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A combination of electron microscopy and hydrogen chemisorption techniques has been used to
probe the causes for the unusual loss in catalytic activity of nickel particles in the graphite—
hydrogen reaction. This deactivation, which occurs at about 1000°C, is associated with the spread-
ing of material along the sides of channels created catalytically at lower temperatures. Detailed
quantitative analysis of this phenomenon indicates that nickel is progressively laid down as a near-
monolayer film on the walls of the channels while the particles move forward. Nickel deposited in
this manner strongly interacts with hydrogen “‘sorbed’’ by the graphite and therefore has a poor
activity for C~C bond rupture (carbon gasification) and a low hydrogen chemisorption capacity.
Removal of ‘‘sorbed’” hydrogen at 1000°C, under vacuum or in inert gas environments, not only
results in carbon gasification, but also in removal of Ni-H interactions and formation of Ni-C
bonds (a surface carbide which does not adsorb H;). These Ni-C bonds are broken by steaming at
1000°C and the hydrogen chemisorption capacity is restored.

INTRODUCTION

In earlier studies, the anomalous behav-
ior of catalytically active nickel particles
during the hydrogenation of graphite at high
temperatures has been reported (/, 2). Us-
ing controlled-atmosphere electron micros-
copy, it was possible to directly observe the
gradual depletion in size of nickel particles
which were in the act of propagating chan-
nels across the graphite basal plane. In sub-
sequent experiments, this apparent particle
loss was shown to be caused by wetting and
spreading of nickel on the graphite resulting
in the formation of a thin film of metal along
the channel walls. Restoration of particles
was achieved by replacing hydrogen with
oxygen or steam and raising the tempera-
ture to 850°C (2).

In an attempt to learn more about this
unusual nickel-carbon interaction, we have
conducted a more comprehensive electron
microscopic investigation than had previ-
ously been performed and combined this
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with a detailed quantitative analysis of the
wetting and spreading phenomenons. We
have also used hydrogen chemisorption
techniques in an effort to identify the ad-
sorption characteristics of nickel in the
thin-film form.

EXPERIMENTAL
Electron Microscopy Studies

Detailed dimensions of channels created
by active nickel particles were determined
from shadowing experiments on specimens
which had been reacted in hydrogen in the
CAEM (3). This operation was accom-
plished by evaporating uranium atoms onto
the specimen at an angle of 25 = 2° with
respect to the plane of the graphite surface.
Areas of the specimen shielded from the
impinging beam of atoms by surface relief
or depression features were not coated,
and, as a consequence appeared as enlarged
shadows when the specimen was examined
in the transmission electron microscope.

Transmission specimens of single-crystal
graphite (Ticonderoga, N.Y.) were pre-
pared by a standard method (4). Nickel was
introduced onto these specimens by evapo-
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ration of spectrographically pure nickel
from a tungsten filament at a residual pres-
sure of 5 X 1078 Torr in sufficient quantity to
produce a monolayer film.

The reactant gas used in this portion of
the work, hydrogen, was obtained from
Scientific Gas Products with a stated purity
of 99.99% and was used without further
purification.

Hydrogen Chemisorption Experiments

Catalvst preparation. Grafoil (Union
Carbide, New York, N.Y., GTA grade) was
selected as the carbonaceous medium as
single-crystal graphite was not in sufficient
supply for bulk experiments. A nickel-on-
Grafoil catalyst was prepared by adsorption
from a 10% solution of nickel acetate in
methanol on 5-mm disks of Grafoil, at 80°C.
After drying at 120°C for 8 hr the catalyst
was washed several times with methanol to
remove the excess nickel salt. The nickel
content, in the so-obtained unreduced ma-
terial, was 2.67 wt%.

Reduction and chemisorption proce-
dures. Fresh catalyst, 2.5 g, was reduced at
600°C for 2.0 hr under a pure hydrogen flow
(30 liters - hr™'). The reduced sample was
then evacuated for 0.5 hr at 550°C and at
room temperature for 0.25 hr before the
first hydrogen chemisorption (C,) was
made. These measurements were made in a
conventional glass vacuum system de-
scribed previously (5). In order to evaluate
the amount of strongly bound hydrogen, a
second hydrogen chemisorption (C,;) was
performed after evacuation of the sample at
room temperature. A period of 30 min was
allowed for the system to reach equilibrium
before any adsorption measurement was
made.

