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Hydrothermal Synthesis of Zinc Hydroxide Chloride Sheets and
Their Conversion to ZnO
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We report a simple hydrothermal slow cooling process to synthesize zinc hydroxide chloride (ZHC)
powders consisting of large-sized single-crystal sheets. The lateral size of the sheetlike products can be
tuned from 20 to 50&m through the control of pH condition of the starting zinc chloride solution and
the amount of the solute. The growth mechanism of the ZHC sheets is explained by dissolution at high
temperatures and precipitation during slow cooling. The ZHC single-crystal sheets were converted to
highly oriented polycrystalline zinc oxide sheets by calcination at D@or 5 h inair.

1. Introduction (003),7.9 A

Metal hydroxide salts (MHS) with layered structures have
been widely studied for applications in ion exchange,
catalysis, biosensor, and absorption/separatibithey usu-
ally have a general formula of NOH)s(X°™)2atyeNH20,
where M= Zn?", C&?", Ni?*, Mn?", etc. They structurally
consist of positively charged brucite-like layers of metal
hydroxides that require the presence of interlayer anions to
maintain overall charge neutrality. These interlayer anions J
(X) 48 can be CI, NO;~, CO2, CH;COO, and S@.
The common synthesis methods of the MHS include copre- T T T T . . T T
cipitation method ° and hydrothermal methdd;*? and the ° * 302 Thet‘;o(deg )50 B " B
obtained PrOdUCtS usually have the lamellar morphologies Figure 1. XRD patterns of as-synthesized ZHC sheetsrfrb M ZnCh
such as films, sheets, and platé$’® Among them, the  soiytion (pH= 6).
hydrothermal method is more favorable to producing well- ) .
crystallized MHS. Current research is mainly focused on /S0 important to develop a synthesis method to produce
producing nanomaterials of MHS such as nanoparticles, large crystals of MHS which can present more intrinsic

nanosheets, nanorods, and nanotdbd8. However, it is properties and can be used to explore other potential
applications. Furthermore, large MHS can also be precursors

to obtain tabular metal oxides by thermal decomposition
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to be obtained*?’ It is expected that tabular ZnO materials
can be massively synthesized by thermal decomposition of
tabular ZHC crystals. Second, the intercalated i@lZHC

is smaller than other anions such asNGCOy?~, CH;,COO,

and SQ?", which is favorable to producing dense structure
after thermal decomposition. Morioka et*&lreported the
production of filmlike ZnO powders by thermal treatment
of Zns(OH)g(COOCH;)»2H,0O. However, the obtained ZnO
products were quite porous, which might be ascribed to the
release of large anions (GEOO") from the layers in the
original structure.

For hydrothermal synthesis of the metal hydroxide salts,
the growth mechanism is supposed to be the traditional
dissolution-reprecipitation process and the pH condition is
quite important for controlling the phase and morpholo-
giestl?82% As in our former report, ZnO is the preferable
phase and ZHC is not obtained in strong basic solufi®ns.
Thus, the pH condition in the starting solutions should be
carefully controlled to obtain the ZHC phase. Furthermore,
the_ morpholggles of M_HS are also retlated to the Imercalateq Figure 3. SAED and TEM photo of a ZHC sheet obtained by hydrothermal
anions, starting materials, and reaction temperatures. In thistreatment 61 M ZnCl, solutions (pH= 6).
study, the growth conditions were carefully controlled to thermal decomposition of the obtained ZHC was conducted to

obtain large ZHC crystals. obtain ZnO at 500C for 5 h inair. The obtained products were
characterized by scanning electron microscopy (SEM, Hitachi
2. Experimental Procedure S-530), X-ray diffraction (XRD, Rigaku RTP-300 RC) with Cu

Ka radiation (40 kV, 100 mA), and transmission electron micros-
copy (TEM, Hitachi H-800). Thermal analysis (TG/DTA, Seiko
TG/DTA 6300 equipped with mass spectrometer) was performed
at a constant heating and cooling rate df&min in air.

