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Conventional and high-resolution electron microscopic studies of electrolytically deposited palladium 
hydride reveal a fascinating variety of surface profile morphologies. The observations provide direct 
information concerning the surface structure of palladium electrodes and the mechanism of electrolytic 
deposition of palladium black. 0 1991 Academic PXSS. ~nc. 

1. Introduction 

Metal hydrides remain of continuing in- 
terest to solid state scientists, due to the 
potential technological importance in fis- 
sion and fusion reactors, full cells, and en- 
ergy storage systems (I, 2). Fundamental 
studies of the interaction of hydrogen with 
metals was revived recently with the report 
of meltdown of a Pd-D electrolytic cell (3). 
The Pd-H system has been studied for over 
a century and it represents a model system 
from the structural, thermodynamic, and 
kinetic points of view, due to the high solu- 
bility and mobility of hydrogen (also deute- 
rium and tritium) in the face-centered-cubic 
(f.c.c.) palladium structure. X-ray and neu- 
tron diffraction have been used for preci- 
sion lattice parameter and structural deter- 
minations (2). Nuclear magnetic resonance, 
quasielastic neutron scattering, and Moss- 
bauer effect have been used for the study of 
hydrogen diffusion in palladium (2). How- 
ever, very few, if any, studies have been 
reported using the technique of high-resolu- 
tion electron microscopy. 

In this paper we present some results of a 

conventional and high-resolution transmis- 
sion electron microscopic study of den- 
dritic structures found at the surface of pal- 
ladium thin foils which had been used as an 
electrode in an electrolytic cell. The obser- 
vations, which were quite incidental to our 
original purpose, provide much stimulating 
information concerning the surface struc- 
ture and morphology of palladium elec- 
trodes and the mechanism of electrolytic 
deposition. 

The experimental methods and results 
are first described (Sections 2 and 3). The 
structural and morphological results are 
then discussed (Sections 4 and 5). 

2. Experimental 

Three-millimeter discs were cut from 25 
p thick sheets of high purity palladium 
metal (99.9%) using an ultrasonic drill. The 
discs were then thinned electrolytically us- 
ing a commercial electrochemical jet pol- 
ishing apparatus. The specimen was used 
as the anode. The electrolyte was a mixture 
of SO% CH30H, 33% HN03, and 17% 
H3P03. The electrolyte temperature was 
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24°C. VIZ was 2 VI6 mA for 15 min. or until 
fine pinholes just appeared in the center of 
the disc, which was then used for electron 
microscopic observations. H+ was com- 
pressed galvanistically into the prethinned 
Pd discs described above using as electro- 
lyte a mixture of 5% CzHSOH and 50 mol% 
HZS04 for about 1 hr. The specimen was 
then made the cathode in the jet electropo- 
lisher at room temperature (25°C). The an- 
ode was either palladium or platinum foil. 
VIZ was 1.5 V/5 mA. 

Three samples were prepared using 
slightly different procedures as follows: (A) 
electrochemically polished from both sides 
of the disc; (B) as for A followed by H+ 
loading from one side only and (C) H+ was 
loaded from both sides of a 25-grn thick 
disc, which was then electrolytically 
thinned from both sides. The last prepara- 
tion was designed to allow us to look for 
hydride structures in the interior of the Pd 
foil, i.e., at least 10 ,um from the original 
electrode surface. 

The thin specimens were examined in the 
ultra-high-resolution pole pieces of a 
JEOL-4000 EX electron microscope, with 
spherical aberration coefficient C, = 1.0 
mm, equipped with a GATAN electron en- 
ergy-loss spectrometer with parallel detec- 
tor (PEELS). The latter allowed us to study 
the chemical and electronic structure from 
small volumes of the dendrites, down to 
-10 nm diameter. 

3. Experimental Results 

a. Sample A. The electrochemically 
thinned disc of palladium showed a clear 
bright, smooth surface. Dislocations, 
twins, and stacking faults were common as 
expected for a f.c.c. metal. Figure 1 is a 
high-resolution image of- a (111) twin 
boundary viewed along [loll. The selected 
area diffraction patterns (inset Fig. 1) con- 
firm the twin operation across (111). Note 
that a few stacking faults (extended disloca- 

tions) are visible (arrowed in Fig. I), lying 
parallel to { 11 l}. Careful annealing and han- 
dling of this sample allowed the defects to 
be reduced to virtually zero. 