Next, the sample was treated at 1095°C
for 2 hr under flowing hydrogen (30 liters
- hr™Y), evacuated at 550°C for 0.5 hr, and
at room temperature for 0.25 hr. Hydrogen
chemisorption (Cz) was again performed,
followed by evacuation at room tempera-
ture and another chemisorption (C,) in or-
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der to evaluate the amount of strongly held
hydrogen.

The sample was subsequently heated at
1000°C for 2.0 hr under flowing hydrogen
(18 liters - hr™1), evacuated at 550°C for 0.5
hr, and heated to 1000°C in a closed system
while the pressure increase (due to H, de-
sorption or CH, formation) was continu-
ously monitored for about 2 hr (D,). The
sample was then evacuated at 1000°C (0.1
hr) and at room temperature (0.25 hr) be-
fore a further hydrogen chemisorption (C;)
was performed.

The sample was finally treated with
steam (He, 30 liters - hr™!, passed through a
bubbler containing water at 25°C) at 800°C
for 1.0 hr, flushed with helium at 300°C for
0.25 hr, and evacuated at room temperature
for 0.2 hr, at which point a further hydrogen
chemisorption was made (Cg). Subse-
quently, the same treatment was repeated,
although the steaming temperature was
raised to 1000°C, and a final hydrogen che-
misorption (C;) carried out.

This whole procedure was repeated for
another sample (1.1 g); however, in this
case the desorption step at 1000°C (D,) was
omitted. Hydrogen chemisorption iso-
therms were obtained after treatment in hy-
drogen at 1000°C (1 hr, 30 liters - hr™?) (Cy),
evacuation at room temperature following
steaming (Cg), and further treatment of the
steamed catalyst in H, at 600°C, or 2.0 hr
(30 liters - hr=') (Cg). All these treatments
are summarized in Table 1. All evacuation
steps were carried out at a pressure value
lower than 5 x 1078 Torr. In order to nor-
malize the chemisorption data, the sample
weight was recorded after each adsorption
run. After completion of the chemisorption
experiments specimens were examined by
X-ray diffraction.

For these reduction and chemisorption
studies, hydrogen of 99.95% purity was
passed through a Deoxo unit (Engelhard In-
dustries, Inc., Murray Hill, N.J.), a 5A mo-
lecular sieve drying trap, an Oxy-trap (All-
tech Associates, Arlington Heights, IIl.) to
remove the last traces of oxygen, and
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TABLE 1

Treatments and Hydrogen Chemisorption Data on
Nickel/Grafoil Specimens

Sample Treatment before Temper-  Measure-
No. H, chemisorption® ature ment®
0
1 Reduction in H, 600 C,, C,
High-temperature
treatment in H, 1095 C;, C,
High-temperature
evacuation 1000 Dy, C
Steaming (He/H,0, 32: 1) 800 Cq
Steaming (He/H,0, 32: 1) 1000 C,;
2 High-temperature
treatment in H, 1095 Cs
Steaming (He/H,0, 32: 1) 1000 Cs
Reduction in H, 600 C;

@ Successive experiment/treatments in samples 1 and 2.
? C = H; chemisorption at 25°C; D = desorption of H, at
indicated temperature.

finally through a liquid nitrogen trap (before
being admitted to the catalyst for reduc-
tions or chemisorption measurements). He-
lium of 99.999% purity was used after pas-
sage through a 5A molecular sieve drying
trap.

RESULTS AND DISCUSSION

Electron Microscopy Studies of Channel
Geometry

Figure 1 is a micrograph of a shadowed
specimen showing a channel produced af-
ter heating the nickel/graphite system to
1050°C in 1.0 Torr hydrogen. The arrows
indicate the direction of the shadow across
the surface and were determined from the
shadows of several particles. In order to
clarify the understanding of some of the sa-
lient features exhibited in this micrograph,
the channel has been divided into regions,
A to D, where A represents the initial
stages and D the termination of the channel.
The depth of the channel can be readily cal-
culated from a knowledge of the angle of
incidence and the width of the shadow, us-
ing a simple trigonometrical relationship. In
this case the depth was found to be 35 = 3
nm, and the ratio of channel depth to width
is then about 0.25 to 0.3.
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Other aspects which emerge from inspec-
tion of the micrograph are:

(i) The shadow in region D is linear indi-
cating that the channel walls are vertical.

(it) The unshaded region between A and
B has a constant width; hence the channel
depth is constant up to the stage where the
particle starts to exhibit anomalous behav-
ior (region C).

