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High-resolution electron mirroscopy has revealed a difference in morphology of the crystal- 
lites of samples of LaP04 which are good and poor catalysts for the hydrolysis of aromatic 

rhlorides. In the good catalysts an a&ular habit is such as to expose chains of La and PO4 
ions which run parallel to the c axis of the crystal. Observations of lattice fringes include those 
of forbidden reflections, suggesting some modification of the strrlctllre, as ~~11 as revealing 

strrlctrlral imperfections. 

ISTI:OI)UCTION 

Rare-earth phosphates containing trace 
amounts of copper have heen shown to be 
effective substitutes for copper-promoted 
tricalcium phosphate as catalysts for the 
hydrolysis of aromatic chlorides (I). The 
mechanism for the hydrolysis reaction is 
not, understood, but the presence of the 
copper appears to be significant. I;or a 
tJ,pical reaction, increase in the copper 
cont,erit, from 0 to 1000 ppm gives an iti- 
crease in the conversion from 13 to 32 

wi, and although the ,selectivity de- 
creases from 100 to 90 wt% the yield 
increases from 13 to 29 w\;tyO (1). 

The rare-earth phosphates (represented 

by Lal’O,) are orthophosphates and exist 
in a hexagonal form when formed 1)~ 
precipit,ation. In the oven-dried state the 
preparation ie hydrated and usually de- 

scribed as LalWr~$H,O. The crystal struc- 
ture (2) contains large open channels 
which are thought to accommodate the 

wat,er and foreign ions such as the copper 
between chains of alternating La and I’02 
ions. On heating, the hexagonal form 
undergoes a rat,her sluggish transforma- 
tion between 250 and 350°C to a mono- 
clinic form (3) which is the catalytically 
active modification. The crytal size, as 
indicated by the breadth of X-ray dif- 
fraction powder pattern lines, is small and 
decreases with increasing copper content. 
Heating to SOO”C gives larger cr-@als 
which are catalytically inactive. 

The role of the copper is thouglltj to he 
t,llat the copper iow associated with water 
in the channels of the hexagonal structure 
inhibit the structural transformation so 
that a distorted or disordered monoclinic 
structure having t,he desirable catalyt,ic 
properties is obtained. The catalytic ac- 
tivity is presumably related to the awo- 
ciation of copper with OH- ions on the 
surface of the disordered structure. 

During the early stages of the com- 
mercial development of this catalyst a dif- 
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ficult problem was encountered wit,h lack 
of reproducibility of the catalytic proper- 
ties of repeat preparations. Consecutive 
preparations would often vary in activity 
widely, as suggest,ed in Table 1, but, no 

differences between the catalysts could be 
detected by use of X-ray diffraction or by 
any of the several convent,ional analytical 
techniques that were tried. We have 
therefore applied the techniques of high- 
resolution electron microscopy which have 
recent>ly been developed to the &age of 
providing st’ructural information on an 
atomic level for small, stable crystals 
(4, 5). These methods quickly provided 
the first tangible evidence of differences 
that correspond with catalyt,ic activity. 
We report the observations here as an 
indication that high-resolution elect,ron 
microscopy may well be a powerful tool 
for use in the development’ and charac- 
terization of catalysts. 

METHOIIS 

Three samples have been examined. 
One, labeled sample A, was a poor cata- 
lyst. Two, samples B and C, were good 
catalysts. The samples were prepared by 
precipitation from a solution of a lantha- 
num salt under carefully controlled pH 
conditions. The dried precipitat’es con- 
sisted of the hexagonal form of LaPOl 
and were activated by calcining in air at 
600°C to effect at least a partial trans- 
formation to the monoclinic form. All 
samples contained 0.05 wt% copper. 

For electron microscopy a small drop 
of a suspension of the powder in water 
was dried on a carbon micromesh grid. 
Electron diffraction patterns and both 
bright-field and dark-field images were 
obtained using a JEM-100B electron mi- 
croscope with lOO-keV electrons. Micro- 
graph magnificat’ions varied from 510,000 
to 850,000 X in the microscope with sub- 
sequent optical magnification to form the 

prints reproduced in Figs. 2 to 5. 

TABLE 1 

Comparative Activities of LaP04 + 0.0.5 wt% 
CU Catalysts for the Hydrolysis of Chlorobenzene 

to Cresol- 
_- 

Catalyst Conversion Selectivity 

(WtyQ (\vt 5%) 

A 11 96.3 
B 32 98.0 
C 41 97.5 

a Temperature, 425°C ; atmospheric pressure. 

RESULTS 

Electron &fraction 

The electron diffraction patterns from 
the three samples could not be distin- 
guished. The diffraction rings were spotty 
and composed of rather large, extended 
spots consistent with the small sizes of 
the individual cryetallites (Fig. 1). The 
measured d values were therefore inac- 
curate but showed reasonable agreement 
with those obtained from X-ray diffrac- 
tion powder patterns of monoclinic LaPOl 
by Jaulmes (3) (see Table 2). Since 
absolute calibration of the effective camera 
length is difficult in an elect’ron micro- 
scope, the spacing corresponding to the 
first ring, d = 5.21 A, was assumed and 
used as a calibration. 

