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Microstructural characterization of ferric molybdate and molybdenum trioxide catalysts used for 
the oxidation of methanol to formaldehyde has been carried out by in situ electron microscopy and 
state-of-the-art high-resolution electron microscopy and electron diffraction techniques. Microana- 
lytical techniques have also been used for detailed investigation of the fresh and aged catalysts. The 
observations on ferric molybdates have shown that under in situ reaction conditions using CH90H 
(MeOH), MeOH-02, as well as H2 environments, reduction of the catalyst proceeds via two or 
possibly three reaction routes simultaneously. Reduction, however, is limited in the presence of 
gaseous oxygen. In MOO,, in situ experiments under MeOH and also HJI-Ie environments have 
shown that a variety of extended defects are generated. The changes in the catalyst microstructure 
in the environment of methanol, oxygen, and hydrogen under operating conditions are character- 
ized and compared. 0 1985 Academic Press, Inc. 

INTRODUCTION 

Formaldehyde is produced commercially 
from methanol using a mixture of ferric mo- 
lybdate and molybdenum trioxide as cata- 
lyst (Z-3). The process involves methanol 
and air mixtures and formaldehyde is 
formed by the selective oxidation of metha- 
nol over mixed Fe-MO oxides at operating 
temperatures of -3OO-400°C. High activ- 
ity, selectivity, stability, and long life make 
the system one of the important industrial 
catalysts available for methanol oxidation. 
However, the activity and selectivity of the 
microcrystalline catalysts are critically de- 
pendent upon the microstructural changes 
(at nanometric size level) under operating 
conditions. Despite detailed solid-state 
chemical work, e.g., Refs. (4, 5), the mi- 
crostructural changes (which often occur at 
the submicrometer level) are not fully un- 
derstood because the conventional tech- 
niques (e.g., X-ray and neutron diffraction) 
cannot provide accurate information at this 
size level. Electron microscopy techniques, 
on the other hand, are ideally suited and are 
being increasingly used for microstructural 

characterization. In situ electron micros- 
copy (EM) is used to examine the catalysts 
directly under operating conditions. Solid- 
state changes as a function of gaseous envi- 
ronments and temperature, together with 
nucleation of defect structures, unstable 
phases, catalyst deactivation, and reoxida- 
tion, can be examined with this technique. 
Such studies, together with parallel chemi- 
cal experiments (in a gas chromatograph/ 
mass spectrometer (GC-MS) system) and 
detailed microchemical and high-resolution 
electron microscopy (with a point resolu- 
tion of 1.7 A) allow one to correlate micro- 
structure with activity and selectivity and 
to determine optimum conditions for better 
catalyst performance. 

EXPERIMENTAL 

(a) Catalyst preparation. Iron molyb- 
dates were prepared by precipitating am- 
monium molybdate and ferric chloride so- 
lutions (I, 2). The precipitate was cal- 
cined at 400-500°C and dried at higher 
temperatures in air for several days to ob- 
tain the pure Fe2M03012 phase as was con- 

79 
0021-9517/85 $3.00 

Copyright 0 1985 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



8 



ELECTRON MICROSCOPY OF Fe2M030t2 AND Moo3 81 

FIG. 1. High-resolution lattice images of Fe2M030iz. 
(a) (010) Experimental image with amorphous region 
near (a); (b) and (c) are digitally processed images of 
(a); (d) (010) electron diffraction pattern with arrows 
indicating row of faint reflections; (e) (101) lattice im- 
age with computed image inset; (f) (121) image with 
morphology of the fresh sample inset; (g) atomic pro- 
jection of Fe2MqO12 in (010): (+) Fe; (0) MO; (A) 0. 

firmed by X-ray diffraction. Moor crystals 
were obtained by vapor-phase transport (6) 
and as-grown single crystals were used in 
the experiments, following pretreatment in 
oxygen. 

