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Abstract 

Polar ZnO nanosheets of high specific surface area (~120 m
2
/g) were subjected to storage under 

different atmospheres at room temperature and analyzed for changes in their textural and crystal 

properties. During their storage in laboratory conditions (in closed transparent polypropylene vials 

kept under the light of the laboratory on worktop tables) the nanosheets lost up to 75% of their 

specific surface area in approximately two months, with most of the loss occurring during the first 

two weeks. The narrow mesoporosity (~5 nm pore size) became filled with ZnO during the process. 

No loss or gain in weight was detected. Loss of specific surface area took place under all of the 

atmospheres assayed, in the following order: moist air (with or without light) > moist CO2-free 

atmosphere (with or without light and/or oxygen) > dry CO2-free oxygen-containing atmosphere 

(with or without light) > dry inert atmosphere (with light) > dry inert atmosphere (in darkness). 

During storage the ZnO crystals grew mainly by the partial merging of their polar surfaces in a 

process triggered by the action of moisture, oxygen and, in the absence of these two agents, light. 

The mechanism of this intriguing phenomenon will be analyzed in detail in the second part of this 

work. 
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Introduction 

ZnO nanostructures have been the subject of a large number of studies and reviews [1, 2] due to their 

important role in the fields of electronics, optics and photonics. It is well known that the surfaces of 

ZnO nanostructures can be chemically altered at room temperature by the prevailing atmosphere and 

that this leads to the formation of surface hydroxyls [3, 4] or to the loss of oxygen vacancies [5]. On 

the other hand, to our knowledge, no systematic study has been devoted to date to the analysis of the 

possible effect of atmospheric storage on the specific surface area of the ZnO materials, even though 

there is indirect evidence in the literature of unexpected changes of this parameter in commercially 

available ZnO powders [6]. Unfortunately, in the descriptions of the analyses to which these 

materials were subjected, most authors (ourselves included) have not usually reported how they were 

stored or preserved during the experimental procedure, or whether the storing conditions might have 

altered the specific surface area of the ZnO nanostructures. This was the reason, in fact, that 

prompted us to undertake the present study. We observed that several stainless steel wire mesh-

supported ZnO samples described in some of our works [7-10], prepared according to a well-

controlled procedure, showed random values of specific surface area in the 35-110 m
2
/g range, with 

an average value of ~80 m
2
/g, as reported in the works mentioned above. As the only uncertain 

variable in these works was the storage time between calcination and surface area analysis, we 

performed a systematic analysis of the effect of storage under different conditions upon the specific 

surface area and crystal properties of ZnO.  

Room temperature sintering of ZnO may have relevance in the fields in which the specific surface 

area is an important property of the material (catalysis, adsorption, etc.); the fact that the specific 

surface area of the particles may suffer an unexpected variation during storage inevitably leads to a 

misinterpretation of the experimental results when this alteration is not considered. Besides, the 

control of this process may have potential applications, such as the fabrication of ZnO ink 

formulations for sinter-free printing of semiconductive films, in a similar way as silver nanoparticles 
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are currently being used for printing conductive circuits [11-13]. The purpose would be to produce 

an ink of polar ZnO nanoparticles, stabilized by an appropriate organic agent, whose removal upon 

deposition of the printed pattern would trigger the spontaneous sintering of the ZnO nanoparticles 

under the appropriate moist atmosphere at room temperature to form the semiconductive film. 

This work is divided into two parts, the first of which provides evidence of the room temperature 

sintering of polar ZnO, and of the effect of the prevailing atmosphere upon the apparently 

inexplicable loss of specific surface area. The second part of this work attempts to explain the 

proposed mechanism behind this phenomenon. 

 

Experimental 

Sample preparation 

All of the chemical reagents were of analytical grade and hence did not require additional 

purification. All of the aqueous solutions were prepared with deionized water. The support was a 

stainless steel wire mesh [SSWM , with a 36 μm wire diameter and 42 μm mesh screen openings] 

supplied by CISA Cedacería Industrial (www.cisa.net). The SSWM-supported ZnO samples with a 

yield of ZnO of ~20 wt.% were synthesized following roughly the same procedure as that described 

in [9]. Briefly, zinc acetate dihydrate was dissolved together with urea in deionized water. A Zn
2+

 

concentration of 0.05 M was used in the aqueous solution, at an urea/Zn
2+

 molar ratio of 20. The pH 

of the solution was adjusted to 4.88 by using acetic acid (1.2 M). The wire mesh was placed in a 

