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The decomposition of single crystals and powders of K,PdCI, in a hydrogen 
atmosphere was investigated by means of thermogravimetry (TG) at temperatures 
between 85 and 170°C and by optical microscopy. The rate of decomposition is 
controlled by a combined process of nucleation and growth_ The activation energy 
was calculated to be 15.2 f 0.5 kcal mol- 1 for single crystzls and 13.5 & 0.4 kcai 
mol-’ for powders_ The results are compared with those obtained for K,PtCI,_ 

An attempt was made to explain the differences in the orientation relationships, 
previously determined by X-ray diffraction, between K,PtCI, and K,PdCI,, Rb,PdCJ, 

and I&PdBr$ and 

l3iiODUCTION 

their decomposition products with a different kinetic behaviour. 

As reported earlier’ singIe crystals of K&Cl4 and K2PdCla have been de- 

composed in a hydrogen atmosphere, according to the reaction KzMCI, + H2 + 
2KCI+M -+ 2HCl r (M = Pt or Pd) and the orientation relationships between the 
single crystals and their polycjstallioe decomposition products have been investi- 
gated’. The orientation relationships appeared to be different for both compounds, 
and no explanation of the observed relationships has been given, in cases where a 
fitting process; based on the simiiarity of the inter-atomic or -ionic distances in 
parahel directions, has failed - ’ f Because, for the two compounds mentioned above, 
all corresponding lattice parameters of the crystals involved in the decomposition 
process are equal to within a few hundredths of an Angstrom, no explanation could 
be baaed on~gkometrical factors. Therefore, an attempt was made to find an explana- 
tion based on differing kioetic behaviour- . . - 

The results of the reaction kinetics obtained for KaPtCi+. have been reported 
p~vious~y5. This Paper deals mainly with .the reaction kinetics of KaPdQ. The 
orientation relationships between single crystals of K,PdBr, anVd’R&PdCi4 tid their 
decomposition products in hydrogen have also been studied. These’ two salts-belong 
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to the same tetragonal space group, but their unit a41 dimensions are iarger6_ Pre- 
liminary results reveal the same relationships as for KrPdCI,. 

The preparation and the morpholo_ey of the single crystals have been described 
clsewhcr@. The powders were obtained directly from Drijfhout (Amsterdam) or 
prepared from the corresponding reagent grade alkali- and palladium halides in acid 
solution_ The diameter of the particles ranged from I to 50 pm. 

The wei@ toss of the decomposition reaction of K2PdCI, in hydrogen was 
measured as a function of time by thermogravimetry in the same way as for K2PtCIas; 

a s>-mmetricai thermobaIance was used’_ 

The sin& crystals were examined under a microscope and SEM views were 

made of the { IOOj faces of K2PdCI, and K2PtCla. Cross-seztionsofpartlydecomposed 
KsPdClz, Rb2PdCls and K:PdBr, single crystals. embedded in a two-component 
resin, were investigated by dark field microscopy_ 

ii~CO3!?OSmOS OF SISGLE CRYSTALS OF K2PdC14 

When sir&e crystals of K2PdCI, are heated gradually in hydrogen, black 

ne&Ies develop at the surface and inside the matrix of the crystals at about SO’C. 

Each needle arises instantaneously and becomes slowly thicker and longer. These 
ne&ies, stretching in the <lOO> directions, are probably due to edge dislocations. 
Their formation can oniy be revealed under a microscope and cannot be detected 

thermogravimerrically_ 
On further heating at temperatures above I IO’C, the decomposition extends 

all over the crystal surf=. In contrast to the behaviour of K,PtCl,, where the 
reaction pro?- with a rather flat interface from the surface into the bulk of the 
crystal, the reaction interface of K?PdCI, is very irregular (see Fig. I). A cross-section 
of a partly decomposed crystal reveals many very thin, irregularly-shaped sheets of 
decomposed material. These sheets extend from the surfact into the bulk of the 
crystal along (001) planes_ By analo,T with the formation of the needles, it may be 
assumed that these thin sheets also develop very quickIy. During the reaction process, 
these sheets grow slowly in the direction of the C-axis and new sheets develop from the 
crystal surface or from the ends of the thickened reaction layers. Just as for K2PtCi4, 
the porosity of the decomposed region is large, due to a 33% decrease in the volume of 
the solid state combined with the maintenance of the originai external dimensions of 

