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Abstract

ZnO-based materials have been synthesized by means of hydrothermal method from aqueous solutions of ZnOH4
2� in the presence of sodium-

dodecyl sulphate (SDS). By means of a variety of analyses (SEM, AFM, IR, UV–vis and XRD) it is shown that this synthesis method allows to obtain

ZnO microcrystals with well defined morphology and active toward hydrogen adsorption. The adsorption of hydrogen on these zinc oxide platelets has

been investigated by FTIR spectroscopy and the results are compared with those obtained on ZnO, synthesized by combustion of zinc metal.
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1. Introduction

In the last years, many studies have been focused both on the

synthesis and the morphological–structural characterization of

new functional materials. It is a wide spread opinion that to

design the new generation of smart and functional materials, with

specific properties [1,2], the control of size, shape and orientation

of nano-/microcrystallites is an essential prerequisite.

ZnO is a challenging material with applications in many

fields and has been synthesized under highly dispersed forms

with various methods (sputtering, Zn combustion, CVD, etc.)

[3–7]. Recently, synthetic techniques, based on solution

chemistry or template methods, have been developed, which

allow to modify the morphology and the particle size, by

affecting diameters and aspect ratios [8–11]. Our interest in the

synthesis of ZnO microcrystals with controlled morphology is
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motivated by the exceptional capacity of microcrystalline ZnO

prepared by combustion of Zn to reversibly adsorb H2 at RT

[12,13]. The typical crystal habit of ZnO microcrystals

prepared by combustion is prismatic and exhibits a low

fraction of basal hexagonal planes (0 0 0 1) and (0 0 0 1̄) and a

predominant fraction of low-index unpolar (1 0 1̄ 0) and

(1 1 2̄ 0) prismatic faces parallel to the c-axes. It is known

that the ‘low symmetry’ unpolar faces can be easily cleaned

from hydroxyl groups (adsorbed water) and are able to

dissociate hydrogen at room temperature, with formation of

Zn–H and O–H surface species [14–17]. The adsorption is fully

reversible at room temperature. The polar hexagonal faces can

be cleaned with difficulty from adsorbed water and are

metastable [1]. A cooperative mechanism between adjacent

surface Zn2+ and O2� species has been hypothesized to explain

the activity in hydrogen dissociation of the prismatic faces

[16,17]. It must be underlined that the ability of prismatic faces

to become covered by reversibly and dissociatively adsorbed H2

at room temperature, makes ZnO unique among the oxidic

systems (like MgO, Al2O3, SiO2, etc.) [18–20] which are

known to dissociate hydrogen only at rare defective sites [21].

It is known that the hydrogen dissociation is commonly

observed on transition metal surfaces, where the mechanism

is homolytic. The hydrogen dissociation on oxides occurs

via the heterolytic splitting of H2 on Mx+O2� pairs [22–24].
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Otherwise Mx+O2� pairs, sufficiently ‘reactive’ in hydrogen

splitting, are rare and the reaction occurs on defective sites.

ZnO is the only oxidic system, where the splitting is involving

extended faces, with formation of ZnH and OH pairs. Another

relevant characteristic is the reversibility of the process at room

temperature. This means that dissociated H+ and H� fragments

are prone to participate to hydrogenation reaction as reported

by Chang and Kokes [25], Kokes et al. [26] and Dent and Kokes

[27]. It is noteworthy that such ability of ZnO system is helping

to explain the chemical activity of Cu/ZnO systems in industrial

synthesis processes [28,29].

Unfortunately, the low surface area of ZnO prepared by Zn

combustion (about 10 m2 g�1) does not allow to reach a

reasonable H/ZnO ratio, which is the only factor which can

make ZnO/H2 system interesting not only for catalytic

purposes but also for hydrogen storage. In order to increase

the adsorption properties, many efforts have been made in our

laboratory to produce high surface area ZnO-based materials.