(iii) The channel collapses in region C and
this period may correspond to the progres-
sive relaxation of the catalyst particle as
material is progressively laid down on the
channel walls. Eventually when it reaches a
critical size it proceeds to follow an uncon-
trolled course, region D.

Analysis of the Electron Microscopy Data

(A) Nickel particle -graphite interaction.
A much clearer understanding of the intri-
cate steps involved in the behavioral pat-
tern of active nickel particles can be gained
from analysis of the CAEM data, where the
process was followed continuously. Earlier
dynamic studies demonstrated the exis-
tence of a nickel-graphite wetting phenom-
enon which was directly responsible for the
loss of catalytic activity of the metal toward
graphite gasification (/, 2). There is little
doubt that the wetting effect is associated
with a strong nickel-graphite interaction,
which can be best understood from the fol-
lowing theoretical treatment.

Our data indicate that nickel particles
which wet graphite have a contact angle, O,
of 75 + 5°, whereas those particles which
do not wet the support exhibit a contact an-
gle of 120 + 10° and also appear to be inac-
tive. The following values of O, are re-
ported in the literature:

68° (1500°C) for Ni/graphite in H, (6),

90° (1500°C) for Ni/graphite under vac-
uum (6), and

115° (1550°C) for Ni-C on graphite (7).

To obtain a more fundamental under-
standing of the mechanism of wetting and
of the factors influencing the nickel interac-
tion on graphite, a treatment of the interfa-
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cial forces affecting the wettability of metal
melt-solid substrate is given below.

The contact angle © of the molten nickel
particle on the graphite surface is related to
the interfacial tension parameters by
Young’s equation:

Yc = Ymc T Yu €Os O, (1

where y. (gas—support), yuc (metal-sup-
port), and yy (gas—metal) are the three in-
terfacial tensions. Using the adopted value
for yy = 1860 ergs - cm™2 (viscous or fluid
nickel) (8) and y. = 4600 ergs - cm~2 (the
value for the zigzag face or (1120) direction
of graphite (9) one calculates (a) for the
nickel particles that wet the graphite

YW = 4118 ergs - cm™2

and (b) for nickel particles that do not wet
the graphite

YN = 5530 ergs - cm™2.

This suggests that wetting is expected in H,
when yye < vy and that the inactivity of
some particles may be due to surface Ni-C
formation.

(B) Channeling action of nickel particles.
This interpretation can also be extended to
account more quantitatively for many of
the characteristics of the channels high-
lighted earlier (2), in particular the follow-
ing aspects:

(a) channels emanate from edges,

(b) small particles are first to channel,

(¢) large particles channel at the fastest
rate at a given temperature,

(d) a particle that meets a channel has a
tendency to be reflected, rather than cross
the channel, and

(e) channels produced in H, are parallel
to the (1120) crystallographic orientations.
All these features were discussed in detail
previously (2).

(C) Redispersion of nickel along the
channels. Under the conditions where the
redispersion phenomenon occurs (> 1000°C)
nickel is above its Tammann temperature
(625°C), calculated at 0.52 bulk melting
point (°K). The Tammann point is the tem-
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perature of onset of mobility of lattice at-
oms, and in a system where there are rela-
tively weak interactive forces between
particle and support one would expect to
see particle motion at this temperature. We
may therefore assume that some degree of
atomic mobility exists within the nickel par-
ticles, i.e., they probably have a ‘‘soft
core.”’ If we also postulate that as the parti-
cles propagate channels they leave behind a
film of nickel of uniform thickness on the
walls (zigzag faces) of the channel, then
when complete metal particle depletion has
occurred:

N atoms in nickel particle =
N dispersed atoms;
therefore,

V:-6:N
—7 =2 E (LD, (2)

where

V = volume of the nickel particle,
8 = specific gravity of nickel (8.902
g-cm™d),
M = atomic weight of nickel (58.71),
N = Avogadro’s number,
L; = length of a channel in region i,
D; = depth of a channel in region i,
7nxi = number of nickel atoms per unit
surface area.

In order to calculate the volume of the
nickel particle the shape of the initial parti-
cle (in the early stages of its activity) is best
approximated by a cylinder of diameter W
and height D covered by a hemisphere of
diameter W, as depicted in Fig. 2. This
shape was chosen because it takes into ac-
count the observed contact angles between
the particle and the graphite and is compati-
ble with a periodic decrease in the channel
width as observed in region C and dis-
cussed later. Other shapes could also sat-
isfy these requirements, but this is not a
critical issue since it is only being used to
demonstrate that the redispersion phenom-
enon is due to the wetting and spreading
effect.
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Fi1G. 2. Proposed initial shape of nickel catalyst par-
ticle.