(b) Electron microscopy. The dynamic 
experiments were carried out in a gas reac- 
tion cell with a single-tilt hot stage (7) fitted 
to an AEI-EM7 high-voltage electron mi- 
croscope (HVEM), capable of operating 
with realistic gas pressures (up to 1 atm) 
and temperatures (up to -1000°C). The dy- 
namic events were recorded continuously 
using low beam currents on a video system 
coupled to a low-light level TV camera and 
also on photographic films. “Blank” exper- 
iments (without the beam, to reduce radia- 
tion damage if any) were also performed in 
each case to confirm in situ observations of 
microstructural changes: in this case, the 
electron beam was turned off while heating 
the sample and turned on only for a few 
seconds at a time to record the images. Re- 
duction experiments were carried out in 
situ on crystallites of Fe2MqO12 powder 
and of Mo03, in continuous flows of HZ gas 
initially (to simplify defect analysis) and 
later, CHrOH-He mixture. In the latter 
case, helium gas was bubbled through 
methanol and a mixture of a few Torr of 
methanol (MeOH) vapor with He was al- 
lowed into the gas reaction cell. Reactions 
were also carried out in MeOH-O2 mix- 
tures. Some of the crystal tilting experi- 
ments to obtain crystallographic zones 
were carried out at room temperature using 
a double-tilt (+25”) environmental stage. 
Parallel experiments were carried out on 
larger amounts (OS-2 g) of similar samples 
in a fixed-bed microreactor fitted to a gas 
chromatograph (Varian 3700)-mass spec- 
trometer (VG) system (GC-MS) controlled 
by an Apple microcomputer. The samples 
were examined by electron microscopy to 
confirm the direct studies. 

The microstructural characterization was 
complemented by HREM using a JEOL 
JEM 200CX EM (8) operated at 200 keV 
(with a point resolution of - 1.7 A) and cou- 
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pled to an on-line image analysis (Intellect) 
system (9) for digital image processing. The 
microchemistry (local chemical composi- 
tion) of the thin crystallites before and after 
the reactions was obtained using a Philips 
400T analytical EM (AEM) and by EPMA 
(electron probe microanalysis) using an au- 
tomated Cameca microprobe fitted with en- 
ergy- and wavelength-dispersive spectrom- 
eters (EDS and WDS) (10). 

RESULTS AND DISCUSSION 

A. Ferric Molybdate (FezMo301z) 

An accurate analysis of the structural as- 
pects of the catalytic material is required 
before its catalytic behavior can be corre- 
lated with its microstructure and nonstoi- 
chiometry. HREM is used to elucidate the 
microstructure. HREM images of Fez 
MojOr2 (with lattice constants, a = 15.7 A, 
b = 9.23 A, c = 18.20 A, and /3 = 125.1”, 
space group P2Ja, and 2 = 4; Ref. (II)) are 
shown in Figs. la, e, and fin (OlO), (lOl), 
and (121) projections, respectively, and 
these are likely faces exposed for catalysis. 
Figures lb and c are digitally processed im- 
ages of Fig. la using the on-line Intellect 
image-analysis facility (9) illustrating 15.7 
A layers. (Note the amorphous region near 
the edge of the crystal. Such regions may 
have implications in catalysis if genuinely 
associated with catalyst surfaces.) The 
electron diffraction pattern in (010) projec- 
tion and the morphology of the fresh cata- 
lyst powder sample are shown as insets in 
Figs. Id and f, respectively. Calculated im- 
ages using the normal multislice methods 
(using the crystal structure data in Ref. 
(II)) are also inset in Figs. le and f, respec- 
tively. Calculated structures of Fe2M03012 
in (010) projection are shown in Fig. lg. 