It was concluded that the phase present 
was that found by X-ray diffraction to be 
monoclinic LaP04, space group P2Ja, 
a = 8.25 A, b = 7.09 A, c = 6.47 A, /3 = 
126”16’, with a structure made up of 
chains of La and PO1 ions parallel to 
the c axis. 

High-Resolution Electron Microscopy 

High-resolution images of the poor cata- 
lyst, sample A, showed small crystals, 50 to 
150 A in size, with irregular outline and 
no pronounced development in any par- 
ticular direction. The ratio of maximum 
to minimum dimensions rarely exceeded 3 
and was usually 1 to 2 (Fig. 2). Many 
of the crystals showed fringes correspond- 
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TABLE 2 

Electron Diffraction Powder Pattern, Sample Bu 

Int d 

Cobs) Cobs) 

W 5.21 
W 4.81 

MW 4.12 

hf 3.52 

ivI 3.35 

Y 3.11 

MS 2.87 

W 2.65 

MW 2.41 

w 2.32 

RI 2.1B 

MW 1.93 

d 1nt 
(mono (X ray) 

IAPOI) 

5.2 w 
4.81 w 
4.69 w 

4.19 a1 
4.12 w 

3.54 5: 

3.31 s 
3.14 W 

3.10 s 
2.99 Al 

2.87 s 

2.60 AI 

2.45 AI 
2.41 W 

2.34 VW 
2.25 VW 

2.20 S 

2.15 s 

1.98 S 

hkl 

001 
110 
iii 

011 
501 

020 

200 
202 

i21 
111 

il2 

002 

012 
220 

i22 

201 

131 

{E; 

a12 

0 The d value of 5.21 was assumed for the innermost ring. 

ing to lattice plane spacings in the range 
of 3 to 5 A. The observed fringe spacings 
are listed in Table 3a. Within t’he limits 
of accuracy of measurement (a few per- 
cent) the spacings are seen to correspond 
to lattice plane spacings of Table 2. When 
patterns of crossed fringes appeared, giving 
two-dimensionally periodic patterns (ex- 
cluding fringe sets obviously due to the 
formation of moire patterns from over- 
lapping crystals) these could be assigned 
indices consistent with the monoclinic 
structure. The occurrence of the “forbid- 
den” O++ and 010 spacings may possibly 
be moire effects but are more likely to 
arise from local perturbations of the struc- 

t,ure or (in the case of 010) from dynamical 
diffraction effects. 

For both the good cat,alysts, samples B 

and C (Figs. 3 and 4, respectively), the 

small crystals show a very pronounced 

acicular habit wit’h minimum dimension 
50-100 ii and a maximum dimension 

TABLE 3 

Measured Fringe Spacings From High-Resolution Micrographs 

(4 (b) Cc) 

Spacings hkl Spacings hkl Spacings hkl 

Single fringe 

8.7 03) 

5.7, 5.3 001 

4.4, 4.3, 4.2 011 
3.6 020 

Intersecting sets 
of fringes 

Two sets 
5.2 001 

4.8 ii0 
4.7 ill 

At 90° 
7.0 010 

3.5 200 

Fringes along needles Fringes along needles 

6.3, 6.4 100 

4.9, 4.7:, 110 

3.1.; 200 

Fringes at right 

angles 

5.3 001 

Fringes at other 
angles 

4.8 ill 
4.2 011 

6.4, 6.3 100 

4.8 110 

Fringes at right 
angles 

4.95, 4.85 110 

Fringes at other 
angles 

5.0 001 
4.6, 4.5 ill 

4.15 011 



greater than this lay a factor ranging from 
4 to 10. The laMice fringe spacings mea- 
sured for t’hese cryst8als showed a very 
marked correlation with t’he nwrphology. 
The measured spacings for fringes running 
parallel to the needle axes, approximately 
perpendicular to the needle axes, and in 
intermediate orientations are listed .wpa- 
rat,ely in Tables 311 and c. These results 
suggest strongly that the long axes of the 
acicular crystals coincide with the crys- 
tallographic c axis, i.e., with the direction 
of the I,a-1’04 chairis in the structure. 
The ‘Lfortjidden” 100 plane spacing rwurs 
frequently for clearly defined wts of 
fringes, suggesting tliat, in tlirse crystals 
the symmrtry of the crystals is not tllat 
found from the X-ray diffraction work, 
I’?Ja. Defects and disorder in the cq+als 
are frequent, as evidenced by variations of 
contrast and spacing of tile lattice fringes. 