the crystal; hence, the ,wous products HZ and HCI can diffuse freely to and from 

the reaction interface, and diffusion is not a rate-controiling step_ Therefore nucleation 
and gowth of the nuciei a.re left as possible rate-determining steps. These two steps 

cannot be separated beta-use both steps occur simultaneously and contribute to the 
decomposition rate. 
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Fig. I_ Cross-sections of partiy-dccomposcd single crystals of KzPdCIs (upper), RbzPdC:a (middle) 
and K+PdBra (lower) parallel to a (100) crystal faa with the C-axis horizontal. Magnification 40x. 

Calcdahm of kinetic parameters 

At any gisen momenS the decomposition rate is proportional to the exrent of 
the reaction interface. However, due to its irregular shape, the reaction interface 

cannot be related directly to the de_gee of decomposition, as could be done for 

K2PtC14. In the case of K2PdC1, the reaction interface depends not only on the 

degree of progress of the reaction, but also on the behaviour of the individual cry&l, 
and on the decomposition procedure followed. Therefore the activation energy of the 
reaction could not be calculated by comparison of the decomposition rates of different 

crystals, each of which had been decomposed isothermally at a different temperature. 

For this reason, a stepwise decomposition procedure was applied to the single crystals 

to calcuiate the activation ener,ey. Each step corresponded with a certain reaction 
temperature. After each 10% of decomposition, in which about two steps at different 

temperatures were measured, one step was carried out at a fixed chosen reference 
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temperature5_ From the slopes of the steps in the weight change curve, representing 
the rates of decom_position, the following formulae can he dcriveds 

dG 
v= -_-=k-A 

dr 

Wpr z) = W-d - A(Tx, 2) (2) 

F(Ti, ‘1) = k(Ti) _ A(T;. Z) (3) 
where the following symbols are used: V, rate of decomposition of the spacific step; 
k, rate constznt at the specific temperature; A, extent of the reaction interface at the 

specific step; I = (G, - G,)/(G, - G,), degree of pro_gress of the reaction; GO, 
weight at I = 0; G, weight at I = r; G,, weight after completion of the reaction; 
T,, reference temperature; and Ti, temperature of a S~CCSC step. 

When P(T., cz) is plotted against the mean value of the degree cf decomposition 
I of a step, a rather smooth curve is obtained (see Fig. 2, which applies to single 
crystal 1). Xl& supports the assumption that discontinuities, which might appear in 
the dtvelopment of the in&- can be negkcted_ With each mean Q value of a step, 
carried out at one specific temperature Ti, there corresponds a value of A(&, a), 
which must lie between the A(T,, a) values befonging to the adjaant points on the 
v(T- a) versus d curve, obtained a~ the rcferenoe temperature. Therefore, the value 
of v(T,, a) which should correspond to this value of the interfaoc A(Ti, a), and thus to 
the mean cz value of the step at the tcmpcraturc Ti, can be approximated by inter- 
poiation between the points of Fig. 2 
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TABLE 1 

SEPWISE D-OX OF SISGLT CRY5rAL I OF KzPdCh. THE F EFmE?KETEMPEstA~~ &Is 128.9=x; 
tiT#. a) JS THE DECO4fPOSmO N RATE AT TB@ERATURE z ASD AT ME MEAX DEGREE OF DBG?i d 

110.7 1.02 - JO-* 0.38 
113.6 0.90 - IO-’ 059 
113.8 I.19 - IO-’ 0.37 
i 17.1 1.15 - 10-z 0.58 
l18.0 1.32 - IO-” 0.36 
121.2 1.40 - IO-’ 0.18 
124.6 1.85 - lo-’ 0.34 
1252 1.65 - 10-z 057 
125-4 1.78 - IO-* O-17 
1303 2_50 - 10-z 0.14 
130.9 1.52 - lo-’ 0.73 
132.7 243 - lo- 0.24 
133.1 2.00 - lo-’ 0.66 
137.8 3.09 - IO-’ 0.06 
138.6 3.35 - lo- O-47 
1403 3.87 - ICF’ 051 
140.8 265 - 10-Z 0.69 

