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Transparent needleltke brownish-yellow single crystals of PdP,O; have been grown in air under P,0Os-
rich composition in the system PdO-P,O;. It crystallizes in the orthorhombic system, the possible
space group Pma¢ or P2na, with a = 12.4904(9) A b =457595) A, c = 42344 A, and Z = 2.
This phase changes into a monoclinic phase under heating conditions. The quenchable monoclinic
phase has the possible space group P2,/m or P2, with ¢ = 13.156(2) A b= 5.1630(7) A c =
B.1426(9) A, and B = 97.46(1)°. A transition temperature depends entirely on a heating rate, ¢.g., at
908°C at a rate of 10°C min~', or over 660-735°C at a rate of 20°C hr™'. Morcover the monoclinic
phase tends to be decomposed into Pd metal as the final product, depending on not only a temperature
but a heating rate. Isothermal heat treatments show that the orthorhombic phase might be a metastable

staie and the monoclinic phase a stable state at lower temperatures.

Intreduction

Palladium (II) mixed oxides have ap-
peared in only a small number of binary
systems between palladium (IT) oxide and
another oxide because of the characteristics
of PdO as a noble metal oxide, viz., easy
decomposition at 800°C and less reactivity
with the other oxide. To date, it is known
that each system of PdO with the following
oxide has generated a single mixed oxide
or a few oxides: alkaline metal oxide (1),
alkaline-earth metal oxide (2, 3), lanthanoid
oxide (¢-6), Cry,0, {7y, CoO (7), Rh,0,4 (7),
CuO (8), CdO (3}, PbO (3, 9, 10), or Bi,0O,
(11, 12). In addition, Lazarev and Shaplygin
(11yexamined each reaction of PdO with the
pentavalent oxides V,0;, Nb,Os, Ta,Os, or
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Sb,0s; as a result, PdO did not react with
any of them. On the other hand, Palkina et
al. (13) determined a structure of PdP,O,
which was prepared from the system
PdCl-H,PO, (85% conc.). The crystal
structure consists of an infinite chain of PO,
tetrahedra and each Pd atom surrounded by
four oxygen atoms forming a square plane.
However, they (/3) did not characterize
their product any more. Thus, we reexam-
ined the preparation of compound PdP,O,
in the system PdO~P,0O; free from chlorine
and hydrogen, and characterized PdP,O, by
X-ray diffraction and thermal analysis.

Experimental Procedure

The starting materials were 99.9% pure
PdO (Kojundo Chemical Laboratory Co.,
Ltd.) and reagent grade NH,H,PO, (Wako
Pure Chemicals). The desired proportions
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FiG. 1. As-grown needlelike single crystals of PdP,0, (minimum scale = 1 mm}.

of Pd,_ P, 0, (Where x = 0.5t0 0.8) were
accurately weighed and thoroughly hand
mixed in an agate mortar. Each mixture was
placed in a covered gold crucible and heated
at 500 to 650°C for 3 hr in air, followed by
a slow cooling to room temperature at a
rate of 20°C hr—'. A product was always a
mixture of needlelike single crystals and a
viscous liquid which seems to consist most
of P,O;. The liquid phase was leached with
water from the product. Transparent brown-
ish-yellow single crystals were obtained;
they are shown in Fig. 1. At the same time,
a small quantity of black powder was recog-
nized visually; it proved to be Pd metal from
X-ray powder diffraction (XRPD). Thus,
P,0; is also considered to play a role of a
low-temperature flux in the present system.
Therefore, in numerous cases, the P,Os-rich
starting composition was selected for the
purpose of growing the single crystals posi-
tively. Even the product of stoichiometric
starting composition (i.e., x = 0.5) was the
same as above, so that the preparation of
polycrystalline sample seems to be difficult.

Chemical analyses of the single crystals
were performed using a gravimetric dimeth-
ylglyoxime method for the determination of
palladium content and using a colorimetric

method by a phosphovanadomolybdate pro-
cedure for phosphorus content. The proba-
ble error was estimated to be £0.1 wt%e.

