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Abstract 

Piperidine as a new free OH- organic base has been successfully used to prepare 

Zn5(OH)8(Ac)2.2H2O particles (named Zn-HDS) or concentrated alcoholic ZnO sols. 

Considering the applications of Zn-HDS and ZnO compounds, as well as interests of these 

synthesis mechanisms for fundamental chemistry, such investigations are of importance. This 

strategy not only allows preparing Zn-HDS compounds at room temperature but also  brings 

evidence of some new nucleation-growth, and permits the preparation of well crystalline ZnO 

nanocrystals at low temperature (maximum 60°C). It was possible to convincingly prove that 

the formation of Zn-HDS phase is concomitant to the ZnO nanocrystals formation and that 

Zn-HDS could be considered as an intermediate initiator of ZnO nanocrystals. A parallel 

approach was used for the fast screening of the synthesis progress. 

KEYWORDS. Zinc oxide, nanocolloids, Zn-HDS, nucleation, growth, piperidine, parallel 

screening 
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Zinc oxide (ZnO), a wide band gap (3.37 eV) semiconductor with large exciton binding 

energy, has been used in a wide range of applications such ultra-violet (UV) light emitters, 

spin functional devices, gas sensors, transparent electronics, surface acoustic wave devices1 

and as a well-known catalyst2. Various chemical, electrochemical or physical deposition 

methods have been used to prepare functional ZnO materials. Our strategy to design new 

materials is based on the sol-gel chemical synthesis of functional ZnO nanocolloids in 

alcohol3-5. Nevertheless, although this “bottom-up” approach has been known for more than 

20 years6-8, recently, some works have pointed out that zinc based colloidal sols obtained 

from the sol-gel route derived from the Spanhel and Anderson method were not pure zinc 

oxide9,10. The isolated powders from colloidal sols are a mixture of nanometer sized ZnO, 

zinc acetate (Ac) and acetate derivative zinc hydroxide double salt Zn5(OH)8Ac2.2H2O (so 

called Zn-HDS). Moreover, the nucleation-growth process proposed by Spanhel et al., via the 

ethanol media route, is based on the hydrolysis and condensation of Zn4O(Ac)6, Zn10O4(Ac)6 

clusters using a fractal construction concept 11,12. If, Tokumoto et al. proved without doubt 

that after 3 hours reflux of ethanol-zinc acetate mixture, the precursors synthesized is well 

Zn4O(Ac)6 tetrameric clusters11, the possible precursors of ZnO nanocrystals have been 

reported to be Zn4O(Ac)6, Zn10O4(Ac)6  or Zn-HDS in the presence of acetate ions in “basic” 

alcoholic solution9,11-14 (the autoprotolysis constant of ethanol is 10-19.1, so ethanol is neutral 

at pH 9.6). What implies that the discussion about the hydrolysis-condensation reaction 

process of the ZnO nanocrystals is always very active10, 12-17. In particular, the interesting 

question about the fact that the formation of Zn-HDS phase is concomitant to the ZnO 

formation or arises from the reaction of ZnO with zinc acetate during ageing of the colloidal 

sol10, 12, 14, 17. In this way, considering the various applications of ZnO or Zn-HDS as well as 

continued interests in these synthesis mechanisms for fundamental chemistry, 

furtherinvestigations are of importance. 

In this communication, we address a complete study of the chemical reactions to 

prepare ZnO nanocolloid using free OH- organic base “piperidine” and to use parallel 

approach in order to screen new “basic” route, which enables to bring some nucleation-

growth evidence.  