2.27 - IO-’ 0.449 
1.86 - lo-= 02484 
2.26 - IO-2 0527 
1.90 - 10-z 0.605 
2X5-10-2 0.587 
220 - lo-’ 0.636 
2.23 - 10-t 0.830 
1.98 - IO-” 0.833 
226 - lo-2 0.788 
232 - IO-’ 1.078 
1.24 - 10-z 1226 
2.01 - 10-z 1.209 
1.53 - IO-” 1.307 
1.92 - lo-’ 1.609 
223 - IO-~ I502 
216 - lo-’ 1.792 
1.39 - 10-t 1206 

l -l-k scqirtncc of the steps during the decomposition follows from the increasing %aIue of 6. 
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FIN. 3. Arrhcnius plot of single crystal r(O) and powler I(0) of KzPdCL.. . 



This value of F(T,, z) can be expressed as 

p(T,, 2) = w-a) - fwi, 4 w 

In this way, the activation ener,oy E,,- gjven by the Arrhenius equation 

k = k, exp (- EJRT) (5) 

can be obtained for each temperature Ti by division of the expressions (3) and (4)_ 
This gives (see Table 1) 

In (,(Ti. ~)/v(Tp. 2)) = - (l/T, - l/T,) - EJR (6) 

The Arrhenius plot of the logarithmic term of eon. (6) vs. I/Ti yields a straight line. 
This indicates tbt the assumed mechanism is a valid one_ 

The value of E,, obtained from the Arrhenius plot is (see Fig. 3), for single 
crystal I. 15.1 + 0.4 kc21 mol-‘. The mean value of E,,, for ali three decomposed 
single crystals, is 15.2 & 0.5 kc31 mol- ‘. 

DECOW’CXXTlON OF POWDERS OF K,PdCI, 

The results of isothermally-decomposed powders could not be fitted to one of 
the well-known kinetic laws, which are based on models concerning nucleation and 

growth in hetcrogzncous systems*- g_ Therefore, the stepwise decomposition method 

111.7 LOO - lo-’ 
1158 250 - IO-’ 
11137 3.33 - lo-’ 
129.1 325 - lo-’ 
131-3 595 - lo-’ 
1313 3.33 - lo--’ 
1335 A67 - IO-’ 
1358 7.18 - IO-’ 
1381 830 - IO-’ 
139.9 1.83 - IO-’ 
113.2 9.33 - IO--’ 
1441 1267 - IO-’ 
l-s_7 15.25 - lo-’ 
150.6 JCO - lo-’ 
1512 1 I33 - lo-’ 
1542 11.67 - IO-’ 
155-6 6.63 - IO-= 
1583 7-17 - lo-’ 

0.01 6.42 - lo-’ 0312 
0.02 7-a - IO-= 0355 
O-03 7.64 - 10-l O-36 
052 5.65 - lo-’ 0575 
O-CM 8.33 - IO--’ 0.630 
053 5.47 - lo-” 0.609 
OS 1 591 - IO-’ o-790 
0.33 955 - 10-f 0.752 
0.35 926. IO-’ 0918 
0.65 1.93 - IO-’ OS8 
0.40 8.53 - IO-’ IBM 
022 1050- IO-’ 1207 
0.12 10.14 - 10-z 1.504 
026 1032 - m-= 1.405 . 
O-43 7.93 - lo-= I.429 
O-45 7.38 - IO-= 1.581 
058 4.10 * lo-’ 1.617 
O-60 3.59 - IO-’ 1997 

r Tk sequence of the steps during ~hc dccompasition follows from the inarasing value of d 
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outlined above was also applied to the powders. The reaction rates ‘of two different. 
powders uitre plotted for the same reference temperature as a function of the degree 
of decomposition_ This confirmed the idea that, as for singIe crystals, different 
samples do not behave reproducibly, due to the irre&arities of the reaction interface. 
The calculations were based on the same equations used for the single crystals. The 
results for one powder are listed in Table 2 and illustrated in Fi_es_ 3 and 4_ The value 
of the activation ener_ey for this powder is, (powder I), E* = 13.4 + 0.4 kcal mol-‘. 
‘Ihe mean vaiue of the activation ener_gy for both decomposed powders is EA = 