The density of single crystals was mea-
sured at 20°C in kerosene using pycnometer.
The accuracy was +0.10 g cm >,

The crystal system and the lattice parame-
ters were determined by X-ray diffraction
using a Weissenberg camera for single crys-
tals and a diffractometer for a powder which
was prepared from pulverization of single
crystals. The color of the powder was mus-
tard yellow.

The thermal behavior was checked by a
conventional, simultaneous thermogravim-
etry—differential thermal analysis (TG-DTA)
apparatus. A sample holder of alumina was
used. A 10-30 mg of pulverized sample un-
derwent heating and cooling cycles usually
at a rate of 10°C min~'. The temperature
accuracy was =3°C. Transition tempera-
tures were determined from peaks on DTA
curves during the heating cycle. At the same
time, the in situ measurement of structural
change with temperature was also carried
out by a Guinier—L.énne camera for high-
temperature X-ray diffraction (HTXRD) us-
ing Cu Ka radiation with operating condi-
tions of a gold-mesh sample holder and a
heating rate of 20°C hr~'.
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FiG. 2. The room-temperature XRPD patterns of PdP,0y: (a) the orthorhombic phase corresponding
to the obtained single crystals, maximum scale of the ordinate 4000 cps, and (b) the high-temperature
phase quenched to room temperature after being heated at 938°C for 30 min, maximum scale 1000 cps.

Results and Discussion

The chemical analyses gave the following
results: 40.4 wi% Pd and 23.5 wt% P. These
led to a chemical formula of PdP,0y for the
present compound.

The X-ray diffraction study revealed that
PdP,0O; crystallizes in the possible space
group Pmna or P2na with g = 12.4904(9)
A, b = 4.5759(5) A, and ¢ = 4.2344(3) A
and that the longitudinal direction of the
needlelike crystal is parallei to the ortho-

rhombic b-axis. An X-ray powder diffrac-
tion pattern is shown in Fig. 2a and diffrac-
tion data are listed in Table I. The compound
had a density of 3.52 g cm 3 to give Z = 2,
the number of formula units per unit cell,
Although the color of single crystals pre-
pared by Palkina er af. (13) was dark green
or almost black, different from the present
ones, the lattice parameters and the density
were the same as those reported by them.
Likewise, the details of the crystal structure
determined by us (R = 3.6% for 985 inde-
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TABLE 1
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X-Ray PowDER DIFFRACTION DATA FOR a-PdP,O,

h k ! dcalc (A) dnhs (A) ’nbs
2 0 0 6.245 6.250 5
0 1 0 4.576 4.577 <1*
1 0 1 4,0103 4.0118 51
2 1 0 3.6912 3.6977 100
4 0 0 3.1226 3.1236 2
0 1 1 3.1079 3.1060 1
1 1 1 3.0t60 3.0166 4
3 0 1 2.9688 2.9707 <1
2 1 1 2.7824 2.7840 1
4 1 0 2.5793 2.5807 15
3 1 1 2.4906 2.4908 26
0 2 0 2.2830 2.2887 3
4 1 1 2.2028 2.2039 2
5 0 1 2.1516 2.1497 4
2 2 0 2.1484]
0 0 2 2.1172 2.1176 1
6 0 0 2.0817 2.0825 1
2 0 2 2.0051 2.0059 2
1 2 i 1.9873 1.9875 3
5 1 1 1.9452 1.9462 2
0 1 2 1.9215 1.9222 <1
2 2 i 1.9159 1.9167 <1
1 1 2 1.8992 1.9000 1
6 1 ¢ 1.8949 1.8950 1
4 2 0 1.8456 1.8459 5
2 i 2 1.8366 1.8311 2
3 2 1 1.8122 1.8128 1
4 0 2 1.7524 1.7530 <1
4 2 1 1.6919 1.6921 <1
7 0 1 1.6443 1.6445 1
4 1 2 1.6365 1.6363 4
5 2 1 1.5674 1.5673 4
0 2 2 1.5540 1.5541 2
7 1 1 1.5475 1.5477 1
6 2 0 1.5398 1.5399 4
5 1 2 1.5231 1.5250 <1
2 2 2 1.5080 1.5082 <1
6 0 2 1.4844 1.4844 1
2 3 0 1.4818 1.4815 2
8 1 0 L4777 1.4779 2
1 3 1 1.4257 1.4254 <1
1 0 3 1.4026 1.4026 <1
4 3 0 1.3706 1.3705% 2
3 3 1 1.3567 1.3565 2
1 1 3 1.3410 1.3408 <1
7 2 1 1.3353 1.3353 1
9 0 1 1.3188 1.3186 <1
3 1 3 1.2831 1.2829 2
9 1 1 1.2672 1.2673 2
10 0 0 1.2490 1.2487 <1
6 2 2 1.2453 1.2452 1
5 a 3 1.2289 1.2287 1

