The extension rate was 50% of the initial testing length (10 mm) per minute (5 mm min 1). The temperature and relative humidity were 26–28 1C and 20–22%, respectively. SEM and optical microscopy (Leitz Aristomet) were used to measure the cross section area of the specimen. The thickness of the membrane was B100 mm and the width B2000 mm. Since the thickness of the ESM was not perfectly uniform, it was averaged to a yield of 100 mm from measurements at more than 20 points along the horizontal direction of each sample (2000 mm). After the tensile tests, the cross section of the fracture surface of each sample was again investigated by SEM. Because of the slightly stretched length of the sample, the cross section was slightly shrunk. However, the diﬀerence was almost negligible. In the case of the width of each sample, a similar procedure was applied. The variation in width was also negligible. For each set of data, more than 10 samples were prepared and measured at identical conditions. Each data set showed similar stress–strain behavior. As an average, from each measurement one typical data set was selected. All graphic work including data rescaling was performed with ORIGINs 7.5.



4. Results and discussion 4.1 Film quality, crystallographic features and bactericidal eﬃciency Since the crystallinity of the deposited coating is temperature dependent,28,33 the composite membranes were prepared at various temperatures ranging from 70 to 300 1C. The resulting This journal is 
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membranes, both ISM/ZnO and ISM/TiO2, show unchanged morphological features of the original ISM. As representative SEM and TEM micrographs of the resulting ISM/ZnO and ISM/TiO2 membranes, the images of ISM/ZnO/100 and ISM/TiO2/275 are shown in Fig. 3 (sample denotations can be found in Table 1; the reason that we choose these two samples as representative samples will be discussed in a further section). Both images show, as expected, good quality of the metal oxide deposition. The ﬁlms were conformally deposited over the whole collagen membrane without any distortion and shrinkage, as can be conﬁrmed from Fig. 3a, c and e showing ﬁbers of ISM/ZnO/100 and Fig. 3b, d and f showing ﬁbers of ISM/TiO2/275. Apart from the deposited ﬁlm quality, the bactericidal properties, as a function of the crystallographic features of the resulting macroporous membranes, are of interest. Fig. 4a and b show X-ray diﬀraction (XRD) patterns of the ISM/TiO2



Table 2 Maximum stress (MPa) and strain (%) value of Native ISM, ISM/TiO2/275 and ISM/ZnO/100 (Average  standard deviation)



Native ISM ISM/TiO2/275 ISM/ZnO/100



Maximum stress (smax)/MPa



Maximum strain (emax)/%



6.21  0.62 6.02  0.25 9.09  0.71



6.18  0.52 3.45  0.43 9.02  0.83



and ISM/ZnO prepared at temperatures ranging from 70 to 300 1C. The TiO2-coated membranes (ISM/TiO2) processed at 70 and 160 1C did not show any obvious diﬀraction peaks, whereas in the higher temperature range they showed reﬂections from the anatase phase (ICDD card No. 21-1272), anatase (101) being the strongest peak among them. The deposition temperature of 225 1C shows an onset of crystallization. In



Fig. 3 Electron micrographs of ISM/ZnO/100 and ISM/TiO2/275. Parts (a) and (b) display a macroscopic view of the ISM/ZnO/100 and the ISM/TiO2/275 membrane, respectively, showing the morphology of the native ISM (their highly interwoven and conglutinate feature). Parts (c) and (d) show the composite membranes of collagen ﬁbers/metal oxides at high magniﬁcation. Parts (e) and (f) display the corresponding transmission electron microscope (TEM) images of the ISM/ZnO/100 and ISM/TiO2/275 membrane, respectively, showing the coating of the ﬁbers with the metal oxide.
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Fig. 4 X-Ray diﬀraction (XRD) patterns and E. coli survival curves related to ISM/TiO2 (upper row) and ISM/ZnO (lower row). (a) and (b) XRD patterns of both membranes illustrating the eﬀect of the deposition temperature. (c) and (d) E. coli survival curves in aqueous solution over time corresponding to each membrane after the UV illumination for various deposition temperatures of TiO2 and ZnO, respectively.