Teflon autoclave (100 ml) filled to the top with the growth solution. The autoclave was sealed and 

the growth of hydrothermal ZnO was allowed to proceed at 80°C for 23 h in a furnace. The ZnO 

coated-wire mesh was then taken out of the solution, thoroughly washed with deionized water, 

immersed in an ultrasonic bath for 10 min and vacuum-dried at 60°C. Finally the sample was 

calcined at 210°C for 1.0 h in air, cooled in the furnace at a rate of ~1°C/min and stored under 
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controlled conditions for further analysis. The time zero for storage was taken to be that of the 

conclusion of the cooling ramp. The SSWM-supported ZnO sample was denominated ZnO-M (from 

mesh; Figure 1A). For some analyses, groups of ZnO nanosheets were gently scratched from the 

wire mesh surface with a brush and then disaggregated in a mortar. The resulting powder was 

denominated ZnO-P (Figure 1B).   

 

Sample storage 

Different storage conditions for the calcined samples were studied, as described below.   

Storage in lab conditions: the standard storage of the samples and the source of random values of 

specific surface area in past works, in closed transparent polypropylene vials kept under the light of 

the laboratory on worktop tables.  

Unprotected storage: samples on open Petri dishes kept under the light of the laboratory on worktop 

tables. 

Storage under gas flows: samples kept in Vis/UV transparent devices, either under the light of the 

laboratory or in darkness, subjected to a 100 mL/min flow of gas [dry helium, moist helium (bubbled 

through a water bath), dry air, moist air, dry 21%O2/He and moist 21%O2/He stream]. 

 

Characterization techniques 

The morphology of the samples was studied by means of scanning electron microscopy (SEM, FEI 

Quanta FEG 650 model). Transmission electron micrographs (TEM) were taken on a JEOL (JEM-

2000 EX II) microscope operating at 160 kV. Selected Area Electron Diffraction (SAED) patterns 

were obtained from representative areas of the TEM images. The X-ray diffraction (XRD) patterns of 

the samples were recorded on a Bruker D8 Advance instrument operating at 40 kV and 40 mA using 
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Cu Kα radiation (λ = 0.15406 nm). The crystal size values were estimated from the XRD pattern by 

means of Scherrer’s equation (d100 or d002 are crystal diameters evaluated from peaks (100) and 

(002), respectively, of the ZnO pattern). The BET specific surface area of the samples was evaluated 

from N2 adsorption isotherms (-196ºC) obtained with a Micromeritics ASAP 2020 analyser. The 

BET surface area was deduced from an analysis of the isotherms in the relative pressure range of 

0.04 to 0.20. Pore size distribution (PSD) was calculated by applying the Kruk-Jaroniec-Sayari 

method [14] to the desorption branch. In specific cases (Figure 4B) the BET surface area was 

evaluated from single point measurements on a Micomeritics Autochem II chemisorption analyser.  

 

Results and Discussion 

Freshly calcined samples 

Figure 2 shows XRD spectra of the freshly calcined ZnO-M and ZnO-P samples (SEM images of 

these samples are shown in Figs. 1A and 1B, respectively). The wide peaks observed in the XRD 

spectra correspond to very small crystal sizes of around 10 nm. The XRD pattern for hexagonal 

wurtzite-type ZnO (JCPDS No. 36-1451) has three main peaks at 2 = 31.8, 34.4 and 36.3° (see bars 

in Fig. 2A), representative of, respectively [15]: (a) a non-polar crystal plane (101̅0) [or (100)], with 

a separation distance between parallel planes of ~0.28 nm (these planes form the long surfaces, 

parallel to the c axis, of typical ZnO nanorods, illustrations of which are displayed in Figure 3); (b) a 

polar crystal plane (0002) [or (002)] which is considered to be equivalent to the Zn-terminated 

positive polar plane (0001) or the O-terminated negative polar plane (0001̅), with a separation 

distance between the parallel planes of ~0.26 nm (typical basal planes, normal to the c axis, that form 

the top and bottom surfaces, respectively, of ZnO nanorods), and (c) a polar crystal plane (101̅1) [or 

(101)], with a separation distance between the parallel planes of ~0.24 nm, which is the plane that 

forms the surfaces of hexagonal pyramids sometimes found at the top of ZnO nanorods [15].  
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The polarity of ZnO wurtzite-type nanostructures is thought to be related to the intensity ratio of 

(002) to (100) peaks (I002/I100) in the XRD spectra [16]. However, on this point the literature offers 

conflicting conclusions. For instance, the criterion used by Li et al. [17] (that I002/I100 increases with 

polarity) is opposite to that of McLaren et al. [16] (that I002/I100 decreases with polarity). In the 

present work, a way to conciliate both criteria is examined. Given their geometry (nanorods, 

nanoflakes, needles, pyramids, etc.) and their degree of anisotropy, single crystalline ZnO 

nanostructures may have different ratios of polar to non-polar surfaces, that is, different overall 

polarities. According to Han et al. [15], the least polar material (nanocolumns or nanorods in their 

work) has the lowest I002/I100 ratio, a result which, in principle, agrees with the assessment of Li et al. 

