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Rare-Earth Manganites: Surface-Segregated Platinum 

Increases Catalytic Activity 

Abstract. Crushed and etched lanthanum lead manganite (La .7Pbo.aMnO:) crys- 
tals containing as little as 0.005 atomic percent platinum have significantly higher 
catalytic activity than free platinum crystals. This higher activity is due to an almost 
100-fold segregation of platinum on the surface. The surface platinum concentra- 
tion found, 0.5 atomic percent, is sufficient to account for the enhanced activity pro- 
vided that the platinum has the same activity as platinum supported on alumina. 
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As a result of claims that lanthanum 
lead manganite (La0.7Pb0.3MnO3) rivaled 
Pt in its ability to catalyze the oxidation 
of CO (1, 2), Katz et al. examined the po- 
tential of this compound for the treat- 
ment of automotive exhaust emissions 
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dation of CO but also significantly more 

active for the oxidation of hydrocarbons. 
We also found that the only 

Lao.7PbO.3MnO3 samples having high ac- 
tivity were etched single crystals grown 
from a molten flux in Pt crucibles. These 
crystals, which were found to contain 50 
to 75 parts per million (ppm) (atomic) Pt, 
had an activity for CO and C3H6 that was 
higher by more than an order of magni- 
tude than that of Pt-free polycrystalline 
manganite prepared by ceramic meth- 
ods. These results, together with data 
showing that single crystals of manganite 
exhibited oxidation kinetics similar to 
those of Pt (3) whereas ceramically pre- 
pared Pt-free manganite did not, led us to 
suggest that the higher activity of these 
manganites was due to traces of Pt impu- 
rities. A similar suggestion was made by 
Yao (4) on the basis of other evidence ob- 
tained from these materials. 

We have conducted further tests to de- 
termine if the Pt is responsible for the 
higher activity of the manganite single 
crystals grown in Pt crucibles, and, if so, 
how such a small amount of Pt causes 
such a large increase in specific activity. 
These tests included x-ray photoemis- 
sion measurements which indicated that 
the Pt in these crystals is segregated 
about 100-fold on both the unetched and 
etched cleaved surfaces. The approxi- 
mately 0.5 atomic percent Pt found on 
the surface is sufficient to account for the 
higher activity of these crystals, pro- 
vided that the Pt has roughly the same ac- 
tivity as Pt supported on alumina 
(A1203). Furthermore, we have grown 
Pt-free manganite single crystals which 
have a specific CO and C3H6 activity ap- 
preciably lower than those grown in Pt 

active for the oxidation of hydrocarbons. 
We also found that the only 

Lao.7PbO.3MnO3 samples having high ac- 
tivity were etched single crystals grown 
from a molten flux in Pt crucibles. These 
crystals, which were found to contain 50 
to 75 parts per million (ppm) (atomic) Pt, 
had an activity for CO and C3H6 that was 
higher by more than an order of magni- 
tude than that of Pt-free polycrystalline 
manganite prepared by ceramic meth- 
ods. These results, together with data 
showing that single crystals of manganite 
exhibited oxidation kinetics similar to 
those of Pt (3) whereas ceramically pre- 
pared Pt-free manganite did not, led us to 
suggest that the higher activity of these 
manganites was due to traces of Pt impu- 
rities. A similar suggestion was made by 
Yao (4) on the basis of other evidence ob- 
tained from these materials. 

We have conducted further tests to de- 
termine if the Pt is responsible for the 
higher activity of the manganite single 
crystals grown in Pt crucibles, and, if so, 
how such a small amount of Pt causes 
such a large increase in specific activity. 
These tests included x-ray photoemis- 
sion measurements which indicated that 
the Pt in these crystals is segregated 
about 100-fold on both the unetched and 
etched cleaved surfaces. The approxi- 
mately 0.5 atomic percent Pt found on 
the surface is sufficient to account for the 
higher activity of these crystals, pro- 
vided that the Pt has roughly the same ac- 
tivity as Pt supported on alumina 
(A1203). Furthermore, we have grown 
Pt-free manganite single crystals which 
have a specific CO and C3H6 activity ap- 
preciably lower than those grown in Pt 

Table 1. Manganite surface and catalytic properties; NM, not measured. 