These efforts included the systematic investigation of ZnO

samples obtained from thermal decomposition of: (i) oxalate,

(ii) citrate, (iii) carbonate and (iv) hydroxide both pure and

SiO2 supported. Although these materials have surface area

much higher than that of ZnO obtained by combustion, they

prove ineffective in hydrogen adsorption, probably because of

their ill defined morphology and associated negligible

proportion of prismatic faces. Recently, the publication of a

novel method for the synthesis of microcrystalline ZnO with

defined morphology [30] has renewed our interest in the ZnO/

H2 system. In this communication, we discuss about the

morphology and surface properties of ZnO microcrystals

prepared following a variant of the recently published method

[30]. By means of a variety of analyses (SEM, AFM, IR, UV–

vis and XRD) it will be shown that this synthesis variant allows

to affect the morphological properties of ZnO microcrystals in

such a way to promote promising properties for hydrogen

adsorption.

2. Experimental

Microcrystalline ZnO samples have been synthesized by

means of a modified process in solution at room temperature

and at atmospheric pressure derived from Ref. [30]. An aqueous

solution of 20 ml of ZnCl2 [1 M] is added to 45 ml deionized

H2O under stirring at room temperature into a flask. Then 30 ml

of NaOH [4 M] aqueous solutions and 5 ml of sodium-dodecyl

sulphate (SDS) [0.1 M] were added dropwise to the ZnCl2
solution. The flask was then closed and heated at 60 8C for 1.5 h

and at 80 8C for 2 h. Then the solution was cooled at room

temperature and aged for 2 days under vigorous stirring.

Finally, the solution was heated again at about 90–95 8C for 2 h

and the resulting powder was collected, thoroughly washed

with deionized water and dried at 85 8C for 3 h. The obtained

material has a surface area of 31 m2 g�1, as determined by N2

adsorption at 77 K (BET method). The surface properties of this

sample were compared with those of ZnO obtained by

combustion (Kadox 25, New Jersey Zinc Co., BET surface

area: 10 m2 g�1).
Crystal structure and phase identification of the materials

have been performed by XRD analyses by Philips PW3020 X-

ray diffractometer operating with Cu Ka radiation in a Bragg

Brentano configuration. The observed patterns have been

analysed using Philips X’Pert HighScore software and

compared with standard patterns of International Centre of

Diffraction Data (ICDD) and powder diffraction file (PDF)

databases.

The microcrystals morphology has been investigated by

means of 420 Stereoscan SEM apparatus, equipped with

Oxford EDS system and by means of atomic force microscopy

AFM, on a Park Scientific Instrument Auto Probe LS. Large

scale images are obtained in contact mode regime, using

microlevers sharpened silicon nitride pyramidal tips with a

radius of curvature less than 200 Å (cantilever thick-

ness = 0.6 mm; cantilever width = 18 mm; cantilever

length = 180 mm; force constant = 0.05 N m�1; resonant fre-

quency = 22 kHz). The AFM images were recorded in air at

room temperature.

Diffuse reflectance UV–vis spectra were also recorded at RT

on both samples, by means of a Varian Cary 5 spectrometer.

For infrared studies, thin self-supported pellets of both ZnO

samples were prepared and activated by outgassing at 773 K for

1 h under a dynamic vacuum (residual pressure 10�4 Torr)

inside an IR cell, which also allowed gas dosage and low

temperature IR measurements to be carried out. In order to

compensate for the oxygen loss during thermal activation of the

pellets (which makes the samples non-stoichiometric and non-

transparent in the IR region), at the end of the activation period,

20 Torr of oxygen was dosed to the sample (still kept at 773 K).

Then the sample was cooled to room temperature and oxygen

removed by outgassing at room temperature to a final pressure

of 10�4 Torr.

On the so treated samples, the IR spectra of H2 adsorbed at

room temperature and of CO adsorbed at liquid N2 temperature

were obtained. The FTIR spectra were recorded in situ at

2 cm�1 resolution, using a Bruker IFS 28 spectrometer,

equipped with a cryogenic MCT detector.

