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Abstract We demonstrate a technique to prepare high
surface area ZnO powders that preferentially favor a plate-
like morphology, exposing the (0001)/(0001) facets. A
solution-based synthetic route was used to decompose zinc
acetate in the presence of amine and citrate ions to block
the (0001)/(0001) facets and favor growth from the pyr-
amid planes. The ZnO platelets remained stable upon
heating to 250 °C as evidenced by electron diffraction
patterns. The high surface area (75 m?/g) and surface
energetics of the (0001) plane make these powders suitable
as supports for heterogeneous catalysts.

Keywords ZnO(0001) - High surface area ZnO -
Controlled morphology oxide support

1 Introduction

Zinc oxide (ZnO) is an important component of supported
catalysts such as those for methanol synthesis [1] and steam
reforming [2]. Karim et al. [3] have suggested that faceted
ZnO powders play an important role in the activity of
Pd/ZnO steam reforming catalysts. Of these facets, the polar
(0001)-Zn and (0001)-O surfaces are considered [4-7] the
most active ZnO surfaces and are reportedly responsible for
the entirety of methanol decomposition activity in a prepared
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catalyst [4]. Vohs and Barteau [6] have argued that the
geometry of the (0001)-Zn surface allows for the exposure of
active ion pair sites, while the oxygen terminated surface
completely obscures those sites. In practical use, such a
geometry is difficult to produce as commercially available
powders consist of prisms that do not exhibit pronounced
(0001) and (0001) surfaces. These prisms primarily expose
non-polar (1010) and (1120) facets with the only polar facets
at the end caps as a result of the unbalanced Zn*" or O*~
terminated faces. A typically synthesized ZnO powder pos-
sesses an aspect ratio of 6, where the length of the prism
along the [0001] direction is compared to the thickness of the
prism in a direction perpendicular to the [0001]. This mor-
phology implies that the majority of the exposed surface of a
typical ZnO powder is inactive [8]. To improve the activity,
ZnO supports with lower aspect ratios exposing more polar
facets are desired.

Polar surfaces are typically prepared by polishing single-
crystal wafers [6, 7, 9, 10] or grown by chemical vapor
transport [11]. While the exposed plane is well-controlled,
these wafers are limited by very small surface areas (tens of
square millimeters) and therefore very few active sites are
available. To minimize ambient contamination on these
limited active sites, catalytic tests on single crystal wafers are
conducted under ultrahigh vacuum (UHV) conditions which
lend themselves to single turnover experiments. The tem-
perature programmed desorption experiments conducted by
Hyman et al. [7] demonstrated that CO was more weakly
bound to the Pd/ZnO (0001) surface than to Pd/ZnO (1010)
and that the production of CO by MeOH decomposition was
likewise greater on Pd/ZnO (0001). The authors suggested
that this could be due to more facile PdZn alloy formation on
the ZnO (0001) surface rather than the (1010) surface. Such
studies offer useful mechanistic insights into the behavior of
catalysts, but these samples do not lend themselves to steady
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state reactivity measurements. Therefore, a high surface area
ZnO (0001) powder is needed to take advantage of the
molecular level insights into catalytic behavior provided by
these surface science studies.

Many techniques exist to synthesize highly faceted ZnO
powders, but the platelet surface area is low (<15 ’”?7) [12,
13] and thermal stability has not been demonstrated. Some
examples of successful routes to powders exposing the
(0001) plane include the research efforts of Xu et al. [14]
when they prepared ZnO (0001) platelets from a vapor
phase transport technique. While this was effective to
produce ZnO (0001), it was not easily scalable to appro-
priately evaluate the catalytic behavior. Wang et al. [15]
have reported an electrodeposition method for the pro-
duction of ZnO (0001) films on ITO glass, but these tended
to pit upon annealing. Such behavior is not unexpected as
work by Staemmler et al. [16] has suggested that the
(0001) and (0001) surfaces reconstruct or balance the
charge via hydrogenation of the surface.

Charge balance by ligands in solution is an alternate
approach to stabilize the polar facets and solution tech-
niques are amenable to large scale synthesis. Of the solu-
tion routes available, Yu et al. [17] have demonstrated a
technique wherein a range of concentrations of zinc acetate
[Zn(CH;COO),-H,0, noted as Zn(OAc),] and hexameth-
ylenetetramine [C¢H;,Ny4, termed HMT] produced nano-
rods or prisms. The prism morphology was improved upon
by Wang et al. [18], who produced highly faceted powders
composed of low aspect ratio (0.33) (0001) plates using a
mixture of water and ethanol as the solvent. A different
technique by Tian et al. [19] used a sodium citrate
[HOC(COONa)(CH,COONa),-2H,0, denoted as NasCit]
solution at room temperature to produce powders with
(0001) facet exposure. The amount of NazCit used was
very small in comparison to the amount of ZnO precursor,
which suggested that the Na;Cit was a very aggressive
capping agent and only required in small amounts. While
these studies did not report the surface area, it is clear from
the size of the prisms presented that the area was minimal
(on the order of a few square microns).