 Experimental 

Processing of precursor solution:  
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 The ethanol-zinc precursors solution was prepared using similar route as published by 

Spanhel and Anderson5. Briefly, 0.06 moles (13.17 g) of Zn(Ac)2 × 2 H2O (from Fluka) were 

suspended in 0.6 L of ethanol (from Fluka or Wako) under ambient atmosphere and distilled 

during ~180 minutes in a preheated (80°C) silicon oil bath of a rotary evaporator. At the end 

of this procedure, 0.25 L of condensate and 0.35 L of hygroscopic reaction mixture were 

obtained. Subsequently, 0.25 L of cold ethanol was quickly added to the hygroscopic mixture 

in order to obtain 0.1 M precursor solution. The obtained transparent solution was stored at 

4°C.  

Screening of different bases and ratio base/Zn using parallel approach 

Primary screening: 

4 solutions (2M in methanol) were prepared with the bases 1 to 4. These stock solutions 

were diluted to give 7 others solutions at 1M, 0.4M, 0.2M, 0.1M, 0.05M, 0.025M and 0.020M 

respectively. 300µL of these 32 bases solutions were added in 1 mL vials according to the 

table 1. 300µL of the Zn precursor solution 0.1M were added, and then the vials were closed 

and shacked by hand. The ratio Base/Zn varies from 20/1 to 1/5 as indicated in the Table 1. 

After 30 minutes, 50 µL aliquots of each vial were transferred to a 96 well-plate for parallel 

UV-visible spectroscopic analysis. The UV-Visible measurement was performed with a plate 

reader BioTeck Instrument INC.(model µQuant) to qualitatively detect the presence or the 

absence of a strong absorbance at 325 nm (notes X in the table 1) after blank subtraction. 

TMAOH was used as reference for this primary screening 

Secondary screening: 

The same protocol as previously described was used starting from 1M solutions of bases 

4 to 7 in methanol. After addition of the Zn precursor solution to the different diluted 

solutions at 1M, 0.45M, 0.4M, 0.36M, 0.31M, 0.28M, 0.24M, 0.2M, the final ratio base/Zn 

varies from 10/1 to 2/1 as indicated in table 2. The same qualitative UV-visible spectroscopic 

evaluation as the primary screening was performed. LiOH was used as reference for this 

secondary screening. 

Processing of ZnO nanocolloids:  

At 20°C and under magnetic stirring, 20 ml of a methanolic piperidine solution (0.36M) 

were rapidly added to 20 ml of the ethanolic precursor solution, yielding turbid solution in 
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less than one hour. By keeping this turbid solution at 20°C under magnetic stirring, a very 

“milky” solution is observed during 2 months. In a parallel experiment, by increasing the 

temperature of the turbid solution, it is transformed into a clear nanocolloid after 2 days and 

after few minutes at 31°C and 60°C respectively. After cooling and ageing at room 

temperature, these colloids remained transparent and stable for periods of up to a few weeks. 

By mixing the methanolic piperidine solution and the precursor solution at 4°C and keeping 

the mixture at 4°C, there is a precipitate after 2 hours with no apparition of clear colloid even 

after 2 months. In order to precipitate nanopowder from clear nanocolloids, i) heptane or 

cyclohexane was used as organic nonsolvents using the process described in ref. 9. ii) the 

supernatant was removed by centrifugation (5000 rpm/10 min). In the case of “milky” 

colloids, only centrifugation was used to remove supernatant. In some cases, the precipitate 

was washed with acetone and dried at room temperature. 

UV-Vis and luminescence: 

UV–Vis spectra of the colloids and films were recorded with a Varian CARY 5 

spectrometer. The emission spectra were measured with a JASCO FP-6500 

spectrophotometer. Measurements were performed using a quartz cell having a path length of 

10 mm. The intensity of emitted light was detected at a right angle to the incident light and an 

excitation wavelength of 290 nm was used. The photoluminescence spectra were recorded at 

room temperature, after dilution in ethanol. 