6. Sample B. This hydrogenated Pd spec- 
imen showed the rough, black powdery sur- 
face characteristic of palladium black (4). 
Selected area diffraction patterns showed 
essentially f.c.c. palladium structure. Mi- 
crocrystallites 100-500 A in diameter ap- 
pear at high magnification (Fig. 2a). The 
high-resolution images (Fig. 2b) contain 
many stacking faults and defects compared 
with pure palladium. The surface morphol- 
ogy is also quite different. The f.c.c. crys- 
tallites contained dislocations, multiple 
twins, and stacking faults. The microcry- 
stallites may be aggregated together to pro- 
duce beautiful dendritic tree patterns for 
specimens given relatively short hydroge- 
nation treatments (Fig. 3). 

Parallel electron energy-loss spectros- 
copy (PEELS) analysis of microcrystallites 
from such a tree showed both Pd and H 
edges (M4,5, 334.7 eV for palladium and K,, 
13 eV for hydrogen). We were not able to 
detect platinum peaks. The absence of the 
latter implies that there is negligible trans- 
fer of metal ions from a platinum anode to 
the palladium cathode during specimen 
preparation. Similarly, we were not able to 
detect oxygen in the dendritic structures, 
although this is believed to be typically 
found in palladium black (5). 

Figures 3a and 3b show a bright-field] 
dark-field pair of images of a dendritic tree. 
In another paper we report a fractal analy- 
sis of the surface profiles (6). The trees 
have a typical coastline dimension 1.80- 
1.83, which is in good agreement with a 
cluster-cluster diffusion-limited aggrega- 
tion model (D, = 1.80) (7). The selected 
area diffraction pattern of the whole tree 
(Fig. 3c) showed that it consists of a mass 
of palladium black crystallites which are 
preferentionally oriented with [ 1 lo] the 
common direction (parallel to the electron 
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FIG. 1. A high-resolution image of (11 I) twin boundary in pure palladium viewed along [ liO]. The 
selected area diffraction is inset. 

beam in Fig. 3~). The spotty ring pattern 
gave d-values consistent with the cell pa- 
rameters of palladium metal (a = 3.90 A). A 
selected area diffraction pattern from three 
parallel leafs of one branch of the tree 
(shown and enlarged in Fig. 3e) is given as 
Fig. 3d. This shows the leaves to be aligned 
almost exactly parallel to each other, with 
[l lo] common. The almost perfect align- 
ment of the microcrystallites parallel to 
[llO] may also be deduced by comparison 

of the bright-field/dark-field pairs of images 
(Figs. 3a,b) which show almost perfect con- 
trast reversal. Part of a high-resolution im- 
age is inset as Fig. 3f. Further enlarged im- 
ages of dendrite branches are given in Figs. 
3g-3h, showing how the microcrystallites 
aggregate together. Note the preferential 
alignment of defects within adjacent micro- 
crystallites in Fig. 3g. 

Figures 4a-4c give high-resolution lattice 
images, showing fine detail of the internal 
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FIG. 2. (a) Rough surface of sample B (palladium black) shows microcrystallites 100-500 A diameter 
and (b) high-resolution image showing detail of the surface morphology. 
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structure and interfaces between micro- 
crystals. Complex twinning and inter- 
growth structures appear, and the surface 
morphology is convoluted. Some of the 
crystallites are roughly circular in profile 
but most have irregular shape. The high 
density of microtwins and lamellae inter- 
growth defects suggests that these are asso- 
ciated with the electrolytic hydrogenation 
process, either to relieve mechanical stress 
due to hydrogen occupying octahedral sites 
in the palladium (see discussion below, 
Sections 4 and 5) or else providing direct 
access to hydrogen via a chemical diffusion 
mechanism, with the hydrogen incorpo- 
rated in the defects (cf. chemical twinning 
(8)). The twinning may be parallel (Fig. 4b) 
or rotational (Fig. 2d) giving rise to multiply 
twinned particles. Figure 4c sdows an area 
where microcrystallites joined the palla- 
dium substrate. The latter contains many 
short defects lying on (111) planes. Both the 
twins and the stacking faults lie parallel to 
{ 11 l} type planes. Note the fringe shift of 
certain lattice planes on crossing stacking 
faults (sight along the lattice rows in Fig. 
4~). Note that the stacking fault density in- 
creases with increasing specimen thick- 
ness. 