TABLE [—Continued

h k U dac (A da (A 1

obs

2 3 2 1.2140 1.2141 1
8 1 2 1.2117 1.2113 1
10 1 0 1.2050 1,2050 <l
1 2 3 1.1958 1.1956 1
4 3 2 1.1505 1.1506 <1
0 4 0 1.1440 1.1440 <1

# Observed relative intensity weaker than 1.

pendent reflections) were similar to their re-
sults. Therefore, it turns out that both crys-
tals were the same despite the different
preparation method and the ditferent color.
Figure 3 exhibits representative TG-DTA
curves for heating and cooling cycles. When
the specimen is heated up to 940°C, a endo-
thermic peak is observed at 908°C; on cool-
ing, no thermal effect is detected, but in a
subsequent heating process, we can again
observe the foregoing endothermic peak
with somewhat smaller peak area (Fig. 3a).
The result seems to denote that a rate of
transition in the cooling direction is consid-
crably sluggish, although that in the heating
direction is very fast, The sluggishness of
this transition in the cooling direction sug-
gests that a high-temperature phase can eas-
ily be quenched to room temperature. In
fact, Fig. 2b shows a room-temperature
XRPD pattern of this phase which was
quenched by an air stream after heating at
938°C for 30 min; a very small amount of
Pd metal is recognized. The color of the
powder changed to brown. Accordingly, the
908°C endothermic peak would seem to indi-
cate a reversible polymorphic transition;
hereafter, for convenience, we refer to the
orthorhombic phase as a-PdP,0¢ and to the
quenched phase (Fig. 2b) as 8-PdP,0,.
Making a comparison in Fig. 2, it appears
that B8-PdP,0, has lower symmetry than
a-PdP,0, because of the somewhat complex
pattern. To investigate preliminary lattice
parameters, Visser’s indexing program (/4)
was applied to the observed data listed in
Table I1. Using these results, the precise
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Fi1G. 3. TG-DTA curves of PdP,0; measured at a rate of 10°C min~? for a heating and cooling cycle:
{a) maximum temperature 940°C and (b) maximum temperature 1100°C.

lattice parameters were calculated by the
least-squares method. As a result, 3-PdP,0,
has the monoclinic symmetry with a =
13.156(2) A, b = 5.1630(7) A, c = 8.1426(9)
A, and B8 = 97.46(1)°. We can estimate Z =
4 compared with the lattice parameters of
a-PdP,O. The Miller indices given in Table
Il may be classified as follows: hkl all order,
hk0Q all order, and 00/ with [ = 2n. These
results lead to the possible space group
P2,/m or P2,.