X-ray intensity measurements 

X-ray diffraction data were recorded at room temperature on a Rigaku using the Bragg-

Brentano geometry with CuKα radiation (40kV, 40mA, integration time range from 2 s to 10 

s) and a secondary monochromator. The average apparent crystallite size (εβ) was estimated 

from a whole diffraction pattern profile analysis, using last developments implemented in the 

Fullprof.2k program (Version July 2006-LLB, Juan Rodriguez-Carvajal). By description of 

instrumental and intrinsic profiles by normalized Voigt function (convolution of Gaussian and 

Lorentzian functions), size and strain effects can be separated from the whole profile analysis 

based on the different angular dependence of the Gaussian and Lorentzian Full-Width-at-

Half-Maximum (HG and HL respectively), according to the following equations:  

θ+θξ−+= ²cos))(( _
__
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anisostrainisostrain2
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where U, X, ξ, G and Y are refinable parameters, and D and F are analytical functions 

(which depend on a set of additional refinable parameters) to model the hkl-dependent 

broadening due to strain and size effects, respectively. "Perfect" Y2O3 powder was used as a 

standard to determine the Instrumental Resolution Function (IRF) of the diffractometer. The 

observed line broadening was modeled by isotropic size effects, leading to 1/cosθ dependent 

terms of HG and HL (Y and G parameters in Fullprof, respectively) contribution to the size 

effects. Refinement of tgθ dependent isotropic strain parameters (U and X parameter in 

Fullprof) did not improve significantly the profile fitting. For each diffraction pattern, a 

counter zero point and the unit-cell parameters were refined in addition to the Y and G 

parameters. The background level was defined by a polynomial function. 

Morphological investigations by SEM and TEM  

SEM photographs by JEOL JSM 6301F were taken to examine the shape and size of the 

nanocrystals. Samples for SEM were simply prepared by depositing precipitated and dried 

powders directly on aluminum metal sample holder. HRTEM images were taken with JEOL 

JEM 2100F equipped with CCD camera, EDX analysis and HAADF-STEM mode. Samples 

for TEM analysis were prepared by placing a drop of the diluted solution in mesh copper 

grids, allowing the solvent in the grid to evaporate at room temperature.  

Results and discussion 

As stated in the introduction section, the synthesis of ZnO nanocolloids using refluxing 

alcoholic zinc acetate solution has been a popular approach since last 20 years, for which it is 

impossible to give an exhaustive list of references. Moreover, although nucleation and growth 

of ZnO nanocrystals using alcoholic zinc acetate solution have been recently studied 

carefully10-17, it is always under debate. Nevertheless, concerning the reaction products 

obtained after reflux of ethanolic zinc acetate solution, three papers are recommended reading 

of special interest11,12, 13. Briefly, Tokumoto et al. have proved that the structure of the 

precursor produced by refluxing ethanolic zinc acetate solution is an oligomeric acetate-

capped clusters of formula [Zn4O(Ac)6]13, which can be generated by condensation 

[Zn10O4(Ac)12] as proposed by Spanhel et al.11,12. The structural similarity of these clusters 
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with ZnO let easily imagine the further condensation of this molecular units into ZnO11,12, 13,18 

nanocrystals but nothing is completely proved.  

We have studied the role played by different bases 1-7 (Tables 1 and 2) to a refluxing 

ethanolic zinc acetate solution on the synthesis of ZnO nanocolloids at room temperature. 

Firstly, combinatorial chemistry experiments were used to screen the hopeful base. The 

experimental conditions for synthesis of ZnO nanocolloids influence directly their formation 

and their size, and consequently their physical properties12. To vary at the same time the 

nature of the studied bases and the base/Zn ratio for each base requires a significant number 

of experiments. This is a time and materials consuming process. In addition, if all these 

experiments proceed sequentially over a certain period (1 to 2 weeks) there is a risk of 

evolution of the solutions of precursors and thus a risk of bad reproducibility. Recently, 

several examples involving combinatorial methods were reported for material science or 

catalysis19-21. Also we worked out a miniaturized parallel approach allowing simultaneous 

screenings of several experimental conditions starting from the same solutions of precursors. 