The fresh catalyst consists of defect-free 
single crystals of the order of a few microm- 
eters in size as shown in the SEM image in 
Fig. 2a. TEM images also showed the fresh 
catalysts to be defect-free single crystal- 
lites. After reaction in reducing atmo- 
spheres (Hz as well as MeOH) the ferric 
molybdate was observed to decompose into 

aggregates of microcrystals of either P-Fe 
Moo4 or o-Fe203 or a spine1 structure as 
confirmed by a combination of electron dif- 
fraction, microdiffraction, and microanaly- 
sis. Figure 2b, for example, shows a re- 
acted crystallite with considerable surface 
roughness. Note also a thin sheet of mate- 
rial (marked with small c) on the surface of 
the large particle. EDX analysis (illustrated 
in Fig. 2c) indicated that it contained only 
Fe, implying the existence of either a Fe 
oxide or, if completely reduced, metallic 
Fe. Analysis of the larger particle (marked 
with small d) indicated that it remained Fe2 
Mo30u (Fig. 2d). In the in situ reactions in 
10% Hz/He and alternatively in MeOIWI-Ie 
and MeOH/02 environments, at tempera- 
tures of r3OO”C, the ferric molybdate was 
observed to decompose into aggregates of 
either /3-FeMo04, a-Fe203, or into a spine1 
structure. Evidence for these was con- 
tained in numerous electron diffraction pat- 
terns and images obtained during the in situ 
studies together with microstructural exam- 
inations of the reacted samples in the JEM 
200CX HREM. 

Figures 3a-d illustrate the sequence of an 
in situ reduction reaction; (a) fresh catalyst 
crystallite at room temperature (R.T.), near 
(010) projection, (b) corresponding electron 
diffraction pattern, with some forbidden re- 
flections, (c) the sample after the reaction, 
showing precipitates, and (d) correspond- 
ing diffraction pattern (d.p.), showing &Fe 
Moo4 rings. The diffraction pattern and im- 
ages obtained in all the three environments 
suggested that reduction of Fe2M030r2 pro- 
ceeds via two or possibly three simzdta- 
neons routes. The first path involves reduc- 
tion to /3-FeMoO,+, the second appears to be 
via a-Fez03 (or FeMo03) and/or spine1 (Fez 
Mo04/FeJ04), before reducing to metallic 
iron. The diffraction patterns and images in 
Figs. 4, 5, and 6 clearly illustrate these re- 
action paths. Figure 4a shows p-FeMo04 
rings superimposed on a single-crystal fer- 
ric molybdate pattern; the high-resolution 
imaging of the reduced species confirmed 
the presence of (131) p-FeMo04 crystallites 
as shown in Fig. 4b. Figures 5a-d illustrate 
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the presence of a-Fez03 in the reduced ma- crystalline species occurring in the reduc- 
ter-ml; (a) fibers of a-Fez03 formed during tion of the ferric molybdate: Fig. 6a shows 
the reaction, (b) corresponding sele_cted- microcrystals of the species and Fig. 6b il- 
area ditfraction pattern showing (1120)~ lustrates the selected-area electron di&ac- 
Fea03 reflections along with weak (diffuse) tion pattern from the crystal indicating the 
ferric molybdate reflections, (c) the fibers at presence of rhombohedral and spine1 spe- 
higher magnification, and (d) microditfrac- cies. Microchemical analyses of the re- 
tion and (e) microanalysis from one of the duced species provided further confir- 
fibers confirming the presence of a-Fe203. mation of these observations. Under 
Figure 6 shows spinelkhombohedral micro- somewhat severe reducing conditions (e.g., 

FIG. 4. (a) Electron diffraction pattern with P-FeMoO, rings superimposed on single-crystal ferric 
molybdate pattern shown, for example, by rows of arrows. The crystallographic axes and some 
reflections of the single crystal are &&rated; the ferric molybdate axes and 001 and 200 reflections are 
marked for reference. Rings of p-FeMoO, are shown, e.g., at A and B and correspond to 001 and 111 
reflections. (b) High-resolution lattice image of P-FeMo04 (from the reduced species) in (731) projec- 
tion with the computed image inset. 
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FIG. 5. (a) Fibers of c+Fe203 formed during reaction_of ferric molybdate in MeOH-He. (b) Corre- 
sponding selected-area diffraction pattern showing (1 120)a-Fez03 reflections together with weak (dif- 
fuse) ferric molybdate reflections. 
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(c) a-Fe203 fibers at higher magnification (HREM image). (d) Microdiffraction. (e) Microanalysis 
(EDX) from one of the fibers shown in (a). confirming the presence of a-Fe203. (a-Fe203, rhombohe- 
dral, with C&x = 5.04 I% and ckx = 13.772 A.) 