Figure 3b shows another TG-DTA curve
at the maximum temperature of 1100°C.
Above 908°C, the DTA curve exhibits no
thermal effect besides small vibrations near
1100°C. In contrast, the TG curve points out
that a weight loss begins at 880°C and is
remarkable above 1015°C. After the mea-
surement, the existence of liquid state at
high temperatures was confirmed by the ex-
ternal appearance of the specimen in the

sample holder. Apart from the TG-DTA ex-
periment, the «-PdP,0, powder sample
wrapped up in a Pt foil was heated at 1136°C
for 15 min and then quenched; an XRPD
pattern indicated that the product is pure Pd
metal. On one hand, it was found that the
powder of g-PdP,0, is deliquescent under
normal atmospheric conditions; in addition,
an XRPD pattern of the deliquescing sample
was the same as shown in Fig. 2b. Judging
from the results of both TG-DTA and heat-
treatment experiments, 8-PdP,0, may begin
to be decomposed gradually into Pd metal,
0, gas, and P,0; liquid above 908°C, though
a rate of decomposition increases with tem-
perature; in succession, the evaporation of
P,0; seems to occur as shown in TG curves
(Fig. 3). Also, we can infer that this decom-
position causes the decrease in endothermic
peak area on the second heating DTA curve
shown in Fig. 3a. At higher temperatures



o8 WATANABE ET AL.

TABLE {I TABLE II—Continued
X-Ray PowpDER DIFFRACTION DAaTA R
FOR B-PdP,0, ko k ! dae (A)  dap (A) I,
; 7 1 —4 14116 1.4113 2
Pk : e B e o TS s } 1.4055 4
2 0 0 652 6.523 3 33 -3 14083
1 1 4.801 4.802 13 3 1 5 1.3990 1.4005 4
o -1 42159 42162 3 5 3 1 1-3972} 1.3968 4
1 ! 1 4048 4.0421 w0 4 3 2 13965
0 0 2 4.0368} 5 3 -2 1.3851 1.3850 3
20 -2 3.6518 1.6503 4
3 1 0 3.3259 1.3264 33
4 0 0 3.2612 3.2608 15
3 1 -1 3.1889 31868 18 than 1100°C, the decomposition is com-
r -2 31651 3.1643 48 pleted and only Pd metal remains. Thus,
; { ? gg;g; ;:g_l,Zi iz the room-temperature qu_enched ;B—Psz_O6
4 0 -2 2.7152 2.7145 ;8 sample must always contain a small quantity
3 1 2 2.4501 2.4507 7  of both Pd metal and amorphous P,0O;. Con-
1 1 -3 2.3969 2.3973 27 sequently the deliquescent property in §-
: 1 -3 23 2.3295 2 PdP,0, might be ascribed to the latter
s 0 3 2w 2wy 3 BOsimpurity |
0 2 2 2.1748 2.1743 3 To confirm the above-mentioned struc-
5 1 -2 2.1266 2.1263 6 tural change including the decomposition,
2 2 -2 2.1079 2.1076 12 HTXRD was conducted from room temper-
: 2 ¢ uzn 2.0209 23 ature up to 930°C. Figure 4 shows a typical
0 0 4 20184 2.0190 22 result. The a-PdP,0Q, disappears completely
3 1 3 1.9972 1.9978 6 :
5 1 2 1.9278 1.9246 5 atabout 735°C, while the 8-PdP,0, appears
5 1 -3 1.8716 L.8715 4 at about 660°C and disappears at about
4 0 -4 1.8258 1.8256 6 815°C. At the maximum temperature of
3o -4 18070 1.8070 4 930°C, the diffraction pattern consists of the
; :la _: ::’;gg: i;gig g lines of Pd metal, those of Au metal for
1 1 0 1.7062 1.7064 3 sample holder, and one sharp line which
4 2 -3 1.6842 1.6848 5 seems to originate from Pd;P, i.e., 4, =
0 3 ] 1.6832 1.6812 4 2.26 A (15, 16), and seems to be exaggerated
71 ! 1.6711 1.6728 5 by preferred orientation.
§ ‘I’ 2 ::g?:i ::2?513 1‘51 It was noted that the a-to-8 transition
8 o 0 1.6306 1.6314 3 temperaturc of 908°C by DTA is much
1 0 -5 1.6285 1.6276 7 higher than that by HTXRD. To explain this
5 1 ~4 1.6211 1.6217 6 difference, we must take the heating rate
6 2 -1 L1554 1.5951 7 into account: 10°C min~! = 600°C hr~! in
A 4 15901 1.3910 ®  DTA and 20°C hr! in HTXRD. Figure 5
2 2 -4 1.5826 1.5829 10
1 2 4 1.5593 1.5588 5 shows TG-DTA curves of a-PdP,O¢ mea-
8 1 0 1.5548 1.5549 5 sured respectively at extremely different
7 1 . 1.5405 1.5405 3 heating rates of 20°C min—! = 1200°C hr~!
T2 0 15110 1.5106 10 and 2°C min~! = 120°C hr~!. In the faster
2 i ; I::ggg }::g;l;t g hea?ir}g conditions (Fig. 5a), the DTA curve
8 0 2 1.4480 1.4485 3 exhibits one clear peak around 900°C, but
3 2 4 1.4464 1.4460 3 the TG curve indicates a negligibly small
1 3 3 1.4301 1.4303 3 weight loss. That is, the e phase transforms