Figure 5 gives a series of surface profile 
images, showing different stages of devel- 
opment of the surface morphology. Isolated 
dendrites (Fig. 5a) give way to impinging 
dendrites (Fig. 5b), which then tend to 
coarsen (Fig. 5c) and finally take more fa- 
cetted crystallographic shapes which tend 
to pack together along the surface (Fig. 5d). 
In the latter two stages the surface profile 
tends to show a quasiperiodic character. 
This sequence corresponds to increasing 
electrolysis time. A self-affine fractal analy- 
sis has been carried out of this process (see 
(6) for details). 

c. Sample C. After the rough palladium 
black surfaces were polished away a 
smooth, clean bright surface again ap- 
peared. These specimens showed a high 

density of short line contrast defects, paral- 
lel to { 11 l} type planes of palladium. These 
were always associated with dislocations or 
stacking faults (Fig. 6a). High-resolution 
images reveal dilational-type strain fields 
corresponding to the tail of the dislocations 
(Figs. 6b and 6c), suggesting that the stack- 
ing faults are extrinsic. 

4. Structure of Internal Defects 

Palladium has the f.c.c. structure with 
cube edge a = 3.890 A. Figure 7 shows a 
perspective view of the unit cell, showing 
the positions of the atoms (a) and the octa- 
hedral and tetrahedral interstices, empha- 
sized by drawing nearest-neighbor bonds in 
(b). There are twice as many tetrahedral as 
there are octahedral sites. Using the close- 
packed layer description (9) f.c.c. palla- 
dium may be represented by the stacking 
sequence ABCABC. . . . By reversing the 
normal alternation of atomic planes we ob- 
tain a mirror symmetry configuration; i.e., 
a twin. Thus the sequence ABC & BAC 
. . . represents a (111) mirror twin bound- 
ary (the arrow denotes the position of the 
twin composition plane. 

Twins and stacking faults as discussed 
above may be introduced by plastic me- 
chanical deformation of palladium, e.g., by 
bending or cold working of the original pal- 
ladium foil. However, the relatively high 
density of defects in specimen B relative to 
specimen A implies that diffusion of hydro- 
gen, and possibly oxygen to a lesser extent, 
into the metal may produce an expanded 
structure (a’ > a). Hydrogen is known to 
occupy octahedral interstices (IO), causing 
an increase in the average cell parameter. 

It seems to us that the observed defects 
probably include hydrogen-induced stack- 
ing faults as well as oxygen-induced non- 
stoichiometric intergrowth defects. Both 
hydrogen and oxygen dissolution should 
occur preferentially in association with 
stacking faults and microtwin lamellae 
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G. 3. (a,b) A bright-field/dark-field pair of images of a dendritic tree (palladium black). (c) Selected 
diffraction pattern of (a), showing spotty-ring pattern of f.c.c. crystallites with preferential orien- 

In [I lo]. (d) Selected area diffraction pattern from three parallel branches (circled in (a)), showing 
,le [I lo] zone spot pattern. (e) Enlargement of area contributing to (d). (f) Part of a high-resolution 
:e. (g, h) are high magnification images showing various ways the microcrystallites are aggregated 
ther. Note alignment of defects in adjacent microcrystallites. 
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which exist in the palladium prior to elec- The observation of multiply twinned mi- 
trolysis. Oxygen, as well as hydrogen, crocrystallites (Fig. 2b) and other features 
should be readily available, due to absorbed of the dendritic structures shows clearly 
water or ethanol molecules from the elec- that there is a complex process occurring at 
trolyte . the electrode surface, involving both partial 
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FIG. 4. (a-c) Fine detail of intergrowth defects and interfaces of palladium black. Note small defects 
in (c). 

dissolution and deposition mechanisms. 
This will be discussed in the next section. 
The high-resolution images are used for 
atomic structure modelling and computer 
simulation. 