[17]. However, assuming that ZnO rods (or nanorods) with a high aspect ratio, oriented along the c 

axis, are eminently composed of non-polar surfaces with (hl0) Miller indexes, examples in the 

literature can be found of different XRD peak ratios (I002/I100) for similar nanorod-type samples (both 

I002/I100<1 [15, 17, 18] and I002/I100>1 [16, 19-21]). According to Tian et al. [21] the more marked 

growth in intensity of the (002) peak, compared to that of the (100) peak, is due to the alignment of 

the nanorods, which results in the (002) plane being preferentially exposed. It is for this reason that 

XRD patterns of seeded nanorods at different stages of growth show a low I002/I100 value at the 

beginning of the process, when the nanorods are randomly oriented, but a I002/I100 value greater than 

1 when the growth process has been completed and the nanorods have become parallel. Among the 

I002/I100>1 materials the same alignment is observed in [19] (in this case via self-assemblage, as the 

nanorods were not grown on a substrate) and also, though not so well developed, in [20]. On the 

other hand, among the samples with I002/I100 values below 1, there is a random orientation in the 

above examples, [15, 17, 18], as can be appreciated from the SEM images where the nanorods look 

like fields of randomly oriented felled trees.  

It is clear that the I002/I100 ratio depends on alignment and orientation just as much as it depends on 

the polarity (and degree of anisotropy) of the material. Thus, the non-polar (100) plane is mainly 
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exposed in XRD when the non-polar nanorods are randomly oriented (unsupported nanorods), that 

is, when the surfaces represented by this and other (hk0) planes are mostly parallel to the base of the 

sample holder (which resembles a field of randomly oriented felled trees, as already mentioned) and 

therefore the I002/I100 ratio obtained is always below 1 [3, 15, 17, 18, 22]. Only in one case among 

those analyzed from the literature was a I002/I100 ratio over 1 found for ZnO nanorods with a “felled 

tree” alignment (ZnO needles in [4]). However, the peak area ratio in this particular case, A002/A100, 

is clearly below one, and therefore the cumulative counts per second are larger in the case of the 

(100) plane than for the (002) plane, as one would expect for “felled tree” orientation. On the other 

hand, supported or self-assembled nanorods that are aligned so that their polar tips are parallel to the 

base of the sample holder always show I002/I100 ratios greater than 1 [19-21, 23-26]. This relationship 

between the orientation of the nanorods and the I002/I100 ratio is highlighted even more in the work of 

Vu et al. [27]. Other non-polar nanostructures different to nanorods also offer the same result; i.e. 

aligned non-polar nanosheets with the (002) edge parallel to the base of the XRD sample holder 

result, as expected, in an I002/I100 ratio over 1 [28]. A pictorial representation of this conclusion is 

presented in Figure 3, which shows how the same nanostructures (i.e. nanorods) can produce XRD 

patterns with different I002/I100 ratios simply by changing their orientation.  

To return to the ZnO-M and ZnO-P samples, they offer rather different I002/I100 ratios immediately 

after calcination; between 0.29 (inset of Figure 2A) and 0.56 for ZnO-M (average 0.42±0.10) and 

between 0.81 (inset of Figure 2B) and 1.10 for ZnO-P (average 0.93±0.12). These values together 

with the above conclusions suggest that ZnO-M consists mainly of polar nanosheets with a 

polycrystalline appearance that are aligned normal to the wire mesh surface (Figure 1A), with the 

(100) non-polar facets of the crystals that form their edges being left exposed (like the aligned 

nanoflakes when I002/I100<1 in Figure 3). The material scratched from the wire mesh (ZnO-P), 

consists of both nanosheets and the more amorphous material that connects the nanosheets with the 

wire mesh. All of this particulate material becomes randomly oriented when deposited on the holder 
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(Figure 1B), and the polar nanosheets preferentially leave the (002) polar surfaces of their crystals 

exposed, which results in a significant increase in the I002/I100 ratio (in the same way the “deposited” 

nanoflakes result in I002/I100>1 in Figure 3). The crystal sizes evaluated for the (100) and (002) peaks 

differ by about 0.5 nm [d002 = d100 + (0.5 ± 0.1)], regardless of the storage time and sample type 