contrast, the ZnO coated membranes (ISM/ZnO) showed diﬀraction peaks already after the 70 1C ALD deposition process. The positions and the intensities of the individual peaks are in good agreement with the hexagonal wurtzite structure of ZnO according to JCPDS card No. 36-1451. The photocatalytic eﬃciency (bactericidal eﬀect) was evaluated from the E. coli survival ratio with respect to the illumination time with UV light for the two diﬀerent types of metal oxide membranes. It is generally known that semiconducting metal oxides, such as ZnO and TiO2 generate conduction electrons (e ) and valence band holes (h+) on the surface upon illumination with an energy higher than the band gap energy (Eg,ZnO = 3.37 eV, Eg,TiO2 = 3.2 eV) in an aqueous solution.26,27 Subsequently, holes react with the water adhering to the surface of the ZnO and TiO2 to form highly reactive hydroxyl radicals (OH ). Oxygen acts as an electron acceptor forming super-oxide radical anions (O2 ) which are an additional source of hydroxyl radicals upon subsequent 3612 | Phys. Chem. Chem. Phys., 2009, 11, 3608–3614



formation of hydrogen peroxide (H2O2).26,27 The generated OH , O2 and H2O2 can attack the cell walls in E. coli, which will ﬁnally be damaged. After eliminating the protection of the cell wall, oxidation of the underlying cystoplasmic membrane and the intracellular contents takes place and eventually leads to the death of the E. coli.34 As illustrated in Fig. 4c and d, in the dark without ZnO and TiO2, the survival ratio was constant or slightly increased due to the natural replication of the E. coli. Under UV illumination both membranes clearly showed the capability to inactivate E. coli in aqueous solution. In agreement with previous literature, it was observed that the bactericidal eﬀect of ZnO and TiO2 has a stronger dependence on the crystallinity than on the ﬁlm thickness.35,36 Speciﬁcally, the bactericidal eﬃciency of the ISM/TiO2 with anatase/rutile phases and the ISM/ZnO with the hexagonal phase revealed a proportional relationship to the ALD deposition temperature and the relative intensity of the (100) crystal direction, respectively. This journal is 
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The membrane itself has a strong impact on photocatalytic behavior. From the respective E. coli survival curve, it can be seen that, in terms of bactericidal eﬃciency under UV illumination, the ISM without metal oxide coating is more eﬀective than just the suspension only, i.e. without a membrane. The metal oxide coating enhances the eﬃciency drastically. Comparing the bactericidal eﬃciency of the coated membranes with TiO2 particles (Degussa P25, average particle size: 30 nm)37 or home-made TiO2 ﬁlms38 reported in the literature, the ISM/TiO2/300 is much more eﬃcient when considering the irradiation intensity and the area exposed to UV light. Similar to TiO2, the ISM/ZnO/100 also shows higher eﬃciency, as compared to ZnO powder39,40 with a much lager surface area. Presumably, this is caused by the macroporous structure of the ISM. Probably, E. coli bacteria can easily adhere to the macroporous ISM, leading to an increased concentration of bacteria close to the UV source. Thus more bacteria are destroyed in the same time period. It is noteworthy that ISM/TiO2 reveals a higher bactericidal eﬃciency than ISM/ZnO. This result is consistent with a previous publication comparing the photocatalytic eﬃciency of TiO2 and ZnO,41 however, opposite results have also been reported.42,43 The relative photocatalytic behavior of TiO2 and ZnO still seems to be ambiguous. The graphs in Fig. 4c and d show that, as expected, ISM/TiO2/300 has the strongest bactericidal eﬀects. However, with decreasing processing temperature, the eﬃciency of the TiO2-coated membrane also decreases. Already at 275 1C (ISM/TiO2/275), the eﬃciency is comparable to that of the ZnO-coated one, processed at much lower temperatures (ISM/ZnO/100). Therefore, for the strongest eﬀects, one has to coat the membrane at a high temperature, thereby somewhat damaging the morphology of the original ISM. Since most biological templates have a tendency to decompose or deform at high temperatures (pyrolysis temperature E240 1C),44 a deposition at such temperatures is not suitable in most cases. A good compromise can be found if the sensitive membranes are coated with ZnO at 100 1C, showing reasonably eﬃcient photocatalytic behavior. Thus, in terms of bactericidal eﬃciency as well as preservation of the original morphology, the ISM/ZnO is more beneﬁcial than ISM/TiO2. 4.2