in HJHe or CHsOH/He environments at 
100 Torr pressure with temperatures 
~400°C) evidence for microcrystalline ag- 
gregates of a-Fe as well as y-Fe was ob- 
tained. Electron diffraction patterns in Fig. 
7 show the presence of cr-Fe in the reacted 
material (suggesting segregation of iron) 
and @eMo04 with an orientation relation- 
ship [l lOI 11 [OO1lu-re. Figures 8a and b illus- 

trate the HREM image of a y-Fe crystallite 
and the corresponding diffraction pattern, 
respectively. 

Parallel GC-MS experiments on the fer- 
ric molybdate in MeOH/He showed the for- 
mation of HCHO and H20. However, the 
selectivity to HCHO decreased signifi- 
cantly in the presence of the reduced spe- 
cies in the catalyst, indicating the active 
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phase to be Fe2M030iz for conversion of In MeOH/02 at a temperature -300°C 
MeOH. Samples turned black after several decomposition of the ferric molybdate was 
hours, with CO and CO2 being produced, inhibited for up to several days with limited 
and those samples examined by electron reduction to the phases/species described 
microscopy revealed carbon/graphite fi- above (as observed in the dynamic EM), 
bers. Carbon deposition coupled with loss thus prolonging activity. Coking was also 
of lattice oxygen may also suggest forma- substantially reduced in the presence of ox- 
tion of some formic acid. ygen gas. 

FIG. 6. (a) Microstructure of the reduced species (following reaction of ferric molyhdate in MeOH); 
(b) electron diffraction pattern from the area in (a) indicating the presence of the spinel/rhombohedral 
species (arrowed). Rings/spots at S are for the spine1 (e.g., Fe,04) species and at R are for the 001 and 
100 reflections of the rhombohedral a-Fe203 species. 
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FIG. 7. Electron diition pattern showing orientation I -elationship r iiol,,,, 11 woll,.Fe. 

From the in situ observations of micro- 
structural changes of the ferric molybdate 
in MeOH (and also in Hz), it can be seen 
that the reduction proceeds via two or three 
routes simultaneously, namely via /3-FeMo 
04 and a-Fe203 (and/or a spine1 (FezMoOd/ 
FeKW 

B. 44003 

In situ experiments have been repeated 
with (010) Moo3 crystallites in the environ- 
ments of Hz/He, methanol/He, and MeOH/ 
02. The morphology of the crystallites is 
shown in Fig. 9. Increasing the temperature 
from R.T. (room temperature) to -100°C in 
10% Hz-He atmosphere, resulted in the 
formation of misfit dislocations in -30 s, as 
shown in Fig. 1Oa. The defects are shown to 
be partial screw dislocations accommodat- 
ing the misfit between the reduced surface 
layer and the underlying matrix (12). The 
sequence of reduction of MoOs in the HZ- 
He environment is shown in Figs. lOa-e. 
Figure lob shows the nucleation of “sur- 
face platelets” or “domains” at -120°C. 
The domains grow at higher temperatures 
as illustrated in Figs. lOc, s, and d. Detailed 
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analysis of the defect structures is given 
in Refs. (6, 17). Similar microstructural 
changes were observed in high-purity CO 
as well as in C3H6 environments. 