(ZnO-M or ZnO-P). This indicates that, on average, the polar (002) contribution to the surface area 

of the crystals is slightly higher than the non-polar (100) contribution. Figure 4A shows a TEM 

image of the main surface of a freshly calcined ZnO nanosheet. The sheet is formed by an assembly 

of irregular crystals with a size of around 10 nm. A SAED analysis of this surface shows typical 

diffraction points for (100) facets (separated by a distance of 0.28 nm), (002) facets (separated by a 

distance of 0.26 nm) and (101) facets (separated by a distance of 0.24 nm). According to the different 

intensities of the diffraction points, the most exposed facet is (002) (the ratio I0.28 nm/I0.26 nm indicated 

in Figure 4B being directly related to the I002/I100 ratio in XRD), thus confirming the polar character 

of the main surface of the ZnO nanosheets. Figure 4C shows that the crystals that form the nanosheet 

leave space for regularly distributed mesopores of about ~5 nm in size. It should also be pointed out 

that, in spite of the low calcination temperature used to prepare the material (210°C), the degrees of 

crystallinity (DOC) evaluated from the XRD patterns [29] are 63% and 78% for ZnO-M and ZnO-P, 

respectively.      

 

Loss of specific surface area during storage at different conditions        

Figure 5 shows N2 physisorption isotherms on a ZnO mass basis for the freshly calcined ZnO-M and 

for the same sample after being stored in lab conditions for 40 days. Unexpected differences in both 

isotherms, to our knowledge never reported before for nanostructured ZnO materials, are clearly 

visible. After 40 days’ storage the amount of physisorbed N2 has decreased notably and the pore size 

distribution (inset in Figure 5) has changed from a bimodal distribution (5.9 and 68 nm) to a 

unimodal one (69 nm), with a certain degree of densification (the pore volume has diminished from 
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0.3 to 0.2 cm
3
/g), evidencing that the narrow mesopores (~6 nm), already detected in the TEM 

analysis (Fig. 4C), have coalesced during storage. No loss or gain of ZnO mass during the process 

was detected. Pending the spectroscopic characterization, that will be reported in the second part of 

this work, it can be conjectured that this result is due to the diffusion of zinc from the surfaces 

adjacent to the macropores (>50 nm) towards the surfaces delimiting the mesopores, probably via 

grain boundary defects. Figure 6 shows the evolution of the loss of specific surface area of ZnO-M 

(on a ZnO mass basis) during storage in different conditions. The freshly calcined sample has a 

specific surface area in the range 115-130 m
2
/g. After more than two months of storage in lab 

conditions the specific surface area of the sample has decreased to a value of ~33 m
2
/g (~72% 

surface area loss). As can be seen from the figure, most of the surface reduction took place within the 

first two weeks, accompanied by an increase in crystal size, the magnitude of which depends on the 

orientation of the nanoparticles. This can be appreciated in Figures 2A and 2B, from the samples 

kept under unprotected storage. At the edges of the nanosheets, the crystal size evaluated by applying 

Scherrer’s equation (inset in Figure 2A) ranges from 10.0[10.5] nm (d100[d002]) at 0 days’ storage to 

13.7[13.9] nm after 15 days’ storage, whereas the crystal size evaluated for the ZnO-P sample, which 

leaves the most extensive nanosheet surface exposed, ranges from 9.7[10.2] nm at 0 days to 

12.4[13.0] nm after 15 days’ storage (inset in Figure 2B). Such preferential growth might occur 

either because the nanosheets are very thin, especially at the edges, crystal growth being favoured in 

these thin areas, or because the edges of the nanosheets in the ZnO-M sample (Figure 1A) are more 

directly exposed to light during storage than the surfaces of the ZnO-P sample, which are partially 

shaded by the accumulation of nanosheets (Figure 1B). However, this effect must be discarded given 

the experimental evidence presented in Figure 7, which shows the results of specific surface area loss 

for ZnO-M samples after 4 days’ storage under different gas and lighting conditions. From the data 

shown in the figure it can be concluded that:  
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 Only under a dry He atmosphere does light have a significant effect, with a loss in specific 

surface area after four days of 14.6 ± 5.2%, under the light of the laboratory, and of 

4.8 ± 3.5% in darkness; values which, in any case, are much lower than those obtained in the 

presence of oxygen and/or water. Therefore, the best way to maintain the specific surface 

area of ZnO-M is to keep it in the dark under an inert atmosphere.       