Using the assumed particle shape, the
volume is given by

™
V=Z'W2<D+TW);

as D/W = 0.25 (from shadowing experi-
ments) one gets as a rough approximation

T W3
48 -

(3)

V =

This model predicts that the width and
depth of the channel may stay constant un-
til 57% of the particle has been dispersed,
i.e., until complete depletion of the hemi-
spherical cap.

Let us now consider the spreading action
of nickel in a typical linear channel for
which W = 37.5 nm and L = 2050 nm. Ac-
cording to Eq. (2) we can write

7 8.902
a8 71'(375)3 X SST X 10721 x 6 x 10%

=2 % 2050 x (37.5 X 0.25) X 5y (4

leading to ny; = 57 atoms/nm? (if nickel de-
pletion occurs only on sidewalls of the
channel).

If one also considers depletion on the ba-
sal plane, then the right-hand side of Eq. (4)
becomes equal to 2LD + LW)ny;, leading
to My = 19 atoms/nm?.

The actual value of n,; will probably be
somewhere between these extremes, 19 <
i < 57, as some nickel will undoubtedly
be deposited on basal plane defects.
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These values can be compared with some
typical calculated values for ny;.

Two situations will be considered:

(a) Close packing of nickel atoms (hexag-
onal parking)

The number of nickel atoms per **surface”’
unit cell is 3, the corresponding area being
3(3)*2d¥2 = 0.161 nm?. Hence, ny; = 18.63
atoms/nm?2.

(b) Regular packing of nickel atoms
matching the graphite zigzag sublattice

X =C
® = Ni (BOTTOM LAYER)

O = Ni (TOP LAYER)

o] [e]

_T_

0.335 nm

. L

AN

= 0,240 nm ]-—

In this configuration, two atoms will be ac-
commodated per ““surface’” unit cell, lead-
ing to ny; = 24.8 atoms/nm?. These model
values for the nickel packing density indi-
cate that the nickel layer which is deposited
on the channels will be nearly '*monomo-
lecular.”

Figure 3 is a sequence showing the grad-
ual loss of activity of a nickel catalyst parti-
cle and in Fig. 4 the three regions where the
particle appears to exhibit diverse behav-
iors are highlighted. From the CAEM
study, we were able to observe directly the
detailed change in particle shape (top view,




F16. 3. Sequence showing the gradual loss of activity of nickel catalyst particle caused by deposition
of metal along the edges of the channel.
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Fic. 4. Schematic representation of the channel
shown in Fig. 3, highlighting the three regions of di-
verse particle behavior.

Fig. 5). Some corresponding shapes com-
patible with the observed narrowing of the
channels for the “*end on’” and *‘side view""
of the particle are also given in Fig. 5. As
the particle traverses region X, we suggest
that there is a progressive depletion in the
size of the particle, but the width and depth
remain constant until the ‘‘limiting situa-
tion™’ is reached. At this point about 60% of
the nickel is lost, although the width of the
particle has only decreased by about 25%
(volume « radius®). As the particle moves
into region Y, surface tension forces begin
to play an important role in the reaction.
This is also the region where most of the
changes occur, since the surface-to-volume
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ratio of the particle increases rapidly and as
a consequence the temperature of the parti-
cle will also increase, eventually leading to a
completely molten entity in region Z. The
governing factors controlling particle be-
havior are summarized in Table 2.

A typical channel termination sequence
(region Y) is quantitatively analyzed in Fig.
6. It is seen that the particle volume de-
creases sharply as it moves forward be-
cause of the spreading of nickel. The origi-
nal channel depth, constant to the tip
(where the whole particle ultimately melts),
as seen from the shadowing experiments is
62.5 nm, i.e., 0.25 x 250 nm.