Surface CO rate C3H6 rate CO rate C3H6 rate 
Sample Pt at 250?C at 250?C at 250?C at 250?C 

Sam- surface concen- (10-7 mole (10-9 mole (10-4 mole (10-5 mole 
Preparation 1 2 -I -2 -1 -2 -1 -2 ple Preparatonarea tration sec- m-2, sec m-2 sec m-2 sec- m-2 

(m2) (atomic manganite manganite Pt sur- Pt sur- 
%) surface) surface) face)? face)? 

Pt-A1203 
50.0* 0.9 1.0 

Single crystals of manganite 
A Molten flux in Pt, crushed, 3.6 0.55 < 0.4 < 0.3 < 0.07 < 0.005 

no etch (100 to 250 ,m) 
A-E A, etched 5 minutest 21.0 0.25 4.8 21.0 1.7 0.74 
B Molten flux in Pt, crushed, 28.9 NM 0.64 0.11 

no etch (37 to 250 ,/m) 
B-E B, etched 7 minutest 19.0 0.23 20.0 45.0 7.7 1.7 
C-E Molten flux in Pt, crushed, 51.0 1.1 14.0 34.0 1.1 0.27 

etched 5 minutest (37 to 250 ,um) 
D-E Molten flux in MgO, uncrushed, 47.5 < 0.1 0.54 0.13 

etched 7 minutest 
Polycrystals of manganite 

F Precipitated hydroxide 130.0 < 0.1 0.25 0.18 
(600?C), no etch 

F-E F, etched 5 minutest 664.0 < 0.1 0.74 0.25 

*The Pt surface area was determined by hydrogen chemisorption. tEtched in 20 percent HNO3 at 80?C. fEtched in 15 percent HNO3 at 60?C. ?Assuming 
that a surface Pt atom is 13 percent larger than a surface manganite "atom." 
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crucibles, despite their similarity in bulk 
composition, crystal structure, and man- 
ner of preparation. 

Our tests were carried out on two sepa- 
rate batches of crushed single crystals of 
La0.7Pb.3MnO3 grown from a molten 
lead borate flux in Pt crucibles (2). These 
crystals were tested in both the unetched 
(samples A and B, Table 1) and etched 
(samples A-E, B-E, and C-E) condition. 
Etched single crystals of manganite con- 
taining no Pt (sample D-E) were grown 
by the same molten flux method but in 
MgO crucibles. We also prepared poly- 
crystalline Pt-free Lao.7Pb(o.MnO:3 by cal- 
cining a coprecipitated mixture of hy- 
droxides in an A1203 crucible at 600?C for 
24 hours (2). The hydroxides were pre- 
cipitated from a nitrate solution with 
KOH. Both unetched (sample F) and 
etched (sample F-E) materials were test- 
ed. 

X-ray diffraction analysis indicated 
that all of these samples were character- 
ized by a single phase with well-defined 
perovskite structures. We measured the 
specific surface areas of the catalysts 
using four-point nitrogen isotherms ob- 
tained with a modified Perkin-Elmer Sorp- 
tometer. Our activity measurements were 
made in a flow reactor under conditions 
of low conversion; this system has been 
described (3). We tested the catalysts in 
simulated automotive exhaust (0.5 per- 
cent CO, 0.025 percent C:,H,, 3 percent 
02, 10 percent HO2, with the balance N2) 
at a flow rate of 16.5 liter/min. 

The method of preparation and treat- 
ment given each catalyst prior to testing 
are listed in Table 1, columns 1 and 2. 
The total surface area at the completion 
of the test is given in column 3. To rank 
the various catalysts we have calculated 
their specific reaction rates for CO and 
C,,H, oxidation at 250?C (columns 5 and 
6), using the expression rs = XF/S. Here 
X is the fraction of CO or Cl3H, con- 
verted, F is the feed rate in moles per sec- 
ond, and S is the sample surface area in 
square meters. From these rates it is ap- 
parent that the only catalysts having high 
activity are the etched Pt-containing 
single crystals of manganite (samples A- 
E, B-E, and C-E). All of the Pt-free mate- 
rials, including single crystals of man- 
ganite grown in MgO (sample D-E), have 
CO and C,H, rates that are lower by 
roughly one and two orders of magni- 
tude, respectively, than those of the 
etched crystals grown in Pt crucibles 
(samples A-E and B-E). 