 The presence of oxygen in a dry atmosphere (either air or 21%O2/He) causes similar losses of 

specific surface area, regardless of the lighting conditions or the type of atmosphere (average 

specific surface area loss: 21.4 ± 6.4%). Thus, CO2 in air does not affect the loss of specific 

surface area under dry conditions. 

 The presence of water in a CO2-free atmosphere (either He or 21%O2/He) causes similar 

losses of specific surface area, regardless of the lighting conditions or the type of atmosphere 

(average specific surface area loss: 31.5 ± 5.9%). Thus, O2 does not produce an extra loss of 

specific surface area when water is present in the atmosphere. In other words, water is the 

prevailing agent that alters the surface area of polar ZnO. When CO2 is present in the 

atmosphere (air), the loss of specific surface area increases up to 40.6 ± 4.9%. A more acidic 

environment, due to the presence of CO2 and water, might even slightly accelerate the 

process. 

The decrease in the I002/I100 ratio during the unprotected storage of ZnO-P (inset in Figure 2B) 

suggests that crystal growth takes place more markedly at the expense of polar surfaces. It can be 

concluded that the nanosheets are formed by more or less rounded nanoparticles that are preferably 

oriented so that their polar (002) planes mostly show up on the main surfaces of the nanosheets, 

whereas the narrow edges are primarily formed by (100) planes. During storage the ZnO crystals 

grow mainly due to the partial merging of their polar surfaces at the expense of the narrow 

mesoporosity in a process triggered by the action of moisture, oxygen and, in their absence, light. 
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The crystallinity of the samples (DOC) increases slightly during unprotected storage (from 63% to 

68% for ZnO-M and from 78% to 83% for ZnO-P, after 10 days’ storage).  

 

Conclusions 

The room temperature sintering of polar ZnO nanosheets of high specific surface area (~120 m
2
/g) 

has been analyzed under different atmospheres. During storage in lab conditions the nanosheets lost 

up to 75% of their specific surface area in about two months, with most of the reduction taking place 

during the first two weeks. Loss of surface area occurred parallel to the growth of nanocrystals, 

mainly due to the partial merging of their polar surfaces at the expense of the fraction of small 

mesopores (~5 nm pore size) initially present in the nanosheets. No decrease or increase in weight 

was detected during the process. Under the flow of different gases, the highest loss of specific 

surface area after 4 days occurred with moist air (with or without light), ~41%, followed by a moist 

CO2-free atmosphere (with or without light and/or oxygen), ~32%; then a dry CO2-free oxygen-

containing atmosphere (with or without light), ~21%; then a dry inert atmosphere with light, ~15%; 

and finally a dry inert atmosphere in darkness, ~5%. 
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Captions to figures 

Figure 1. A) SEM image of ZnO-M; B) SEM image of ZnO-P. 

Figure 2. A) XRD spectra at different storage times (unprotected storage) for ZnO-M; B) XRD 

spectra at different storage times (unprotected storage) for ZnO-P. Insets in Figs. 2A and 2B: 

variation of dXRD and I002/I100 with storage time for ZnO-M and ZnO-P, respectively. 

Figure 3, Effect of polarity (anisotropy) and orientation on the intensity of the XRD peaks for single 

crystalline wurtzite-type ZnO nanostructures. 

Figure 4. A) TEM image of the main surface of a freshly calcined ZnO nanosheet; B) SAED 

analysis of this surface; C) TEM image showing the narrow mesopores of the nanosheet. 

Figure 5. N2 physisorption isotherms for the freshly calcined ZnO-M and for the same sample after 

it has been stored for 40 days in lab conditions. Inset: Pore size distributions of the samples. 

Figure 6. Variation of the specific surface area loss for ZnO-M stored under lab conditions. 

Figure 7. Values of specific surface area loss for ZnO-M after 4 days of storage under a flow (100 

mL/min) of different gases and under different lighting conditions. 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 

0

25

50

75

100

He 21%O2/He Air

Sp
e

ci
fi

c 
Su

rf
ac

e
 A

re
a 

Lo
ss

 a
ft

e
r 

4
 d

ay
s 

 (
%

)

Flowing gas

Dry

Moist

Dry-Darkness

Moist-Darkness

21%O2/He