The primary screening led us to test simultaneously 4 different bases and 8 different 

ratio base/Zn. These 32 conditions (see table 1) were tested with 300 μL of different solutions 

of bases and precursors of Zn. Their evaluation by parallel UV spectroscopy led us to detect, 

by the intense absorption at 325 nm, the best conditions able to generate nanocrystals of ZnO. 

The “traditional” bases 1 and 3 were actually detected by this approach in parallel. This 

validates the present method even if it uses very small amounts of chemical substances. No 

interesting result was obtained with cesium carbonate, indicating that, for inorganic bases, 

OH- is better than other anions. On the other hand, an unexpected result was obtained with 

piperidine 4. This led us to test other organic amines by using LiOH like reference (Table 2). 

The expected results with LiOH were indeed detected, again validating the miniaturized 

parallel approach. On the other hand, none of two organic bases 5 and 7 (pyridine family) 

generated the same results than the secondary amine piperidine. We thus showed that the 

miniaturized parallel approach could reproduce results (KOH, LiOH, TMAOH) obtained until 

now with large volumes and amount of substances, and on the other hand could 

simultaneously test a large number of experiments to detect a new way for synthesis of ZnO 

nanocrystals. It is important to note that it was difficult to predict the specificity of piperidine 

at the beginning of this study even if piperidine, in contrary to pyridine compounds, is a 
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strong alkylamine base (pKa = 11.3 at 20°C) and can be considered as a good proton 

acceptor: NHR2 + HOH ↔ NH2R2
+ + OH-. 

Characterization of concomitant formation of Zn-HDs and ZnO nanocrystals 

Regarding the combinatorial chemistry results, the second part of this work focused on 

the synthesis of concentrated ZnO nanocolloids using piperidine (noted Pip) as free OH- 

organic base with ratio Pip/Zn = 0.36. We report in figures 1 and 2 the optical densities of 

solution (after dilution in ethanol), as a function of time and temperature. For the optical 

density as a function of time, the temperature of the solution was kept at 31°C. For the optical 

density as a function of the temperature, the measurements of the optical density was 

performed after the same mixture solution was kept for 30 min at 35°C, 45°C, 55°C and 60°C 

respectively (for the same solution, full time is 2 hours to reach 60°C). All these spectra show 

the band gap of ZnO nanocrystals, with a blue shift with respect to the bulk oxide, due to 

quantum confinement12, 15. The effect of ageing on the absorption characteristics of ZnO 

nanocolloids is shown in figure 1 and 2. In all the cases, a red shift in the onset of absorption 

was observed with increasing time. The 2 days ageing sols at 31°C or the 30 min ageing sol at 

60°C give a classical UV–Vis absorption spectrum without scattering, whereas the other 

solutions show a broad spectrum relative to scattering of large particles according to Lord 

Rayleigh theory. These data are in good agreement with the manually observed turbidity of 

the solution (figure1) and with study of the hydrodynamic diameter by dynamic light 

scattering (see supporting information). The hydrodynamic diameter observed for the turbid 

solution is larger than 1.5 microns, whereas it is only about 13 nm for clear ageing colloids. 

The data reported in figures 1 and 2 confirm the disappearance of the turbidity after 2 days at 

31°C or after increasing temperature at 60°C. We should note that the formation of 

macroscopic particles early in solution has also been previously observed by Haase et al.22 in 

the preparation of ZnO sols in methanol with excess Zn2+ They have noted that the precipitate 

obtained disappeared after only 5 minutes. Similar results were also observed in our recent 

work3,4, with large turbidity appeared following the addition of TMAOH base into still hot 

propanolic zinc solution but vanished after 2 or 3 minutes. Contrary to these observations, 

using LiOH or TMAOH base into cold ethanolic zinc acetate solution doesn’t bring about 

turbidity and seems to agree with the fractal construction concept12. In order to characterize 

the large particles, organic solvent as heptane or cyclohexane was added to the turbid 

solution. The X-ray diffraction study of this low temperature and short ageing time 

intermediate compounds is shown in Figure 3. XRD pattern suggested that the obtained 
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compound belongs to the wide family of layered double hydroxides with the well-known 