Comparing the x-ray photoemission Pt 
4f peak heights in the La0.7Pbo,.MnO:a 
spectra with those from a clean Pt foil al- 
lows one to obtain a relative Pt concen- 
tration for the roughly 11-A layer (five 
15 OCTOBER 1976 

atom layers thick) analyzed by this meth- 
od (5). This analysis yields Pt concentra- 
tions higher by over an order of magni- 
tude than the measured bulk value. 
There is, however, no substantial reason 
for assuming such an enrichment of the 
five outer atomic layers. The Pt concen- 
trations shown in Table 1, column 4, are 
calculated on the assumption that this Pt 
was concentrated in the first layer of 
atoms, as it would be in a completely dis- 
persed Pt-A12OS catalyst. 

Using the surface Pt concentrations as 
determined by x-ray photoelectron spec- 
troscopy (XPS) and assuming complete 
dispersal of the Pt on the outermost lay- 
er, we have converted the activity of the 
etched single crystals of manganite 
grown in Pt crucibles at 250?C (Table 1, 
columns 5 and 6) from moles per second 
per square meter of manganite surface to 
moles per second per square meter of Pt 
surface. These rates, listed in Table 1, 
columns 7 and 8, are similar to those 
measured for Pt on a Pt-AI2Oa catalyst, 
an indication that both the CO and CaHG 
activity of the etched Pt-containing crys- 
tals can be well accounted for by the con- 
centration of Pt found segregated on the 
surface, provided the Pt has the same 
specific activity as Pt supported on 
Al20.3 

The segregation of Pt on the surface of 
the unetched crushed manganite crystals 
(Table 1, sample A) in concentrations 
100 times larger than in the bulk suggests 
that at least part of the Pt is in the form of 
Pt-rich inclusions which serve as cleav- 
age points, thus concentrating the Pt on 
the surface when the crystal is crushed. 
These Pt-enriched cleavage sites could 
well be the PbO inclusions that Gallagher 
et al. (6) recently reported finding in 
these materials. 

We find, however, that, despite the 
presence of appreciable Pt on the sur- 
face, the unetched crystals have signifi- 
cantly lower CO and C3H, activity than 
crystals that have been etched in HNO3, 
as shown by the specific CO and C3H,; 
rates of sample A (unetched) and sample 
A-E (etched) in Table 1, columns 5 and 

Fig. 1. (a) Scanning electron 
micrograph of a cleaved un- 

t,: / etched Lao.7Pb0.3MnO3 single 
crystal. (b) Micrograph of the 
Pt-enriched manganese oxide 
scale which forms on the 
manganite crystals during the 
etching treatment. This scale 
has a specific CO and C,H, 
activity that is higher by over 
an order of magnitude than the 
stoichiometric manganite sur- 

b face shown in (a). 

6. Etching increases the activity of this 
sample by over an order of magnitude. 
Although no x-ray photoemission mea- 
surements were made on sample B in the 
unetched condition, these crystals also 
showed a large increase in activity after 
etching. Chemical shift data from our 
XPS studies indicate that the "activa- 
tion" of the surface during this acid etch- 
ing is due to an alteration in surface com- 
position leading to the exposure of a 
more reduced form of Pt on the surface. 
We found that the strongly etched single 
crystals grown in Pt crucibles have a 4/,/2 
electronic binding energy only slightly 
higher than the 71.4 ev that we measure 
for clean Pt foil. Unetched (inactive) 
crystals show a 1-ev increase in this bind- 
ing energy, characteristic of a heavily 
oxidized Pt surface layer. 