5. Discussion of Electrode Reactions 

Essentially we are concerned here with 
the cathodic dissociation of HZ0 to produce 

active hydrogen (H+) and its simultaneous 
absorption into the metallic cathode. The 
instability of the Pd electrode surface, char- 
acterized by the growth of three-dimen- 
sional dendrites, must be associated with 
the electrolytic reaction. The observed 
morphology requires simultaneous electro- 
dissolution and electrocrystallization pro- 
cesses. These highly defective structures 
provide irrigation channels for the migra- 
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FIG. 4-Continued 

tion of chemiadsorbed hydrogen atoms. In- 
ternal defects (stacking faults, partial dislo- 
cations, intergrowth defects, lamellae 
twinning, and multiple-twinning) presum- 
ably provide local paths for enhanced diffu- 
sion of hydrogen, and possibly oxygen. 

The process of dendritic growth of palla- 
dium black particles on the Pd cathode has 
been described as a multistep, recurrence 
electrodereaction (5). Contributions to den- 

dritic growth may involve both cathodic 
and anodic reactions. The reader is referred 
to (5) for a statement of fairly modern theo- 
ries of electrochemistry. 

Electrodeposition involves a surface dif- 
fusion process in two or three dimensions. 
It contains some of the elements of a ran- 
dom growth process, but it is further con- 
trolled by the electric field (external 
source), which obeys Laplace’s equation. 
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con rputer simulation of the formation of 
dent hitic growths, and the changeover to a 
coal sening growth mechanism (see Fig. 5) 
was achieved by Vicsek (12). An elemen- 
tary theory of dendrite formation is pre- 
sent ed next, for its physical understanding. 
The reader is referred to Ref. (12-16) for 
rece nt reviews of fractal approaches to het- 

FIG. 4-Continued 

erogeneous chemistry and fractal gro 
phenomena. 

wth 

a. Classical theory of dendrite format1 ion. 
Suppose that a macrospiral growth de- 
velops on a flat Pd surface. The tip of the 
spiral may have a small radius of curvat :ure 
(approximately a few nm) (Fig. 8). Thi s is 
virtually a point sink with a radius of cm -va- 
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FIG 
(a), im 
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e s of four surface profiles for increasing electrolysis periods. Note isolate ,d dendrit e tl rees 

.rees (b), coarsening(c), and development of quasiperiodic compacted CI ‘Y stallites in Cd). 
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FIG. 5-Continued 
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FIG. 6. Low (a) and high-resolution images (b, c) of small planar defects (stacking faults/partial 
dislocations) in Sample C (bulk hydrided palladium). 

ture much less than the diffusion layer density to the spiral tip is much higher than 
thickness (r Q 6). Under these conditions to a protuberance with a radius of curvature 
there is spherical diffusion to the point sink, equal to the diffusion layer thickness. It fol- 
and the limiting current density is propor- lows, therefore, that electrogrowth tends to 
tional to l/r rather than to 118, which is the become concentrated at the spiral tip. The 
case for linear or planar diffusion (5). Since tip tends to grow faster than the rest of the 
r < 6, it is obvious that the limiting current substrate. This is part of the basis of the 
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a b 

FIG. 7. The f.c.c. structure of Pd highlighting a per- 
spective view of the unit cell (a) and the octahedral and 
tetrahedral interstices (b). 

theory of the growth of long, thin, fast- 
growing facetted rods, which sometimes 
shoot out from the electrode surface. These 
dendrites usually grow side arms, ending up 
like fir trees (Fig. 3). 

b. Hydrogen transfer catalysts. The 
transfer of hydrogen from the electrolyte 
into the Pd crystal structure comprises two 
steps. (I) The dissociative chemisorption of 
hydrogen molecules at the Pd surface and 
(II) the passage of hydrogen atoms from 
surface sites into the lattice 

(5) 

Absorbed hydrogen atoms, which can get 
desorbed in either a chemical or an electro- 
die reaction as hydrogen molecules, may 
diffuse out into the solution as gas bubbles. 