Portions of the good catalysts were 
heated for 2 lw at) SOO”C in air and tlwn 
again examined in the electron mi~rowcjpc~. 
The n~orptiology of tlie cr!3tallitcs \vas 
wen to have cljanged completel\~ (l’ig. 5). 
The crystals had 1Jecome larger and 
roughly spherical with average dimensions 
200400 A. There was wnsideraljle evi- 
dence of sintering. A smaller proportion 
of the crystals slwwed latt,ice fringw : This 
is consistent u-it11 tlie oljservation of largc>l 
and more perfect crystals. The fringe 
spacings measured are listed in Taljlc 4. 
The single observations of the “forljidden” 
spacings 7.3 A (010) and 0.2 A (100) swn1 

T.kl~LF 4 

Measured Fringe Spacings fol 
Heated Samples 

Spacings hkl 

7.28 010 
G..i 100 
4.61, 4..5l, 4,.-d), 1.4s il I 

4.87, 4.x; 01 I 
4.12, 4.02, :;.w %)I 
3.38, 3.:x 020, 200 

-~. 

t,o suggest that tlie syniiiietry may not, be 
t,hat deternlined lay X-ray diffract,ion, at 
least for sonic crystallites, but t’llese oh- 
servations may well he due to dynamical 
diffracation effects. There is very lit,tle 
evidence of disordt~r or defects within the 
crystallitw. 

I ,IS(:USSION 

Tlje nunlher of independent prepara- 
tions of the catalyst, examined was small, 
lout sufficient observations on each sample 
were made to confirm that the results 
reported are characteristic of tile particu- 
lar samples. Tllrre is a very striking dif- 
ference in the morphology of tlif> crystals 
for the good and poor catalysts. The good 
caatalytic properties of the best Lap04 
catalysts appear to lx associated with an 
acicular habit with tlw needle axis parallel 
to tilt: crystallographic c axis. The mor- 
pl~ology is such as to maximize the surface 
exposure of My0 planes. The cllains of 
alternating I1a and 1’0, ioris, parallel to 
tire c axis, tllus lie esposcd on these sur- 
faces. If tlw catalytic activity depends on 
access of tlie rflactant molecules to se- 
quencc~s Of c:u and OH- ions associated 
witli tliew chains, tllis morphology is olj- 
viouhly a very favoraljlr one. 

Tlit: co1nmon appearance of the “for- 
l)iddtw” (100) lattice plane spacing in the 
images of tllc crystals of the good cata- 
lysts suggests some deviation from the 
l’L)I::u symnwtrg of the structure deduced 
1~4’ X-ray diffraction. It is possiljle that 
this spacing migllt, he produced by dy- 
natiiic~al “d~)ul)lr-diffraction” effects which 
art’ know~i to Icsult, in the appearance of 
rrflections \~llic*l~ arc forbidden by the 
space group symmetry in kineniatical scat- 
tering. Swli rcflectioris are wry weak or 
aljscnt \vlltln tlw incident, ljealn is in special 
oricritatiotis in rrlatiotisliip to the rrlevant 
sylnnwt,ry rlt~twrit of tilt, crystal but may 
ljocotw strong in otlwr orientations (6). 
It, is characteristic of swh reflections, 
however, tllat tlic:y are always very weak 
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for thin crystals and then increase in 
strength with crystal thickness much more 
rapidly than normal reflect,ions. No evi- 
dence of such behavior was noted in the 
present case except that the appearance 
of the forbidden reflection spacings in the 
thicker, more perfect crystallites of the 
samples heated to SOO”C (Fig. 5) could 
well be due to this cause. 

Another possible origin of these for- 
bidden spacings could be a preferential 
association of copper atoms on the sur- 
faces of the crystals with this periodicity. 
However, it seems unlikely that the num- 
ber of copper atoms present would be 
sufficient to allow the observed contrast 
to be attributed to the contributions of 
copper atoms alone, especially in the pres- 
ence of the much heavier lanthanum atoms 
in the structure. Some perturbation of the 
structure involving the shifting of the 
lant)hanum atoms seems more probable. 
It was not clear whether any of the 
structural defects visible in the micro- 
graphs, Figs. 2 to 4, were associated with 
the presence of copper ions. 

The presence of the (100) spacings in 
the images may be reconciled with the 
absence of the corresponding ring in the 
diffraction patterns such as Fig. 1 by 
consideration of the transfer function of 
the electron microscope objective lens. 
Large spacings will be imaged with much 
greater contrast than small spacings. For 
our microscope the contrast may be 
strongly suppressed for periodicities of less 
than 4 A (?‘), i.e., for the periodicities of 

the strong second-order reflections which 
dominate the diffract)ion pattern. 

E’urt)her information concerning the de- 
tails of the structure of these cat’alysts 
could well be derived by application of 
the electron microscopes having better 
resolution, now becoming available, and 
by use of the microdiffract,ion techniques 
capable of providing diffract’ion patterns 
from individual small crystals in the size 
range occurring in these samples (8). Our 
observations to dat,e have served the useful 
purpose of indicating in which directions 
t,hese investigations should proceed. 
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