3. Results and discussion

3.1. Structure and morphology

To verify the cristallinity of the as-synthesized samples, the

XRD pattern (Fig. 1a) is compared to that of ZnO obtained by

burning Zn powders in oxygen (Kadox ZnO) [31,32] (Fig. 1b)

and to that of standard Zincite (CAS no. 00-036-1451), used as

reference (Fig. 1c).

From Fig. 1 the following considerations can be derived. (i)

The XRD pattern of samples obtained by the hydrothermal

method is well defined (Fig. 1a), indicating that ZnO crystalline

structures are formed. (ii) The broader character of the

diffraction peaks with respect to ZnO sample obtained by

combustion is suggestive of a smaller average crystal size. (iii)

Considering this pattern in more detail, it can be observed that it

exhibits an intensity ratio for the (1 0 0) and (0 0 2) reflections

different from that of Kadox ZnO. This means that the
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Fig. 1. XRD patterns of plate-like ZnO particles (a), Kadox ZnO (b) and Zincite

(c) and SEM image of plate-like ZnO particles (d).

Fig. 2. Large scale contact-AFM (1.5 mm � 1.5 mm (a), 1 mm � 1 mm (b) and 0.8 m

sample. (d) The height profile, measured across the grey line on the (c) image, is
directional growth of the crystallites along the c- and a-axes

occurs in different proportion in the two samples.

The morphology of a dense aggregate as obtained by SEM

is imaged in Fig. 1d. From this figure, it is clear that the

crystallites have the shape of very thin platelets, whose

typical diameter appears in the 0.5–1.0 mm range at this level

of magnification. The individual platelets and the platelets

aggregates are randomly oriented with respect to the

deposition plate. In comparison with the crystals of Kadox

ZnO, characterized by elongated prismatic habit (images not

reported for sake of brevity) [31,34], these ZnO microcrystals

have distinctly different habit. On the basis of the SEM

images it is not possible to infer about the index of the most

exposed faces responsible for the platelet form of the

microcrystals.

Further details on the microcrystals morphologies come

from large area AFM images (Fig. 2). In this figure, the three-

dimensional views of two different regions, with sizes

comprised in the 0.1–0.5 mm range, are imaged (Fig. 2a and b).

On the basis of these figures, the presence of layered and

packed platelets with hexagonal shape is evident, indicating

that hexagonal planes are predominant and are responsible for

the shape of the microcrystals (Fig. 2b). This is certainly related

to the function of the capping agent (sodium-dodecyl sulphate),

which partially inhibits the growth along the prismatic faces

and promotes the preferential growth of basal planes with the

formation of platelets [33–37].

From the height profiles, large terraces and steps, running

along well defined directions are also well evident. The terraces
m � 0.8 mm (c)) topographies of ZnO crystallites on three different areas of the

reported.
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(prismatic faces) appear highly regular and defects free, at least

at macroscopic level. It is noteworthy that the average height of

prismatic faces can be evaluated less than 200 nm (Fig. 2d),

being this value a definitely small figure with respect to that

observed for the hexagonal faces. In conclusion, AFM images

are consistent with aggregates of packed particles with

approximately hexagonal shape exhibiting both basal and

prismatic faces. Contrary to ZnO oxide, obtained by combus-

tion, basal faces are present in larger proportion.

The different morphology and shape of plate-like particles is

influencing also the optical properties as demonstrated by UV–

vis spectra (Fig. 3). As a matter of fact plate-like particles are

characterized by an absorption edge located at a slightly higher

frequency value with respect to that of Kadox ZnO (in

agreement with the larger dimensions of the ZnO microcrystals,

produced by Zn combustion) [31].

3.2. FTIR spectra of CO and H2 adsorbed on plate-like and

Kadox ZnO

The results presented so far give only a macroscopic

information about the microcrystals shape and morphology.

Consequently at this stage nothing is known about the structure

at the atomic level of the exposed surfaces. This difficulty can

be partially overcome by means of the method of the probe

molecules. As a matter of fact it has been demonstrated in Refs.