Figure 7 is a schematic representation of
the change in volume of a particle accompa-
nying the channel propagation process. The
volume of the particle at stage (a) is V = (#/
4)D*W (i.e., the volume at the start of re-
gion Y). For the limiting case, stage (b), the
volume is

D*w
VL = 3

so that (V — V})/V = 0.36, indicating that

TOP VIEW

| |

' ]

{ 1

i

| |

| |

| |

I |

END ON VIEW ] |

} |

. 7 | em— e
- YW 7

SIDE VIEW

- 9

"LIMITING SITUATION"

F1G. 5. Changes in the shape of the particle as it progresses from region X to region Y (Fig. 4).
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TABLE 2

Controlling Factors in the Three Regions of Channel Formation

Region A

Region B Region C

Thin surface fluid layer
and soft core

System

Governing factors  Soft core and preferred di-

rection of motion

Thick surface fluid layer

Soft core and surface ten-

Fluid particle (no core)
and soft core

Erratic
sion forces

the particle can theoretically lose at maxi-
mum 36% of its volume before it reorgan-
izes under the influence of surface tension
forces. Nickel which is lost from the parti-
cle is probably deposited on the channel
walls,

The periodicity in the termination of the
channels may be seen by computing the
surface area of each region (a — f) (Table
3). Shrinkage occurs when the particle has
lost 0.2-0.3 of its initial material in fair
agreement with the proposed model.

Hydrogen Chemisorption Studies

Hydrogen chemisorption isotherms at
room temperature, following various treat-
ments, are described in Table 1 and shown
in Figs. 8 to 11. It is clearly evident that the
high-temperature-treated (=1000°C) sam-
ples exhibit hydrogen uptakes which are
221.0

51,2, 56.6

rather unusual in shape and show a break
near 100 Torr.

The hydrogen adsorption capacity of
these samples is then best compared by
considering uptake values at a given equi-
librium pressure which we will select arbi-
trarily to be 200 Torr. Data are compiled in
Table 4. It is seen that:

(i) After treatment in H, at 1095°C, both
the first and second (following evacuation
at room temperature) hydrogen uptakes
give identical results and hence do not ex-
hibit any ‘‘irreversible” hydrogen adsorp-
tion.

(ii) Evacuation at 1000°C suppresses the
hydrogen adsorption ability.

(iii) The latter property can be restored
by steaming at 1000°C.

It was also observed that following H,
treatment at 1000°C -and evacuation at

91.8 187.9

le < ole »le .
| P |
|i|“|' s T Bl rmal Fee 171.8 ’I’I
2.531.2 34.5
/)
i ]
78nm d r‘: :
] N =
rjiﬂ ! : N :n
! H N g :S
{ : p= : o i1le
— 1 2 ]
5 | A A '
N i ! i
& i : :
~N : | 1
( 1 i } H
i |
f e d c b a

F1G. 6. Quantitative analysis of the channel termination region Y (Fig. 4).
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DIRECTION OF

MOTION

F1G. 7. Change in volume of particle accompanying reaction.

550°C, heating of nickel/Grafoil samples at
1000°C in a closed manifold led to a notice-
able increase in pressure. The estimated
amount of gas released under these condi-
tions (D,) is ~0.6 cm?® STP - g! of catalyst.

This observation is paralleled by the elec-
tron microscopy data which showed that
graphite gasification still occurred at 725°C
for a certain time when hydrogen was re-
placed by an inert gas (2). This is a clear
indication that graphite may act as a reser-

voir for (atomic) hydrogen which, when re-
leased, will gasify graphite to methane.
The absence of strong H, chemisorption
following the high-temperature treatment in
hydrogen, as well as the decrease in revers-
ible hydrogen uptake, can be accounted for
in terms of a chemical and/or electronic
modification of nickel caused by its interac-
tion with either carbon or sorbed hydrogen.
In the proposed model, discussed in de-
tail in Ref. (/0), nickel is progressively laid

0.16 T T T T T

0.14f -

0.12F .

0.10F TOTAL Hy 4

Cl
»
&
v 0.08F /. L] ° —
o~
T {
5 /
%
[ ]
0.06/ -
P
O e O 2
L /0/ —
004 /0
O
/ REVERSIBLE Hp
0.02+ _4
0 ) L A 1

1
120 160 200

PRESSURE (Torr)

FiG. 8. Hydrogen adsorption isotherms at room temperature on a 2.66% nickel/Grafoil catalyst.
Total, initial H, isotherm after reducing the sample at 600°C for 2 hr. Reversible, H, isotherm after
evacuating sample following the initial isotherm for 15 min at room temperature.
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TABLE 3