FIG. 8. Representation of the elementary dendrite 
theory. The tip of a macrospiral has radius of curva- 
ture r e S (diffusion length) and hence the growth rate 
is much greater at the tip than on a flat surface. 

This is a visible desorption of hydrogen. 
There is also a route for hydrogen into the 
surface. Thus adsorbed hydrogen atoms 
can dissolve into the metal. Since one has 
started off with zero concentration of ad- 
sorbed hydrogen inside the bulk of the 
metal, a gradient of hydrogen concentration 
develops from the surface to the interior. 
This gradient will tend to drive hydrogen to 
diffuse into the metal. Thus the dendritic 
growths plays an important role in hydro- 
gen transfer catalysis, greatly increasing 
the active surface area on which active dis- 
sociation of H occurs. The hydrogen atoms 
from the catalyst surface spill over to the 
Pd surface and they enter the lattice. The 
twins, stacking faults, and partial disloca- 
tions provide irrigation channels for the dif- 
fusing hydrogen. Hydrogen will also diffuse 
through the lattice interstitial sites, e.g., oc- 
tahedral sites, but grain boundaries and 
cracks will offer lower resistance to diffu- 
sion. It may not be an exaggeration to sug- 
gest that the dendritic surf&es act as a 
“hydrogen transfer catalyst” reservoir. 

c. Trapping of hydrogen. When a hydro- 
gen atom enters the palladium lattice there 
may be a certain displacement of the sur- 
rounding atoms, to accommodate the hy- 
drogen interstitial atom. This feeds through 
to an overall increase in average cell param- 
eter, with the dilation increasing according 
to the hydrogen content. All the lattice im- 
perfections will also tend to dilate the crys- 
tal with respect to the original ideal f.c.c. 
structure (10). Hence adsorbed hydrogen 
will first tend to locate at lattice imperfec- 
tions and grain boundaries. The more rapid 
diffusion of hydrogen takes precedence 
over the diffusion of oxygen, also being 
driven by the higher chemical potential for 
formation of PdH compared to PdO. The 
major extended defects in bulk palladium 
are the partial dislocations shown in Fig. 4, 
which will presumably trap hydrogen in the 
dilatation strain field of the partial, which 
extends for - 13-40 A. Shockley and Frank 



DENDRITIC SURFACE MORPHOLOGY OF Pd-H SYSTEM 417 

negative dislocations correspond to inser- 
tion of an extra plane (extrinsic stacking 
faults). We expect that the hydrogen solu- 
bility in palladium at room temperature 
may be considerably enhanced by increas- 
ing the dislocation densities by plastic de- 
formation. 

d. Practical effects of dendrites. In en- 
ergy storage devices (batteries) dendrites 
often rupture the membranes which sepa- 
rate the electrodes. They may finally cause 
short-circuits and battery failure. In elec- 
trodeposition processes designed for the 
production of metal powders, dendrite for- 
mation is to be avoided because it leads to 
particles of undesirable size and packing 
density. Dendritic surfaces may also in- 
crease electrocatalytic reactions and the 
electrical capacitance of the electrical dou- 
ble layer, i.e., the interface between the 
electrode and the electrolyte due to the en- 
hanced surface area effect. It may be that 
electrical energy, stored due to the (presu- 
meably) large capacitance of the dendritic 
structures of palladium black, may contrib- 
ute to some of the effects observed by 
Fleischmann and Pons (3). 

6. Conclusions 

It is clear that the combination of con- 
ventional and high-resolution electron mi- 
croscopy, applied to surface profile mor- 
phology, provides a powerful approach to 
the characterization of electrolytically de- 
posited surfaces. Taken together with ap- 
propriate analysis of the scaling properties 
(i.e., coastline and self-affine fractal analy- 
ses: see Refs. (6, 12)) it should be possible 
to characterize different stages of the disor- 
derly growth processes involved. High-res- 
olution studies of the internal defects due to 
hydrogen absorption are in preparation. 
The approaches referred to above should be 
applicable to a wide range of electrolyti- 
cally deposited materials. Chemical infor- 

mation, using energy-dispersive X-ray and/ 
or parallel electron energy-loss 
spectroscopic techniques, should also be 
available at high spatial resolution. 
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