Mechanical ﬂexibility and thermal stability



Even though the ESM is stable against the reaction byproducts of the ALD process (e.g. isopropanol),24,25 as stated above, upon heating (around 240 1C) it undergoes pyrolysis.44 For coating of the ISM with ZnO, the pyrolysis is not a critical issue, the highest photocatalytic eﬃciency and preservation of the original structures of ISM can be assured by virtue of low processing temperatures (o240 1C). In contrast, in the case of TiO2, due to the required higher processing temperature (4240 1C), even though the photocatalytic eﬃciency can be assured, the mechanical stability was reduced by the pyrolytic damage to the original structures of the ISM. The results from our experiments are shown in Fig. 5 and Table 2. The resulting ISM/TiO2/275 membranes deposited at 275 1C were more brittle and stiﬀer than the native ISM (decreased maximum strain emax and increased initial Young’s This journal is 
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Fig. 5 Tensile test data of the native ISM, ISM/ZnO/100 and ISM/TiO2/275 membrane and a photograph of the ISM/ZnO/100. As shown in the s–e curve, after low temperature (100 1C) ALD of ZnO, the mechanical properties of ISM/ZnO/100 were enhanced and showed high ﬂexibility, as can be seen from the inset photograph. In contrast, in the case of ISM/TiO2/275, it was observed that the membranes become stiﬀer after high temperature (275 1C) ALD, presumably caused by thermal damage of the collagen structure.



modulus, Eini(ISM/TiO2/275)). In contrast, the ISM/ZnO/100 membrane showed an even higher ﬂexibility and mechanical stability against external load than the native ISM (increased maximum stress smax and strain emax together with increased initial Young’s modulus Eini(ISM/ZnO/100)). Considering that most of the metal oxides are generally brittle even at nanometer thicknesses45, the ISM membranes after ALD are expected to show lower ﬂexibility and stability to external load, if the contribution of the metal oxide layer itself and thermal eﬀects are considered. However, this is not the case. It is known that the collagen based ESM contains functional groups, such as amines, amides and carboxylates24,25 which may interact with the ALD precursors (TIP or DEZ/water) during the deposition. During the alternating exposure/purge sequence of the ALD precursor pairs, the highly reactive precursors chemically interact with the ISM ﬁber surface as well as the bulk of the protein structures (results will be published elsewhere). Hence the ﬂexibility of those composite membranes can presumably be ascribed to anchored precursors containing metal compounds, such as Zn or Ti, similar to the mechanical properties enhancing eﬀects of insect’s cuticles by small amounts of impregnated metals.46



5. Conclusions In conclusion, eggshell membranes were used as templates for coatings with TiO2 and ZnO, respectively, via ALD. The resulting structures satisfy the optimal combination of original functionality of the biotemplate and appropriate metal oxides which can improve the functionality of the resulting structures. The membranes show good mechanical ﬂexibility for practical use. Depending on the deposition temperature of the metal oxides, the resulting ﬁlms were either amorphous or polycrystalline. Upon UV illumination, the ISM/TiO2 and Phys. Chem. Chem. Phys., 2009, 11, 3608–3614 | 3613



ISM/ZnO membranes clearly exhibited bactericidal eﬀects. Above all, it was found that polycrystalline ISM/ZnO membranes can be prepared at a fairly low temperature (100 1C) and nevertheless show bactericidal eﬃciency which is competitive with that of ISM/TiO2 membranes prepared at a much higher temperature (275 1C). Furthermore, the ZnO-coated membranes are mechanically more stable than the TiO2-coated ones. We conclude that for coatings of diverse temperature sensitive templates (such as biological materials or polymers), low-temperature ALD of ZnO is more suitable than the deposition of TiO2, i.e. thermally less destructive and photocatalytically competitive.
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