In the MeOWHe environment, increas- 
ing the sample temperature from R.T. to 
- 100°C and keeping the sample at that tem- 
perature for several minutes showed no 
misfit dislocations of the type observed in 
HJHe (shown in Fig. lOa). Increasing the 
temperature to -250°C in MeOH/He re- 
sulted in the formation of a “domain” 
(platelet or twin) structure as shown in Fig. 
Ila (similar to the one observed in Hz/He). 
The domains grew by further reduction and 
the structure persisted up to -350°C. The 
corresponding diffraction patterns exhib- 
ited an ordered superlattice (Fig. llb) with 
two twin-related orientations of the domain 
structure contributing to the superlattice. 
The lOl- and 301-type reflections gave 
weak diffracted intensity for the domains 
suggesting that they were probably extin- 
guished in the domain structure. 

The observations of domain growth by 
further reduction (Fig. llc) or decomposi- 
tion of Moo3 in uucuo suggest that the do- 



FIG. 8. (a) HREM image of y-Fe crystallites obtained in the reduction of ferric molybdate in MeOH, 
and (b) corresponding electron diffraction pattern. 
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mains are oxygen deficient. An ordered ar- 
ray of oxygen vacancies gives rise to the 
correct extinction (and structure ampli- 
tudes) for the observed super-lattice. The 
domains are thus thought to be regions of 
ordered anion vacancies, and that anion va- 
cancy diffusion is essential for their forma- 
tion. 

The superlattice spacings deduced from 
the diffraction patterns are -(7a x 7c&oj. 
Although tilting the crystal in the electron 
microscope has not provided sufficient in- 
formation about the habit planes of the do- 
mains, the lattice spacings and contraction 
and expansion along the a and c directions 
suggest that the domain structure is per- 
haps close to the Mot8052-type structure, 

which basically has a Moo3 structure, i.e., 
MoOJ provides the basic structure in this 
oxide (13). Thus, the basic structure forms 
slabs infmite in two dimensions and with a 
finite and characteristic width. These slabs 
are connected by edge-sharing between 
component octahedra in the neighboring 
slabs at the slab boundaries, forming a layer 
structure. The deficiency in oxygen com- 
pared to the host structure may be brought 
about by vacancy ordering. However, for- 
mation of hydroxides with similar lattice 
parameters (those of the type Mo~OI~(OH)Z) 
may be possible in the MeOH and Hz envi- 
ronments, where Hz0 is one of the prod- 
ucts (15). Some processes for methanol ox- 
idation employ MeOH& mixtures to 

FIG. 9. Morphology of Moo3 crystals. Most platelets have (010) habit. 
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enhance selectivity. Although Hz0 inhibits have very similar lattice parameters (13- 
the rate of reaction, it helps rapid desorp- 15). 
tion of HCHO. In the present experiments, At 2380°C crystallographic shear (CS) 
at temperatures r300°C, the formation of planes were observed as shown in Fig. 1 Id 
molybdenum hydroxides is thought to be of the sequence. These are produced paral- 
unlikely or difficult to ascertain, since iden- lel to the [OOl] direction and the black- 
tical domain (defect) structures were ob- white contrast shows that these are nucle- 
served in high-purity carbon monoxide gas. ated at crystal surfaces, as confirmed by 
Surface hydroxides may exist, but in gen- stereomicroscopy and dynamical calcula- 
eral hydroxides are unstable above -200°C. tions. (The same defects were observed in 
The domain structure in the experiments the Hz-He mixture as shown in Fig. 10e.) 
described existed up to -350°C. The situa- The experiments suggested no diffraction 
tion is further complicated by the fact that contrast in 002 reflection, indicating edge- 
MoleOn-type structures and MoOZ.S(OH)CLS type dislocations (with collapse of the lat- 