This report details the preparation of high surface area (75
m?/g) ZnO(0001) powders capped with NasCit in the pres-
ence of HMT as a buffering agent. Commercial ZnO pow-
ders have surface areas of a few square meters per gram, but
they do not expose the polar plane. Hence this work repre-
sents a significant improvement in the surface area of ZnO
powders that predominately expose the polar plane.

2 Experimental

All chemicals used were ACS reagent grade obtained from
Sigma-Aldrich. ZnO platelets were prepared by mixing 3.3

g (15 mmol) Zn(OAc), with 2.1 g (15 mmol) HMT and
either 1 mg (0.0034 mmol), 10 mg (0.034 mmol) or
100 mg (0.34 mmol) of Na;Cit in 30 mL of distilled water
in a three neck round bottom flask fitted with a reflux
condenser open to the atmosphere on the benchtop. Pre-
pared samples are described as ZnO—Na;Cit-1, -10 or -100
throughout this manuscript. An additional batch without
Na;Cit was prepared using otherwise similar conditions
and is referred to as ZnO-HMT. The solution was stirred
for 5 min or until all reagents were completely dissolved
and then heated to reflux temperature (~90 °C) for 5 h.
After cooling, the resultant precipitate was separated from
the mother liquor by centrifugation and rinsed with ~ 50
mL EtOH. The powder was allowed to air dry prior to
characterization. Platelet shape was analyzed using images
collected in a scanning electron microscope (SEM, Hitachi
S5200) operated at 2 kV accelerating voltage. Transmis-
sion electron micrographs were acquired on a JEOL 2010F
field emission gun transmission electron microscope
(TEM) operated at 200 kV. Selected area diffractograms
(SAED) were likewise collected on the JEOL 2010F using
a Gatan ES500W camera. Powder X-ray diffractograms
(XRD) were collected on a Scintag Pad V diffractometer
with DataScan 4 software from MDI, Inc. for system
automation and data collection. Cu—K, radiation (40 kV,
35 mA) was used with a Bicron Scintillation detector with
a pyrolitic graphite curved crystal monochromator. The
scan settings used a 0.02 step size and a 10 s dwell time.
Whole-pattern Reitveld refinement [20] was conducted on
the collected patterns using GSAS [21] and EXPGUI [22].
Reference values for the ZnO profile were obtained from
the American Mineralogist Crystal Structure Database
[23]. Fourier-transform infrared spectroscopy (FT-IR) was
conducted using an attenuated total reflectance (ATR,
Smart Orbit) attachment on a Nicolet 6700 using 256 scans
at a resolution of 2 per cm. Thermogravimetric analysis
and differential thermal analysis (TGA/DTA) were per-
formed on a TA SQT Q600 under flowing N, at a ramp rate
of 20 °C/min to 700 °C. The surface area was determined
by the BET method [24] with a Micromeretics Gemini
2360 after outgassing at 120 °C in flowing N, overnight.
Additional pretreatments were conducted at 250 and
340 °C in flowing N, to evaluate the stability of the plates
at and above a commonly used temperature for methanol
steam reforming [3].

3 Results and Discussion
3.1 Role of HMT on ZnO Morphology

Following the synthetic procedure outlined in Sect. 2, ZnO
powders were synthesized in the presence of HMT to
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Fig. 1 Hexagonal prisms of the ZnO-HMT sample did not display
any substantial preference towards the exposure of the (0001) facet

Table 1 BET surface area of prepared ZnO powders

Sample Surface Area (”‘?2)
120 °C 250 °C 340 °C
ZnO-HMT <1
ZnO-Na;Cit-10 50 <1
Zn0O-Na;Cit-100 96 75 48

produce ZnO-HMT regular hexagonal prisms, as shown in
Fig. 1. The exposed area of the polar (0001)/(0001) planes
was comparable to that of the (1010) facet as determined
by a visual inspection of the SEM images. The surface area
was estimated at 1 m?/g using the average crystallite size
found by inspection of the SEM images. BET analysis
(Table 1) was unable to provide a reliable measurement as
the value was below the minimum range of the instrument
and could not be accurately determined. Since the surface
area was undetectable at the lowest (120 °C) outgas tem-
perature, further pretreatment was not undertaken.

