Epitaxial growth of WO3_, needles on (10 10) and (01 10) WC surfaces
produced by controlled oxidation with CO,
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The controlled oxidation with CO, of both high surface area
(high S;) and low surface area WC to form WO;_, needles,
has been observed in situ, inside a controlled environment
transmission electron microscope (CETEM), and also ex
situ, in a standard flow reactor; the tungsten oxide needles,
which consist mainly of distorted y-WO, ;,, propagate in an
epitaxial fashion from the (10 10) and (01 10) surfaces of the
parent WC crystals; possible mechanisms for the formation
of the needles are proposed.

Recently, WC was shown to be an active catalyst for the
conversion of methane and carbon dioxide to synthesis gas (CO
+ Hy).12 During the course of these studies, it was found that
catalyst deactivation due to oxidation of WC by CO, leadsto the
formation of tungsten oxides, which are inactive for methane
reforming. Such materialsare, however, useful in awide variety
of applications including some catalytic processes (e.g. met-
athesis),3 in optoelectronic devices,* as gas sensor materials,5
and have recently been developed as precursor materials for the
synthesis of inorganic fullerene-like (IF) material s based on 2H-
WS, layered chal cogenide structures.5-8 While using CETEM
to probe the deactivation mechanism of the carbide, we
observed the propagation of oxygen deficient tungsten oxide
needles from specific crystal faces of the parent carbide. We
describe here their in situ and ex situ formation from both high
and low surface area WC particles by controlled oxidation with
COs.

High surface area (high S;) WC (40 m2 g—1) was synthesised
by reacting WO3 with a mixture of 20% CHzH, (100 ml
min—1), ramping the temperature from room temperature to
750°C at a rate of 1°C min—1.2 This material was then
characterised by XRD and found to be hexagonal WC with an
average particle size radius of 7.62 nm (Scherrer method). The
low surface area (low S) WC (Alfa Chemicals, 99.5%)
exhibited average particle sizes of ca. 2.5 um, estimated by high
resolution transmission electron microscopy (HRTEM).

The oxidation of WC in the presence of CO, was initially
investigated in situ in a 400 kV CETEM, described pre-
viously.10 Cooling effects due to the thermal conductivity of
CO. have been taken into account in the reaction temperatures
quoted. Both WC samples were heated, under differentia
pumping conditions, in the temperature range 550-650 °C with
an introduced partial pressure of 5 mbar CO,. The onset of
oxidation for high §; WC was observed at 550-560 °C by
formation of WO5;_, needles from the surfaces of the WC
crystals. For low § WC, needle growth started at 580-590 °C,
suggesting aslightly higher activation energy for this oxidation.
In both cases, needle growth could be observed in situ in real
time and Fig. 1(a) shows atypica example of growth observed
from a cluster of high §; WC crystallites after ca. 20 min at
580 °C. In the case of low §; (i.e. large particle size) WC,
paralel multiple needle growth was also observed from the
facets of individual WC crystallites. Fig. 1(b) showssix WO3_
needles growing from the (01 10) facet of aWC with its[10 10]
zone axis orientated parallel to the electron beam (SAED not
shown). This reaction was subsequently repeated ex situ for
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Fig. 1 (a) Micrograph showing WO3_ needle formation from clusters of
high §; WC observed by CETEM. (b) Micrograph showing multiple parallel
WO;3_ needle growth occurring from the (10 10) (alternatively (01 10))
face of asingle WC crystal in the same [01 10] orientation as the example
in Fig. 2 (SAED pattern not shown).

both the low and high S, carbides in a standard flow reactor at
ambient pressure and in the temperature range 600-800 °C
using aCO, flow rate of 100 ml min—21for 24 h. At 750-800 °C,
theyield of WO3_ needles from WC from both specimens was
quantitative. Partially oxidised WC showing epitaxial needle
growth was observed in samples oxidised at 600750 °C.