FIG. 11, Sequence of reduction of (010) MoO:, in MeOlWHe environment. (a) Domains at -250°C 
and (b) their growth. (c) Corresponding electron diffraction pattern showing an ordered superlattice 
(indicated by arrows) around the main Bragg reflections. (d) Crystallographic shear planes at -400°C. 
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tice) and confirming crystallographic shear. 
The CS planes thus eliminate vacant oxy- 
gen sites (created by loss of lattice oxygen 
for catalysis) with a configuration (a/2 b/7 0) 
(120). [For details of the analysis, see Refs. 
(6, 17).] The studies on nucleation and 
growth of these defects have confirmed the 
Anderson-Hyde model (18) of collapsed 
vacancy disks climbing by their bounding 
dislocation loop and the CS planes act as 
vacancy sinks. At -400°C CS planes were 
present throughout the samples. Figure 1 Ic 
shows that some small domains and misfit 

defects are also visible in the background. 
The samples disintegrated at temperatures 
r58O”C in reduction and the corresponding 
ring electron diffraction patterns could be 
indexed as Mo4011. 

The observations in methanol/He suggest 
that the density of defects is much smaller 
than that in Hz/He environment. The rea- 
son for this and the implications for cataly- 
sis are not obvious at the present time. 

Experiments on Moo3 using MeOH/OZ 
were carried out both in situ and using the 
CC-MS system from R.T. to -400°C. No 

FIG. 12. Super-lattice pattern obtained in experiments with Mo03/MeOH, indexed as (001) Mo,,O.+, 
(indicated, e.g., by arrows). The inset shows a schematic diagram of the superlattice. The host (010) 
Moo3 axes are indicated and the (101)M,03 reflections are shown by A and B. 
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significant changes in defect morphology 
were observed below -250°C and (010) 
MoOj was found to be not much active for 
methanol oxidation. Even in the presence 
of gaseous oxygen, domain structures (as 
described earlier) characteristic of reduc- 
tion were observed. Noticeable changes oc- 
curred from -300°C and CS planes were 
observed to reoxidize at 2380°C. The pres- 
ence of suboxides was also observed in the 
samples reacted in the mixture for longer 
periods (days) as shown in the example in 
Fig. 12. The superlattice pattern (superim- 
posed on the host pattern, B) is indexed as 
(001) Mo,~O~~ structure. Confirmation of 
this in other crystallographic zones was not 
possible due to the limited tilt range avail- 
able in the HVEM. Some crystallites with 
MoqOlt structure were also present. The 
observations indicate that many consecu- 
tive and complex reactions occur simulta- 
neously when the catalyst samples are kept 
under reaction conditions for long periods. 

In situ experiments carried out on iron- 
molybdate-MoO3 physical mixtures in 
MeOH/He between 200 and 400°C showed 
that they remain as distinct phases, with the 
same microstructural changes as above. 

CONCLUSIONS 

The dynamic experiments coupled with 
parallel chemical studies have shown that 
reduction of Fe2M03012 catalyst in metha- 
nol or Hz environments proceeds via two or 
three routes simultaneously, with produc- 
tion of ferrous molybdate, a-Fe24 and/or 
spine1 phases, and eventually metallic Fe. 
In the presence of gaseous oxygen reduc- 
tion occurs to a limited extent and selectiv- 
ity and activity of the catalyst are pro- 
longed. Electron microscopy and GC-MS 
experiments described in the preceding par- 
agraphs suggest that the mechanism of 
methanol oxidation involves the release of 
lattice oxygen. Various suggestions have 
been made regarding the role of Fe and MO 
ions and the rate-determining step in the 
selective oxidation of methanol (I, 2, 4). 
Machiels and Sleight (3) have confirmed 

that the initial chemisorption of methanol is 
dissociative, forming surface methoxy 
groups, and have shown that the rate-deter- 
mining step on MOOR and ferric molybdate 
is the breaking of a carbon-hydrogen bond 
to form adsorbed formaldehyde and that Fe 
acts as a stabilizer in the reactions. Zn situ 
electron microscopy experiments carried 
out on Moo3 in Hz/He and in methanol/He 
have shown that identical defect structures 
are obtained in both the environments 
above 200°C but the density of the defects is 
lower in MeOH/He. 
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