Furthermore, we have found that the 
HNO3 etch alters the surface morpholo- 
gy and composition considerably. 
Whereas the freshly cleaved and presum- 
ably stoichiometric surface appears mi- 
croscopically smooth (Fig. la), etching 
converts this relatively inactive surface 
into a loosely adhering layer with a rela- 
tively high surface area (Fig. lb). Chem- 
ical and energy-dispersive x-ray analysis 
indicated that the bulk composition of 
this layer was highly enriched in Mn and 
O and depleted in both La and Pb. We 
have found this same surface layer on 
the etched Pt-free single crystals of 
manganite (sample D-E). The fact that 
these crystals are among the less active 
manganite samples indicates that this 
Mn-rich layer is itself a relatively poor 
CO and C3H6 oxidation catalyst. Our re- 
sults show that it is the Pt segregated on 
this surface in reduced form which ac- 
counts for the higher activity of the Pt- 
containing crystals. 
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Phosphatases in Lake Water: Characterization of Enzymes 
from Phytoplankton and Zooplankton by Gel Filtration 

Abstract. Sephadex gel filtration was used to characterize phosphomonoesterases 
in two small lakes in northern Sweden. Two fractions, here termed phosphatase A 
and phosphatase B, were found both as free enzymes and associated with seston. 
The activity of phosphatase A was correlated with the presence of algal biomass. 
Phosphatase B, on the other hand, was derived from zooplankton. Phosphate served 
as an effective inhibitor of phosphatase A but had no such effect on phosphatase B. 
Both fractions had pH optima between 6.5 and 7.0. 
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After Steiner (1) found an increase of 

inorganic phosphorus in lake water in- 
cubated with dead plankton organisms, 
several investigations were made of en- 

zymatic hydrolysis of different phos- 
phorous compounds in lakes and oceans. 
The phosphomonoesterases are the most 
studied enzymes of the many different 

phosphatases. 
Phosphomonoesterases in the aquatic 

environment are produced by bacteria 
(2), algae (3, 4), and zooplankton (1, 5, 6). 
Besides being associated with living cells 
or particulate cell debris, the phospho- 
monoesterases are also found as free dis- 
solved enzymes (7-9). 

Phosphatases are often classified as ei- 
ther alkaline or acid, with pH optima 
well above or well below pH 7. Different 

phosphatases produced by aquatic orga- 
nisms have been separated by fractiona- 
tion monitored with assays ofpH-depen- 
dent phosphatase activity (4, 7). 

Production of phosphatases in differ- 
ent species of algae increases when phos- 
phorus is a limiting factor (4, 10); phos- 
phatases have been suggested to be eco- 
logically essential because they release 
phosphate. Synthesis of phosphatases, 
on the other hand, often seems to be 

repressed by high concentrations of 

phosphate in water or in cells (4, 8, 11, 
12). 

The study reported here provides addi- 
tional information on the different frac- 
tions of phosphomonoesterases occur- 

ring in the natural aquatic environment, 
their origin, and some of their character- 
istics. All specimens were taken from two 

adjacent lakes, Lake Magnusjaure and 
Lake Hymenjaure, situated at 68027'N 
and 18?27'E in the subarctic region of 
northern Sweden. The lakes are small, 
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The phosphomonoesterases are the most 
studied enzymes of the many different 

phosphatases. 
Phosphomonoesterases in the aquatic 

environment are produced by bacteria 
(2), algae (3, 4), and zooplankton (1, 5, 6). 
Besides being associated with living cells 
or particulate cell debris, the phospho- 
monoesterases are also found as free dis- 
solved enzymes (7-9). 

Phosphatases are often classified as ei- 
ther alkaline or acid, with pH optima 
well above or well below pH 7. Different 

phosphatases produced by aquatic orga- 
nisms have been separated by fractiona- 
tion monitored with assays ofpH-depen- 
dent phosphatase activity (4, 7). 

Production of phosphatases in differ- 
ent species of algae increases when phos- 
phorus is a limiting factor (4, 10); phos- 
phatases have been suggested to be eco- 
logically essential because they release 
phosphate. Synthesis of phosphatases, 
on the other hand, often seems to be 

repressed by high concentrations of 

phosphate in water or in cells (4, 8, 11, 
12). 

The study reported here provides addi- 
tional information on the different frac- 
tions of phosphomonoesterases occur- 

ring in the natural aquatic environment, 
their origin, and some of their character- 
istics. All specimens were taken from two 

adjacent lakes, Lake Magnusjaure and 
Lake Hymenjaure, situated at 68027'N 
and 18?27'E in the subarctic region of 
northern Sweden. The lakes are small, 
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each with an area of about 2 ha and with 
maximum depths between 4.5 and 5.5 m. 
Summer mean water temperatures are 
9.5? to 10.5?C and conductivity is 1.6 to 
1.8 millisiemens per meter. The lakes were 
originally oligotrophic, but a program of 
artificial enrichment with phosphorus 
and nitrogen (13) has brought them 
toward more eutrophic conditions. The 
work was done during the ice-free season 
(15 June to 10 October) in 1975. 