3.2 Role of NazCit on ZnO Morphology

ZnO powders were also synthesized in the presence of
HMT with 1, 10 or 100 mg of NazCit to produce ZnO-
Na;Cit-1, -10 and -100 platelets. These samples had a
plate-like morphology, and the plates became thinner with
increasing Na3Cit content. The dependence upon Na;Cit
concentration can be seen in Fig. 2, where the lowest
concentration (ZnO-Na;Cit-1, Fig. 2a) produced a com-
bination of thin plates and prisms. Increasing the concen-
tration further (ZnO-Na;Cit-10, Fig. 2b and c) yielded
plates which tended to stack regularly in the [0001]
direction like a ream of paper, while the ZnO-Cit-100
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Fig. 2 SEM images of samples synthesized with NazCit (a) ZnO—
Na;Cit-1, (b) ZnO-Na;Cit-10 (c)higher magnification view of image
(b) to illustrate the stacking of ZnO sheets and (d) ZnO-Na;Cit-100
which shows the formation of increasingly thin platelets
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Fig. 3 TGA-DTA analysis showing thermal stability of pure HMT
(top), NasCit (middle) and ZnO-Na;Cit-100 (bottom) to 400 °C

plates were much more disordered (Fig. 2d). This was
suspected to be a result of the differing degrees of surface
charge compensated for by the capping agent. TGA and
FTIR analysis of the NazCit plates revealed that the sur-
faces were capped in NasCit with no detectable HMT
present. TGA/DTA analysis (Fig. 3) indicated that the
HMT volatilized completely between 200 and 300 °C. In
contrast, both the Na;Cit and the ZnO-Na3Cit-100 exhib-
ited similar peaks near 150 and 315 °C. The close match
suggests that the ZnO-Na;Cit-100 was coated with Na;Cit,
thereby causing similar peaks to occur during TGA/DTA
analysis. In addition, FT-IR spectroscopy (Fig. 4) con-
firmed the presence of the Na3Cit on the prepared powder.
Combined, these results suggested that the Na3Cit was
strongly bound to the ZnO surface with no evidence to
indicate the presence of HMT. This behavior suggested that
the HMT acted as a buffer in solution, while the NasCit
was actively bound to the ionic surfaces, consistent with
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Fig. 4 FTIR spectra showing similarity between the ZnO-Na;Cit-
100 and pure solid Na;Cit, in contrast to the pure solid HMT

reports in the literature [17, 25]. Therefore the Na3Cit acted
as a charge stabilizer and was observed in the product,
while the HMT was not retained on the surface. As a result,
the platelets synthesized with Na3Cit and HMT had a more
thoroughly charge compensated surface and were able to
grow much thinner (Fig. 2c and d) than the prisms pro-
duced with HMT alone (Fig. 2a).

3.3 Characterization of ZnO Platelets

The above data indicated the NasCit concentration had a
strong influence on the stacking of the platelets as well as
the morphology. In order to determine the exposed facets,
we studied the powders via XRD and electron diffraction in
the TEM. Reitveld analysis of the XRD pattern (Fig. 5)
indicated a substantial anisotropic broadening of the (0002)
peak, which is a higher order reflection of the forbidden
(0001) reflection. This peak broadening also substantially
reduced the (0002) peak height. An additional set of peaks
was identified as {[Zn,(C,H,N;0)(OH);]-2H,0},, based
upon a match to a similar copper compound in the ICSD
database (card # 260453, [26]). This phase was found to
comprise ~20 wt% of the crystalline fraction of the
sample by Reitveld analysis, which suggested that the
material existed as a bulk contaminant in the powder rather
than a monolayer adsorbed on the surface and did not
contribute to the layered structure. The average plate
thickness was found by XRD to be 25 nm, which is at the
high end of the range (10-25 nm) measured from SEM
images (Fig. 2c). Since the XRD average determined by
the Scherrer equation is a volume average, the calculated
value was weighted towards thicker plates. SEM mea-
surements were also imprecise due to the error induced by
measuring images of a tilted surface. The platelet thickness

26, 1°]

Fig. 5 XRD diffraction pattern showing ZnO-Na;Cit-10 (Open
diamonds) with corresponding Reitveld refinement curve shown as
a solid line. Major peaks corresponding to ZnO (Wurtzite, [23]) are
noted by filled diamonds. The other set of peaks (filled triangles) fit
the pattern for an organometallic phase (ICSD card # 260453)
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Fig. 6 SAED (inset) of an individual platelet of the ZnO—Na;Cit-100
sample after heating to 150 °C exposing the (0001) facet. Images
processed with Imagel [27]

calculated from the BET surface area, as described in Eq.
1, was 7 nm.

2
= (1)
BET X pz0

While it was not possible to determine an exact aspect ratio
due to the difficulty in measuring the width of the platelets,
we estimate it to be on the order of 0.01 when considering
the stacks of micron-sized platelets with 7 nm thickness.