[16,31,32], that the structure of the surfaces at the atomic level

can be investigated by studying the IR spectroscopy of

adsorbed probe molecules. For instance, it is known that the

vibrational spectroscopy of adsorbed CO is influenced by: (i)

the index, (ii) the extension, (iii) the defective character of the

adsorbing planes and (iv) the presence of adsorbates.
Fig. 3. UV–vis spectra of plate-like ZnO particles (solid line) and Kadox ZnO

(dashed line) at 298 K.

Fig. 4. FTIR spectra of CO adsorbed at 77 K on (a) plate-like ZnO and (b)

Kadox ZnO samples, by decreasing progressively the coverage (umax

p(CO) = 2.66 kPa; umin p(CO)! 0).
For this reason we have investigated the surface structure of

ZnO, prepared as described before, by means of IR spectro-

scopy of adsorbed CO. The results, reported in Fig. 4a

(platelets) are compared with those obtained on Kadox ZnO

(Fig. 4b). In this figure, the two sequences of spectra obtained at

liquid nitrogen temperature and corresponding to surface

coverage ranging in the u = 0–1 interval are illustrated. In both

cases, the samples were previously outgassed at 773 K under

vacuum, which is a temperature treatment sufficient to clean the

prismatic faces from hydroxyl groups, which so expose an

ordered array of coordinatively unsaturated Zn2+ ions.

Otherwise this thermal treatment is not sufficient to clean

the remaining terminations, which so are covered by hydroxyl

groups. As the spectroscopy of CO on Kadox ZnO is well

understood, it is useful to discuss at first the spectra reported in

Fig. 4b. The IR bands can be divided into two groups; those

located in the 2200–2160 cm�1 interval and those occurring in

the 2160–2120 cm�1 interval (with an apparent maximum at

2145 cm�1).

The bands located in the 2200–2160 cm�1 interval are due to

CO adsorbed on Zn2+ ions on the (1 0 1̄ 0) and (1 1 2̄ 0) faces.
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Fig. 5. FTIR spectra of H2 adsorbed at 298 K on plate-like ZnO (a) and Kadox

ZnO (b) samples by decreasing progressively the coverage (umax

p(H2) = 16 kPa; umin p(H2)! 0): O–H species (on the left side) and Zn–H

species (on the right side) absorption regions.
The continuous shift with the coverage of the CO peak, initially

observed at 2190 cm�1 (u! 0), is due to the progressive

building up of lateral interactions between the parallel CO

oscillators adsorbed on an ordered array of Zn2+ centres. This is

a well known phenomenon and will not be further commented

[31]. We only remark that on Kadox ZnO at full coverage

(u = 1, at 77 K and 2.66 kPa) all the vacant sites are filled and

the prismatic faces can be considered as fully covered by CO,

with no adjacent vacant sites. This model is able to explain also

the gradual decrease of the half-width of the band when u! 1.

In fact, as u changes from 0 to 1, the disorder in the surface

adlayer decreases progressively and at u = 1 the surface phase is

fully ordered (one CO per Zn2+ ion) [31]. The broad feature at

2145 cm�1 is due to CO adsorbed on OH covered surfaces (i.e.

the non-prismatic ones including the basal ones, etc.).

When the sequence of spectra on plate-like ZnO is

considered (Fig. 4a), it comes out: (i) the relative intensity

of the absorptions in the 2200–2160 and 2160–2120 cm�1

ranges indicates that extension of prismatic faces is smaller

with respect to Kadox ZnO, while the proportion of

hydroxilated faces has increased: this result fully confirms

the observation obtained by XRD, SEM and AFM analyses; (ii)

the bands in the 2200–2160 cm�1 range undergo a continuous

shift with coverage similar to that found on Kadox ZnO: this

implies that the array of Zn2+ ions on exposed prismatic faces is

well ordered and in this case too their surface can be considered

as fully covered by CO, as we infer from the invariance at the

highest coverage of the intensity of the 2168 cm�1 peak; (iii)

the half-width of the bands in the 2200–2160 cm�1 interval is

larger on platelets than on Kadox ZnO: this is likely related to

the smaller size of the prismatic faces present on platelets (in

agreement with the SEM and AFM results).