Molecular weight was chosen as the 
criterion for characterization of different 
phosphomonoesterases. The enzymes 
were separated by Sephadex gel filtra- 
tion, a technique that has been applied to 
phosphatases from bovine liver (14) and 
human placenta (15). 

Sephadex of different grades (G-75 and 
G-200) and Sepharose 4B were packed in 
tubes of Plexiglas 2 cm in diameter and 
50 cm long. The flow rate was 0.5 ml/ 
min, with tris buffer used as eluent; the 
void volume was determined with blue 
dextran. 

For separation of free dissolved phos- 
phatases, 300 ml of lake water was fil- 
tered through membrane (Sartorius SM 
11107, 0.2 ,tm) and the enzymes in the fil- 
trate were concentrated 40-fold by ultra- 
filtration (Diaflo filter PM10; Amicon ul- 
trafiltration cell model 50); 2 ml of the 
concentrated enzyme solution was refil- 
tered before being applied to Sephadex 
columns. 

For analysis of seston-associated en- 
zymes, 1500 ml of lake water was passed 
through a glass fiber filter (Whatman GF/ 
C); the filter was placed in tris buffer and 
homogenized. After homogenization the 
sample was centrifuged, and 2 ml of the 
superatant was placed on the Sephadex 
column. In both analyses, phosphatase 
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activity was determined in each 5-ml 
fraction collected from the column. 

Phosphomonoesterase activity was as- 
sayed by the method of Perry (11), with 
3-O-methylfluoresceinphosphate as sub- 
strate. The samples were incubated at 
20?C in tris-HC1, pH 6.5. The buffer 
solution and all glassware were auto- 
claved before analysis to prevent microbi- 
al growth. Enzyme activity was measured 
at pH 6.5 because the phosphatases of 
the two lakes had their only pH optimum 
at 6.5 to 7.0, which is also the pH of the 
lakes. 

Sephadex G-200 elution diagrams 
showing the composition of free and ses- 
ton-associated enzymes (Fig. 1, a and b) 
indicated similar patterns for free and 
seston-associated phosphatases. One 
fraction, called phosphatase A, was not 
separated by the gel and eluted with the 
void volume. Another fraction, phospha- 
tase B, was well separated and, after cali- 
bration with proteins of known molecu- 
lar weight, was calculated to have a mo- 
lecular weight of about 80,000. Elution 
from Sephadex G-75 gave only one peak 
at the void volume. 

To determine whether the phospha- 
tase A peak could be fractionated, the ex- 
periment was repeated with Sepharose 
4B, which has an upper separation limit 
of molecular weight 3 x 106 for dex- 
trans. However, phosphatase A still 
eluted with the void volume and can 
therefore be assumed to consist either of 
very large molecules, molecules associat- 
ed with colloidal material, or fragments 
small enough to pass through a 0.2-/m 
filter. The question of whether phospha- 
tase A consists of more than one fraction 
was not answered by this experiment. 

A decrease in phosphatase activity of- 
ten follows the addition of phosphate to a 
medium containing phosphatase-produc- 
ing organisms. In many cases repression 
of the enzyme synthesis rather than inhi- 
bition of the enzyme itself causes such a 
decrease (4, 12). To test how the two 
phosphatase fractions found in Lake Hy- 
menjaure and Lake Magnusjaure reacted 
to additions of phosphate, the following 
experiment was performed. Free phos- 
phatases were concentrated and filtered 
on Sephadex G-200 as described above. 
A parallel sample was concentrated and 
NaH2PO4 was added immediately before 
gel filtration. Elution diagrams for the 
two samples (Fig. Ic) show an almost to- 
tal inhibition of phosphatase A by added 
phosphate but no effect on phosphatase 
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two samples (Fig. Ic) show an almost to- 
tal inhibition of phosphatase A by added 
phosphate but no effect on phosphatase 
B. The fact that phosphate was added to 
a sterile filtered sample shows that the 
decrease in enzyme activity was a result 
of inhibition and not repression. The con- 
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