In contrast, the ZnO-Na;Cit-100 sample showed ran-
domly oriented platelets which did not form layered
structures. Inspection of individual ZnO-Na;Cit-100
platelets via selected area electron diffraction (Fig. 6)
confirmed exposure of the (0001) facet. The stacking of
platelets in each sample strongly influenced the surface
area and thermal stability. The surface area measurements
(Table 1) for each sample correlated to the concentration of
Na;Cit in the synthesis step. The ZnO—-Na;Cit-10 sample
demonstrated a surface area of 50 m® per gram, and the
surface area of the ZnO-Na;Cit-100 sample was nearly
doubled (96 mzlg) (Fig. 7). The weight loss (by TGA,
Fig. 8) of the ZnO—Na;Cit-100 sample was double that of
the ZnO-Na;Cit-10.

3.4 Thermal Stability of ZnO Plates

Since these platelets were developed as novel supports for
steam reforming catalysts, the thermal stability was tested

@ Springer

Fig. 7 Both the ZnO-Na3Cit-10 (a) and ZnO-Na;Cit-100 (b)
samples maintained the (0001) facet upon heating to 250 °C, as
shown by the SAED images (insets)

by heating the samples to 250 °C. When heated, the surface
area of the ZnO-Na;Cit-10 decreased, which is believed to
be due to the stacked orientation of the platelets. The
layered structure observed by SEM (Fig. 2¢) placed each
crystallite in close proximity to a neighboring platelet.
Upon heating, the energetically unstable (0001)/(0001)
facets were in close contact and fused easily (Fig. 9a).
Similar stacking behavior has been reported by Cao et al.
[28] when growing ZnO platelets on Si substrates. In
contrast, the ZnO-Na;Cit-100 sample was very disordered,
and thus a greater void space existed between each platelet
(Fig. 9b). Since the polar facets were not in immediate
contact, the platelets could not condense like the ZnO-
Na;Cit-10 sample. As a result, the sample retained a high
surface area (75 m?/g) when heated to methanol steam
reforming temperatures. The plates developed a mottled
texture, as seen in Fig. 9. TEM images show that the plate
had broken into individual crystallites, but these retained
their orientation as seen from electron diffraction patterns
in Fig. 7. These small crystallites also exhibited (0001)
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Fig. 9 After heating to 250 °C, the ZnO-Na;Cit-10 (a) and ZnO-
Na;Cit-100 (b) plates remained intact but showed signs of thermal
damage

faces as shown by SAED (Fig. 7, inset). Reitveld analysis
indicated that the average thickness after heating to 250 °C
was 11 nm, which along with the BET (5 nm) and SEM
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Fig. 10 FTIR spectra of the ZnO—Na;Cit-100 sample as a function of
pretreatment show that the sample retained some Na;Cit at each
pretreatment temperature

measurements (20-30 nm) demonstrated that the platelets
could survive moderate heat treatment. As noted previ-
ously, determination of plate thickness via SEM was dif-
ficult since it was not easy to find plates that were sitting
edge-on. Further pretreatment at 340 °C caused additional
loss in surface area. The presence of Na3Cit was found to
have no effect on the platelet thermal stability. FTIR scans
(Fig. 10) of post-treated ZnO-Na;Cit-100 samples indi-
cated that some Na;Cit remained on the surface at 340 °C
and thus removal of the ligand was not considered to be a
factor in the break up of the plates into smaller crystallites.
As such, the ligand is not necessary to maintain platelet
stability and can be removed to avoid interference with
subsequent catalytic activity.

4 Conclusion

We have demonstrated a simple solution-based synthetic
technique that produced high surface area ZnO platelets with
(0001) faces. The growth mechanisms via synthesis using the
amine-based competing ion technique and citrate based
poisoning method show that the competing ion effect pro-
vided only a weak interaction, while the poisoning method
was a far more robust process. FTIR and TGA/DTA results
indicated the HMT ligand was not bound to the ZnO after
synthesis, thereby implying that it provided a weak interac-
tion in solution to moderately favor (0001) facet growth. In
contrast, the presence of Na;Cit produced a much thinner
platelet. The thermal stability of the sample was found to be
dependent on the relative proximity of the individual plate-
lets. Stacked platelets tended to condense upon removal of
the citrate ligand by heat treatment whereas plates that were
separated from each other retained a high surface after
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thermal treatment. The stacked platelets lost surface area
when they sintered to form thicker crystallites. In contrast,
the disordered platelets did not have the nearest neighbor
contact that the stacked platelets did, and thus remained
distinct. Many of the deformed plates continued to expose
the (0001) facet, which suggests that moderate heat treat-
ments were not detrimental to the overall exposed facet.
Studies to investigate the activity of supported catalysts
using these polar powders are underway.
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