All reagents are of analytical grade (Wako Pure Chem. Ind.)
without further purification. ZnGlwas dissolved in the distilled
water to gé 1 M standard solution. Its pH value was around 6
with some white precipitates. NaOH was added to get alkaline
solutions (NaOH 0.060.4 M) when ZnC} solutions were 3. Results
prepared. The starting solution (60 mL) was then transferred into .

a Teflon-lined autoclave with 75% filling ratio and hydrothermally ~ 3-1. Preparation of ZHC Sheets from the Standard
treated at 220°C without agitation. After the temperature was ZnCl2 Solution (1 M, pH = 6). Figure 1 shows the XRD
maintained at 220C for 2 h, the autoclave was cooled down to  pattern of the product obtained by the hydrothermal slow
room temperature at the rate of’C/min. After the reaction, the  cooling d 1 M ZnCl, solution (pH= 6) at the rate of 1
white powders were harvested and washed by distilled water. The°C/min from 220°C. The product was confirmed to be
Zns(OH)sCl»H2O (JCPDS card: 07-0155) and no impurity
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Figure 4. SEM photo of ZHC sheets obtained from 1 M ZaGblution
(pH = 6) by quick cooling from 220C.
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Figure 6. SEM photos of the ZHC crystals obtained rftol M ZnCh
solution with addition of ZHC precipitates. (a) and (b) 0.39 g of ZHC
precipitates; (c) 0.95 g of ZHC precipitates.

Figure 5. SEM photos of products obtained fml M ZnCh solutions

with different basicity: (a) 0.06 M NaOH; (b) 0.4 M NaGH. solution and increase in lateral size and thickness of ZHC
3.2. Effects of NaOH Addition on the Morphology. sheets after the hydrothermal treatment. Thus, the above

When the pH value in the starting solutions was increased results indicate that the neutral condition formed in the 1 M

by addition of NaOH, both the thickness and lateral size standard solution is better for synthesizing pure and thin

of the ZHC sheets increased accordingly. The averagesheetlike ZHC crystals.

lateral size of the ZHC sheets obtainadliM ZnCl, solution 3.3. Effects of the Amount of ZHC Precipitates in the

(pH = 6) was 20um (Figure 2), but the sheets obtained Starting Solution. The weight of ZHC precipitates obtained

in 0.06 M NaOH solution (pH= 11) increased to around in 60 mL of 1 M ZnC} solution (pH= 6) was about 0.11

50 um (Figure 5a). In 0.4 M NaOH solution, the largest g. In our experiments, the amount of precipitates in 1 M

ZHC sheets were 400m in lateral size (Figure 5b), but  ZnCl, solution (60 mL) is gradually increased by addition

coexisted with small particles in which ZnO phase was found of the precipitates collected from other batches. Figures 6a

by XRD. and 6b show the SEM photos of the ZHC sheets obtained
When the ZnCl concentration in the starting solution is  with 0.39 g of ZHC precipitates in the starting solutions. It

increased, the acidity accordingly increases and the precipi-is obviously observed that the obtained ZHC sheets have

tates gradually disappear. Two molar Zp€blution was a larger lateral size than those obtainadLiM ZnCl, solution

clear solution and no product was collected after hydrother- with 0.11 g of ZHC precipitates (Figure 2), and the largest

mal reaction. The addition of NaOH to adjust the pH value lateral size can be more than 52én. However, with the

to 6 resulted in the formation of precipitates in the starting increase of ZHC precipitates addition in the starting solutions,



2332 Chem. Mater., Vol. 19, No. 9, 2007 Zhang and Yanagisawa

the size inhomogeneity increased, and the product obtained ' ' ' T " ' ' T
by addition of the precipitates of 0.95 g consisted of smaller -0
particles (Figure 6c¢). Further addition of the precipitates I
resulted in serious agglomeration of the small crystals at the
bottom of the Teflon liner.

3.4. Conversion of ZHC into Zinc Oxide by Heat T 202°C 1 e
Treatment. By calcination, ZHC is converted to zinc oxide £ s s
by release of HCI and D, as shown in eq 1. £ §

|.|>j - -
Zng(OH),Cl,*H,0 = 5ZnO+ 2HCI (13.2 mass %} 432 C N[

4H,0 (13.1 mass %) (eq 1)

T

'
N
(&)

180 °C

TG-DTA investigations were conducted to determine the . . . . . . . :
thermal behavior of the obtained ZHC sheets. The DTA plot 100 200 300 400
presents three endothermic peaks at 180, 202, and@32 Temperature (deg.)
respectively, which correspond to three weight loss stagesFigure 7. TG-DTA results of the ZHC sheets.
(Figure 7). The thermal mass analysis shows that the first
two endothermic peaks at 180 and Z@correspond to the
release of water. Thus, the loss (13.2%) at higher tempera-
tures (226-432 °C) is attributed to the release of HCI and
matches well with the expected theoretical value. The total
weight loss up to 500C is about 27%, which is comparable
with the expected 26.3% in the formula.