The adsorptive ability toward hydrogen of zinc oxide

platelets has been investigated by FTIR spectroscopy and the

results are compared with those obtained on Kadox ZnO,

obtained by combustion of zinc metal [31,32].

Fig. 5a shows the FTIR spectra obtained after adsorption of

H2 at 298 K at increasing coverage, on ZnO plates, while

Fig. 5b shows a similar sequence of spectra obtained on Kadox

ZnO. These spectra, which depict the characteristic features

already reported and thoroughly discussed in the literature

[16,17], are shown here for the main purpose of investigating

the hydrogen adsorption ability of these systems.

Briefly, both sequences of spectra in Fig. 5a and b show two

IR absorptions in the 1710–1707 and 3506–3490 cm�1

intervals which correspond, respectively, to the fundamental

stretching vibrations of hydride (Zn–H) and hydroxyl (O–H)

surface species, formed upon dissociative chemisorption of the

dihydrogen molecule on adjacent Zn2+O2� ion pairs of

prismatic faces (behaving as Lewis acid–base couples). The

coordinatively unsaturated ZnO pairs on the prismatic faces are

all structurally equivalent [16]. It has been shown that the

presence of Zn–H and O–H groups formed by dissociative

adsorption of hydrogen creates repulsive forces that limit

further hydrogen adsorption, thus leaving a fraction of the Zn

sites unoccupied [16,27]. In particular, it has been shown by

Dent and Kokes [27] that the saturation coverage on Kadox
ZnO (reached at RT at about 5.2 kPa) corresponds to about 5%

of the monolayer, which accounts for a H/Zn ratio of �0.5 on

the prismatic faces [16]. As a matter of fact, on the basis of

previous papers [16,17] it comes out that adsorption of CO on

H2 precovered-ZnO samples is partially inhibited, as only a

small portion of sites is available for adsorption of new

incoming molecules.

The bands undergo a gradual and opposite shift with

coverage. This coverage dependent frequency shift of the Zn–

H and O–H stretching bands has been explained in the past

[16,17] in terms of lateral interactions among neighbouring

molecules adsorbed in ordered arrays like those present on

facelets and terraces. These lateral effects are similar (although

smaller) to those observed with CO. Other minor features at

1752 and 3605 cm�1 (the last one not shown in the figure) are

observed, which can be assigned to Zn–H and O–H species

adsorbed on more defective situations. We only remark that

dissociative chemisorption of the dihydrogen molecule takes

place in a reversible way and that this fact is supporting the

possibility to perform fully reversible adsorption and release

cycles at room temperature, which means that every

subsequent hydrogen dosage on the same system results in

equivalent performances, not requiring pretreatments between

cycles [27].

The comparison of the two sequences of FTIR spectra

(Fig. 5a and b) also suggests that the ZnO plates are

characterized by a smaller extension of the surfaces involved
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in the hydrogen chemisorption process, with respect to Kadox

ZnO, being this result parallel to that obtained with CO.

Moreover the higher values of the half-width of IR peaks

associated with the Zn–H and O–H species on the platelets are

indicative of a lower level of regularity associated with the

reduced extension of the prismatic terraces and then with a

reduced ability toward hydrogen adsorption as compared to

Kadox ZnO.

4. Conclusions

In this contribution, it is shown that a simple method, based

on a low temperature synthesis in solution, gives ZnO materials

having surface area larger than Kadox, which are able to

dissociate hydrogen. This result is remarkable since ZnO

samples obtained by traditional methods like carbonate, oxalate

and hydroxide decomposition, did not show a sufficient activity

toward hydrogen adsorption. This result also shows that the

ability to reversibly adsorb H2 at room temperature is not only a

property of ZnO obtained by combustion of Zn, and that ZnO

obtained through synthetic methods under mild conditions, can

give encouraging results.
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