Zn5(OH)8(Ac)2.2H2O (zinc hydroxide double salt so called Zn-HDS). Hydroxyl double salts 

(HDS), with the general formula [MII
1-xMeII1+x(OH)3(1–y)]+Xn-

z(1+3y)/n·zH2O (M and Me 

correspond to divalent metals, X represents anions), deserve a lot of attention owing to their 

potential applications in anion-exchange materials23. Although, the peak labeled (001) 

corresponds to the interlayer distance of typical Zn-HDS (14.6Å) is comparable to the 

respective literature23-26, we cannot completely rule out the structural role-played by 

piperidine in the formation of Zn-HDS27. The broadening of harmonic reflection 

demonstrated the very small number of layers along the c axis. Moreover, broad and 

asymmetrically shaped peaks are observed at higher angles, a result of turbostratic effect24. It 

should be noted that a broad peak around 26-30° in the pattern is due to a glass sample holder 

for the XRD measurement. The SEM (figure 4) reveals porous and narrow micron sized 

particles with self-assembly “flower” morphology as observed recently by Fujihara et al. 

during the fabrication of porous ZnO films by a pyrolitic transformation of Zn-HDS26. Dark 

field STEM images (figure 5) of these micron-sized particles have proved the highly 

disordered lamellar compound, and agree with XRD, DLS and SEM data. We should note that 

Zn-HDS is observed by TEM even in the absence of precipitation by organic solvent and we 

assumed that the turbidity is due to scattering of large Zn-HDS particles. Nevertheless, on the 

same mesh copper grid, a careful STEM and HRTEM experiments reveal the presence of 

crystallized ZnO nanocrystals concomitantly to Zn-HDS formation. In Figure 5 (inset) the 

lattice spacing values of the observed nano-domains was calculated to be 0.26 nm identical to 

(002) interplanar distance of ZnO, which are d002 = 0.260. Since the discovery of quantum 

size effect in ZnO, the conventional optical spectroscopy became a popular method to study 

the fluorescence spectra of growing ZnO nanocolloids6-9, 12, 28-31. In addition to HRTEM 

experiments, the presence of primary ZnO nanocrystals during the early stage of hydrolysis at 

room temperature was proved by photoluminescence measurements.  

Figure 6 shows the photoluminescence spectra recorded just after mixing methanolic 

piperidine solution and the precursor solution during 130 minutes. Indeed, the well-known 

intense and broad emission band situated in the visible part of the spectrum is observed6-9, 12, 

28-31(to be directly observed by human eyes at room temperature, see supporting information). 

We can easily observe the red shift of the visible trap luminescence (Figure 6). The lower part 

of the figure 6 represents the contour map in the wavelength and time plane. This indicates the 

presence of ZnO nanocrystals with size below 6 nm12 and clearly the growth of ZnO 
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nanocrystals during the early stage of hydrolysis at room temperature, concomitantly to the 

formation of Zn-HDS nanocrystals. 

Dissolution of Zn-HDS 

The present work not only proved by numerous techniques the simultaneous formation 

of Zn-HDS and ZnO nanocrystals but also seem to provide evidence that Zn-HDS could be 

transformed into ZnO nanocrystals at low temperature. Indeed, after ageing the colloids at 

least at 31°C, the turbidity vanished and a clear solution was obtained as proved by optical 

(fig 1) and DLS measurements (see supporting information). Figure 7 shows the observed 

XRD patterns of a single phase ZnO nanopowder (according to accuracy of XRD method) 

obtained from all transparent prepared sols. The nanopowders could be obtained by adding 

heptane or cyclohexane into the sols, which generates a rapid phase separation of a 

precipitate, and by centrifugation at 5000 rpm during 10 min. In all the cases, no peak from 