promptly around 900°C into the 8 phase with
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FiG. 4. High-temperature XRPD pattern of PdP,0 using Cu Ka radiation.

little decomposition at the rate of 20°C
min~'. On the other hand, Fig. 5b shows
that the slower heating conditions induces
the gradual decomposition at a temperature
above 800°C, and that the DTA curve indi-
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FiG. 5. TG-DTA curves of PdP,0 for heating pro-
cesses at a rate of (a) 20°C min~' and (b} 2°C min~’.

cates two peaks, one broad and another
small one, around 900°C; in light of the
HTXRD results, the former broad peak is
probably ascribable to both the « and 8 tran-
sition and the subsequent sluggish decom-
position of the 8 phase, and the latter peak
to the sudden decomposition of all the 8
phase. The results of Figs. 3, 4, and 5 show
the dependence of the a-to-3 transition on
heating rate in the same manner as the inter-
mediate metastable phase of Bi,MoQ, (7).

Furthermore, since DTA does not distin-
guish between thermodynamicaliy stable
and metastable phases, and since the above
TG-DTA results of the dependence of the
transition temperature on heating rates sug-
gest the a phase seems to be metastable,
the relative stability between the « and the 8
phases was checked by the isothermal heat
treatments; each phase put individually into
a separate gold crucible was simultaneously
heated below 700°C. The starting 5-PdP,0;
including a very small quantity of Pd was
prepared beforehand by quenching. As are-
sult, for example, the heating at 607°C for
87 hr brought the starting a-PdP,Og into
B-PdP,O, completely; however, the starting
B-PdP,0, was kept unchanged. The subse-
quent heating at 637°C for 64 hr led to the
same results. Despite of the long heal treat-
ments, we could not detect any weight
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change in the samples before and after heat-
ing. In addition, when only the 8-PdP,0;
was kept at 503°C for 280 hr, a recognizable
change was merely an oxidation of Pd metal
impurity. These results indicate that the 8
phase is more stable than the « phase at
lower temperatures than 900°C, and that the
reversible transition shown in Fig. 3a may
be a seeming character. Thus, we can con-
clude that 8-PdP,0Q, is a stable phase. On
the other hand, from both the present results
and the above TG-DTA results, we infer
that «-PdP,0, might be a metastable phase.

Not only PdO (18) but also some mixed
palladium oxides (10, 1/, 19) show good
electrical conductivity at room temperature;
they are all semiconductors. Thus, we ex-
pect that the present compound, PdP,O,,
has such a property. However, PdP,0,
seems to be an insulator as long as we
checked it.
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