After heat treatment of ZHC crystals at 22Q for 2 h,
the XRD result (Figure 8) shows that the sample consists of
the low crystalline ZHC phase and the (003) peak shift to (og3) 7.73 &
higher angle. By heat treatment at 580 for 5 h, the ZHC w
phase is transformed into pure ZnO (Figure 8b). The
extremely high intensity of the (002) peak proves the highly
c-axis oriented structure in ZnO particles. SEM photos show
that the obtained ZnO particles completely maintain the
sheetlike morphology of ZHC crystals (Figure 9). The cross
section (Figure 9b) of a large sheet shows that the obtained

&
S

o
o
o

002

o
o
-

ZnO sheets consist of column-like particles arrays and a2~ 10~ 20 30 40 0 60 70
boundary is observed in the center of the cross section of 2 theta (deg.)
the thick ZnO sheet. Figure 8. XRD pattern of products obtained by calcination of ZHC crystals

at (a) 220°C for 2 h and (b) 500C for 5 h inair.

4. Discussion In the case bl M standard ZnGlsolution, ZHC crystals

4.1. Growth Mechanisms of the ZHC Crystals.When must start to grow at lower than 9C. The increase of ZHC
the 1 M ZnC} starting solution (pH= 6) was prepared, white  precipitates to 0.39 qiil M ZnCl, solution gave very large
precipitates were formed in the solution. The XRD result ZHC sheets as large as 50t (Figure 6a) by slow cooling
reveals that these precipitates are pure ZHC phase, and TEMrom 220°C. It is expected that 0.39 g of ZHC precipitates
photo shows that they are very thin sheets with hexagonalwould be completely dissolved in the solution at 22Dand
shape (Figure 10). These precipitates were completelythe nuclei would be homogenously formed during the slow
dissolved by heating up to 9C and reappeared after cooling cooling stage. Thus, by the addition of the precipitates into
down to room temperature. This result suggests that thel M ZnCl, solution, the crystal growth period is increased
solubility of ZHC has a positive temperature coefficient. during the cooling stage and the ZHC sheets grow larger.
When the white precipitates were removed by centrifugation, While in the case of the addition of the precipitate of 0.95
no products were obtained after the hydrothermal treatment.g, the ZHC precipitates might not be completely dissolved
Thus, crystal growth by hydrothermal treatment can be in the solution at 220C and many undissolved precipitates
explained by the dissolutierreprecipitation proces8which produce the small crystals, which results in the size inho-
has been widely used for flux slow cooling method. First, mogeneity (Figure 6c). The dissolved amount of ZHC in 60
the ZHC precipitates are completely dissolved in the solution mL of 1 M ZnCl, solution at 220°C is estimated to be in
by heating to 220C. Then, the nuclei appear by spontaneous the range from 0.39 to 0.95 g by the size homogeneity of
nucleation during the cooling stage and grow into large ZHC sheets obtained by slow cooling from 220.
sheetlike precipitates by slow cooling. The fast cooling gave The pH conditions must have large effects on the
a large number of the nuclei and fast crystal growth, which morphology and the phase stability of ZHC because ZHC
resulted in the formation of small and thick ZHC plates with includes hydroxide ions. The addition of NaOH can increase
rough surface (Figure 4). the amount of the ZHC precipitates in the starting solution
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Figure 9. SEM photos of ZnO sheets obtained by calcination of ZHC crystals at6d0r 5 h. (a) Small-sized sheets obtainediré M ZnCl, standard
solution. (b) Large-sized sheet obtainednfrd M ZnCl, solution with the addition of 0.39 g of ZHC precipitates. The inset picture is the surface view of
the sheet.
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Figure 10. TEM and ED photos of the precipitatas 1 M ZnCh starting 2 \J\\, #2
solution (pH= 6). g
£
and the yield after hydrothermal reaction. In 0.06 M NaOH Ej’
solution, the product size is increased in both lateral and #
thickness directions (Figure 5a), but the addition of NaOH 204 °C
up to 0.4 M results in large size inhomogeneity of ZHC
. . 181°C
sheets (Figure 5b). These results are expected sin¢e Zn
ion is quite sensitive to the pH conditions. It is reported that T w00 20 a0 a0 seo
Zn?* exists in different forms in the solution with different Temperature (deg.)
pH C_O_nd't'on' that is, Z_nC,(OH)an 'n_ acid or n_eu”al Figure 11. TG (a) and DTA (b) results of the ZHC sheets with reversible
conditior?* and Zn(OH)?~ in basic solutior#? Accordingly, process from 30 to 226C. (1) Heating from 30 to 220C; (2) cooling