Zn-HDS was observed at 2θ = 6°. The noise signal at low theta is due to the Bragg-Brentano 

configuration. We should note that even in the case of the “milky” sol ageing at room 

temperature for more than 2 months, only ZnO phase was observed from the precipitate 

obtained only by centrifugation (heptane or cyclohexane was not used in that case). The 

diffraction peaks are broad and the average apparent crystallite size (εβ) of the particles was 

estimated to be 3.6 nm, which was confirmed by TEM experiment (figure 8). Observed 

aggregated nanocrystals could be unambiguously attributed to hexagonal wurtzite structure. 

The HRTEM spacing values of the [001] zone axis correspond to the distance of ZnO (d100 = 

0.28 nm) (Fiche ICDD JCPDS N° 361451). Regarding our results, we propose like Hosono et 

al.14,26 that Zn5(OH)8(Ac)2.2H2O could be considered, even in basic media, as an important 

intermediate product following this chemical equation: Zn5(OH)8(Ac)2.2H2O  2HAc + 

5ZnO + 5 H20.  

Conclusion 

 Using a parallel approach, it was easy to find new base candidates for low temperature 

synthesis of ZnO nanocrystals in order to prepare stable and highly concentrated ZnO 

nanocolloids. Thanks to the slow chemical reaction, we found that by using piperidine as a 

base, Zn-HDs can be synthesized at room temperature and some interesting improvements on 

nucleation-growth can be proposed. We assumed that when turbidity is observed, it should 

imply that Zn-HDS appears to be the main initiator of ZnO nanocrystal. But with due respect 

to other chemical routes, we propose a competition process during the growth of ZnO 
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nanocrystals with a fractal construction concept depending of the base used and the media. It 

is effortless to understand that the hydrolysis-condensation reaction process of the ZnO 

nanocrystals could not be simple and that it results from a competition between various 

mechanisms. Such specific behaviour may be of particular interest to fundamental chemistry 

as well as in applications such as for Zn-HDS in anion-exchange materials. Finally, this novel, 

room-temperature and low-cost generation of ZnO nanocrystals from Zn-HDS enriches the 

known range on zinc based colloidal sols and sheds light on the potential application of ZnO 

nanomaterials for their promising and tailored optical properties. 
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Figure caption 
Figure 1 UV-Vis absorption spectra of ZnO nanocrystals as function of time keeping at 31°C. 

Figure 2 UV-Vis absorption spectra of ZnO nanocrystals as function of temperature. The 

solution has been kept during 30’ at 35°C, 45°C, 55°C and 60°C respectively. 

Figure 3 XRD pattern of Zn-HDS compound. The upper pattern is a zoom of the lower part. 

Miller hkl indices for selected peaks are given. 

Figure 4 SEM images of the Zn-HDS powder obtained after 1 day and adding of cyclohexane.  

Figure 5 Dark field STEM and HRTEM images of the Zn-HDS microparticles (upper) and 

ZnO nanocrystals (lower) by drop directly on the mesh copper grid from diluted colloids 

(ageing 3h).  

Figure 6 Upper: Emission spectra of ZnO nanocolloids during first 130 min ageing. Lower: 

contour map in the wavelength and time plane. The solutions were excited with a light of a 

wavelength of 290 nm. 

Figure 7 X-ray powder diffraction profiles of typical ZnO nanopowders obtained from 

flocculated sol. 
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Figure 8 Dark field STEM (upper) and HRTEM (lower) images of ZnO aggregated 

nanocrystals. 

 

Table caption 

Table 1: Qualitative evaluation of bases 1 to 4 with different ratio Base/Zn for the synthesis of 

ZnO nanocolloids. 

Table 2: Qualitative evaluation of bases 4 to 7 with different ratio Base/Zn for the synthesis of 

ZnO nanocolloids. 
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