For the low §; WC, it was possible to correlate the WO3_,
needle growth with respect to either the (10 10) or the (01 10)
face of the parent carbide; growth from the hexagona (0001)
face was not observed. The middle section of Fig. 2 shows a
HRTEM micrograph of the interface between aWO;_ needle
grown on the surface of a WC crystallite. The inset indexed
SAED pattern | (obtained from 1) corresponds to a [01 10]
projection of the parent carbide. The dense microstructure of
this crystal is visible below the carbide/oxide interface in the
micrograph. Inset 11 isafast Fourier transform (FFT) computed
from region 11’ in the micrograph and shows the calculated
diffraction behaviour of the oxide needle. The indicated strong
reflectionsin the centre of |1 correspond to the 0.375 nm layers
in the oxide needle. Diffuse streaking in the horizontal rows of
diffraction maxima (small arrowheads) correspond to planar
disorder occurring paraléel to the needle axis (indicated by
arrow A, micrograph). Substructure reflections, two of which
aredenoted A and B, arealso visible along theserows. Inset I 11,
obtained from the oxide/carbide interface (region I117), is an
FFT showing the composite diffraction behaviour at the
interface. In this pattern, the strong reflections corresponding to
the oxide layers are now aigned along [10 10] of the WC
pattern (large arrow). It is significant that reflection A (and its
equivalents) from the oxide is now coincident with the WC
0001 reflection (and its equivalents) in I 11, suggesting that the
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Fig. 2 Micrograph showing the interface between WOs_, needle and WC parent crystal. The inset patterns correspond to: |, [01 10] SAED pattern obtained
fromregion | corresponding to the parent WC crystal; |1 FFT obtained fromregion | 1” corresponding to the WO;_, needle; and | ||, FFT obtained from region
111" corresponding to the WO;_,/WC interface. At the lower right is a schematic representation of the composite microstructure at the interface. The unit cell

of the parent carbide (a = 0.2907 nm; ¢ = 0.2837 nm) is indicated.

substructure of the oxideis constrained by that of the carbide, as
in a template relationship. This could aso be a source of the
strain and disorder indicated by the streaking in [l and I11. A
schematic representation of the overall microstructure is given
at the lower right of Fig. 2.

The projection of the oxidein I and |11 closely resembles a
[001] projection of the phase y-WO, 7, and reflections A and B
(corresponding to 0.284 and 0.220 nm, respectively), are close
to (006) and (016) (corresponding to 0.276 and 0.223 nm,
respectively) of this oxide. 1112 Also, the microstructures of the
epitaxially grown oxide and y-WO,7, are very similar as
revealed by a comparison of an enlarged region of Fig. 2 [Fig.
3(a)] and an image simulation3 calculated for a [001]
projection of the latter [Fig. 3(b)].

The possible mechanisms for needle formation from the
carbides should be addressed. It is proposed that the first stepin
the formation of the oxide needles is the dissociation of carbon
dioxide on the WC surface, according to reaction (1), in
agreement with the proposed mechanism for the reforming of
methane published by Green and coworkers.1.214 According to
this mechanism, oxidation of WC by CO, is solely a surface
phenomenon and gas-phase dioxygen is not involved.

WC + CO, = WO, + CO )

After the formation of surface oxide, two possible needle
propagation mechanisms may be envisaged: (i) an insertion/
diffusion mechanism whereby the oxide forms layer-by-layer
resulting in platelets that are pushed from below as oxidation
diffuses into the carbide crystal; and (ii) a gas-phase reaction
involving the transport of oxide from the carbide surface to the
oxide needle tips. If mechanism (i) were responsible, pro-
gressive consumption of the carbide crystals from the inside
should have been observed, but this was not the case.

Fig. 3 (8) Enlargement of a segment of the WO3;_4 needle in Fig. 2. (b)
Image simulation calculated for a [001] projection of y-WO, 7, computed
using a 1.4 nm thick foil at —70 nm defocus. There is a close (though not
perfect) correspondence between the two microstructures.
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Mechanism (ii) alows for the epitaxial growth of the needles
from the WC crystal surfaces which is apparently observed.
Possible support for this is given by the observation of
amorphous material on the surface of the needle and the carbide
(see Fig. 2) which may correspond to the sublimate feedstock.
In addition, the vapour pressure of WO; at 550 and 650 °C, and
1 atm (i.e. similar conditions to those employed for ex situ
needle growth) is5 x 10—4 and 0.0193 mmHg respectively,1s
indicating that tungsten oxide will have asignificant presencein
the gas-phase. Therefore, we propose that needle growth
proceeds via mechanism (ii). 3

The epitaxial growth of orientated WO;_ needles on (10 10)
and (01 10) WC facets by controlled oxidation has been
demonstrated. Such a process may, with further development,
allow greater control over the stoichiometry and morphology of
the produced tungsten oxide needles. We will discussthe issues
raised by this work more fully in a future publication.
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