13.5 * 0.4 kcal mol- ‘. 
These values are smaller than those obtained for single crystarS_ This can be 

expIained from the fact that the influence of the nucleation in the combined decompo- 
sition process is Iarger for powders than for single crystals, owing to the small 
dimensions of the powder particles 5_ Since the nucleation reaction probably has a 
lower activation ener_q than the growth, this results in a lower overall activation 
ener_gy for the decomposition of the powders Microscopic observations revealed that- 
even at rather low decomposition temperatures all powder particles are covered 
within a few minutes with a black layer of decomposed material_ This supports the 

assumption that the nucleation rate is fast. 

coNCLuSI0S.S FOR K 2PdCIz 

(i)_ The decomposition rate is determined by a combined process of nucleation 
and growth for singIe crystals as well as for powders. 

(ii). The decomposition rate of the single crystals and of the powders is propor- 
tional to the extent of the irreguIar interface. 

(iii)_ Only the activation energy of the combined process of nucleation and 
growth can be calculated. 

COHPAR~SONOFTHERESC;LTSOBTA~NEDFORK~P~C~~, K,PdCI,, Rb,PdCi,AhmK,PdBr, 

(1). The decomposition rate of the single crystaIs of K2PtCL is only determined 
by growth, whereas for K,PdCI, both nucleation and growth are involved_ 

(2). Cross-sections of partly-decomposed single crystals of K,PtCI, reveal that 
the reaction interface is smooth and that the thickness of the decomposed layer is 

equal in all crystalIo_graphic directions. In the case of KIPdCla and Rb=PdCI, the 
reaction interfm is very irregular and consists mainIy of sheets perpendicular to the 
C-axis. For KIPdBr, the interface resembles that of K ,FtCl,; however it is less tit 
(see Fig. I). These differences are probably due to lattice defects. Microscopic 
observations of the single crystals reveal that K,PdCI, and RbzPdCIJ develop many 
lattice defects, lying along (001) planes. At the (100) crystal surf&es these lattice 
defects show as cracks perpendicular to the C-ax& The K,PdBr, crystals are more 
perfect, while the KzPtCIJ crystals are the most perfect ones. SEM views of K,PtCl, 

and K2PdCIe crystals confirm these observations_ . 



(3)_ The decomposition of powders of K2PtCfh is controlled by nucleation, 
while for K#dCJ& the decomposition rate is governed by both nucIeation and 
growth_ Microscopic observations of the decometion process of RbrPdCJs and 
K,PdBr, powders reveaJ the same behaviour as for K,PdCJ,. 

(4). In the case of K,PtCJa, the activation energies for growth, &, and nuclca- 
tioq Es, are 30-8 I_ 1-O and 162 & 1.4 kcal mol”, respectively, while the activation 
ener*v of K2PdC14 varies from 15.3 i: OS kcaJ mol- ’ for singJe crystals to 13.5 &- 
0.4 kcaJ mol” for powders, 

(5). It follows from conclusions (3) and (4) that nucleation occurs more easily 
for the three palladium salts than for K,PtCl,- AJthou&, unfortunately, the activa- 
tion energies required for the nucleation of the Pd salts cannot be determined separate- 

ly. these ener$a are probably lower than for K#tCJ,. 

(6)_ When the orientation relationships be~weea the single crystals of aJJ four 
compounds and their decomposition products are compared, it is noticcd that for the 
Pd saits 0nJy two reJationships are found, as against four in the cast of KzPtCJ~- The 
orieniazions of the new phases are probably settled during the nudeation process. 
Less orientation rclationsbips can follow from a lower value of the activation energy 
required for nucleation, zince it may be assumed that a lower activation erierw 
permits fturtr orientations to develop- FinaJJy, it is cxmciuded that the orientation 
relationships shown by the di&rent crystals can be related to di.fhenccs-and 

resemblances ia their kinletic behaviour when geometrical factors arc excJudaL 
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