the growth units are different’ which is Supposed to affect ffOfT'I0 220 to 30°C and maintaining for 5 h; (3) reheating from 30 to

the growth rate of the crystalline facets. Figure 5 shows that 500°C.

the addition of NaOH obviously increases the growth rate 4 5 cgonversion Mechanism of the ZHC Crystals to

of the c-axis direction to give thick sheets. To obtain thin ZnO Polycrystalline Particles. In the TG-DTA curve

ZHC sheets, the starting solution should be kept around (Figure 7), the weight loss at 18C is about 9%, which is

neutral and the lateral size can be increased by increasingy,,ch larger than the expected 3.3% weight loss of the

the amount of ZHC precipitates in the neutral starting jntercalated water. It indicates that the loss of intercalated

solution. water is partially overlapped by the dehydroxylation process.
: The reversed thermal analysis of the ZHC sample was

(31) Harris, D. J.; Brodholt, J. R. Phys. Chem. 2003 107, 1050.

(32) Demianets, L. N.; Kostomarov, D. V.; Kuz'mina, I. P.; Pushko, S. V. conducted by heating to 22C (Figure 11, line #1), cooling
Crystallogr. Rep2002 47, S86. down to room temperature and remaining there for 5 h
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(Figure 11, line #2), and finally heating up to 580 (Figure these nuclei grow inside during the heating and form the
11, line #3). The sample reabsorbs water at 3@Quring columnlike particles, and finally meet with each other in the
cooling down and at room temperature during keeping for 5 middle of the sheets to form the boundary (Figure 9b).

h (line #2). The total weight gain is about 7% which is

smaller than the weight loss by heating the original sample 5. Conclusions
to 220°C. This result suggests that the structure of ZHC ]
was partially destroyed by heating to 220, By calcinations ZHC sheets were successfully synthesized by hydrothermal

at 220°C for 2 h, the shift of the (003) peak to a higher Slow cooling method from 220C at the rate of fC/mﬁn.
angle is ascribed to the loss of crystalline water and the The ZHC sheets synthesizedi M ZnCl, standard solutions

broadening of the peaks may be due to the partial collapse(PH = 6) had the average lateral size of 2th and the

of the layered structure (Figure 8a). thickness of Jum. The addition of a small amount of NaOH
the dehydroxylation process at 156 and 2@ (line #3), addition of a large amount resulted in the formation of ZnO.

respectively, in a manner similar to the TG-DTA curve of ©On the other hand, with the addition of 0.39 g of ZHC
the original ZHC (Figure 7). In the ZHC structure, Zn has Precipitates in the starting solution, the average lateral size
two different positions, Zn(1) in an octahedron and zn(2) Of the ZHC sheets was largely increased and the largest
in a tetrahedrof. The two steps of the dehydroxylation ~lateral size was beyond S@n. The growth mechanism can
process are supposed to relate to the two different oxygenPe explained by dissolutiefreprecipitation procedure with

positions in hydroxyl which is connected to two different homogeneous nucleation. It was confirmed on the basis of
Zn ions. TG-DTA results that the ZHC phase was converted to ZnO

After calcinations at 500C for 5 h, the obtained ZznO Dy heat treatment at 43Z. After calcinations at 500C
sheets (Figure 9) maintain the sheetlike morphology very for 5 hinair, ZnO sheets consisting of hightyaxis oriented
well and have a denser structure than the reported results byeolumnlike particles arrays were produced. The ZnO sheets
Morioka et al*® because of the well-controlled sheet mor- inherited well the morphology from ZHC crystals.
phology of ZHC crystals and small Cin the ZHS structure.
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