Computation of the Areas of Each Region (a — f) of
the Channel during the Termination Sequence Shown

in Fig. 6
Region Area of Area of Total Re
basal plane  lateral plane surface
surface surfaces area
(nm?) (nm?) (nm?)
a 4.31 x 10¢ 2.35 x 10# 6.66 x 10¢  0.331
b 1.94 x 10¢ 1.15 x 10¢ 3.09 x 100 0.23
c 1.68 x 10 1.12 x 104 2.80 x 100 0.27
d 9.72 x 10° 7.07 x 10° 1.68 x 104 0.22
e 7.36 x 10° 6.40 x 10? 1.38 x 10¢  0.23
f 1.74 x 104 2.76 x 10¢ 4.5 x 10¢ —_
*R=afa+b+...+D,0orbb+c+...+0),orcic+
L+ D), ete.

down primarily on the walls and at defects
on the basal plane of the channels while the
particles move forward. Nickel deposited
in this manner will strongly interact with
sorbed hydrogen and therefore should be
poorly active for C—C bond breaking (gasi-
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TABLE 4
Chemisorption of Hydrogen on Nickel/Grafoil
Catalysts
Run Treatment® Volume H,
adsorbed?®
1 [oN Reduced 600°C, total 0.090
C, Reduced 600°C, reversible 0.048
Cs Treated 1095°C in H,, 2 hr 0.020
Cy Evacuated 25°C, following Cj 0.023
Cs Evacuated 1000°C 0.0
Cq Steaming 800°C 0.0
C, Steaming 1000°C 0.042
2 C; Reduced 600°C, treated

1000°C in H,, 1 hr 0.0
Cs Steamed 1000°C, 1 hr 0.042
Cs Reduced 600°C 0.052

@ See Table 1 for details.
® Value at an equilibrium pressure of 200 Torr and 25°C (cm?
H, STP/g of catalyst). .

fication of graphite) and strong H, chemi-
sorption.
In contrast, the absence of Ni-H interac-

0.08 T T T T T
0.07F .
0.06f §
0.05 4
=
5 0.04F .
o~
e
'
[*]
0.03 /(14 .
o/
0.02F o/./ .
[ )
O/ \
0.01 c -
/. s
O/
®
0l 1 i L 1
0 40 80 120 160 200

PRESSURE (Torr)

F16. 9. Hydrogen adsorption isotherms at room temperature on a nickel/Grafoil catalyst. C, after
reducing the sample at 1095°C for 2.0 hr; C,, after evacuating the sample for 15 min at room tempera-

ture.
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tions may result in the formation of Ni-C
interactions (a surface Ni carbide which
does not adsorb H,). This will occur mainly
upon evacuation at high temperatures and
may thus account for the lack of hydrogen
chemisorption in runs C; and Cg. It is also
seen that steaming at 800°C is not sufficient
to restore the hydrogen adsorption capac-
ity; temperatures for the latter should be
higher than 1000°C. Reasons for this may be
that the Ni—-C bonds are not effectively bro-
ken by H,0 at 800°C or that the sorbed H, is
not released to a large extent below 1000°C.

The lack of chemisorption (Cg) may result
from:

(i) sintering during the H, evacuation step
at 1000°C (one could argue that since heat-
ing in H, leads to wetting and spreading of
Ni particles on graphite, removal of H,
should result in particle growth);

393

(ii) formation of a ‘‘surface carbide” in
the absence of H,.

The X-ray diffraction data obtained for
nickel/Grafoil specimens after various
treatments are given in Table 5, along with
corresponding H,; chemisorption informa-
tion. They reject the effect of sintering and
confirm that redispersion has indeed oc-
curred at 1000°C (smaller particles being
observed). Hence the formation of surface
Ni-C on smaller (inactive) particles should
be expected.

CONCLUSIONS

(1) The absence of strong hydrogen che-
misorption following treatment in H, at
1000°C is due to H-Ni-C interactions
which probably modify the electronic struc-
ture of highly dispersed Ni,

T T T |
0.04 e/_
0.03- e/7 .
0.02 4
=)
- 0.0 -
S
&
/0
o~
I
0 0 J
0
e s
-0.01 4
(o] 9 [e)
® 9 [ J /O
-0.02}- ]
Cb
-0.03r 1
1 1 1 1
0 40 80 T20 T40 700

PRESSURE (Torr)

Fi. 10. Hydrogen adsorption isotherms at room temperature on a nickel/Grafoil catalyst. C;, after
evacuation at 1000°C for 10 min; C4 after steaming at 800°C followed by evacuation at room tempera-
ture for 0.2 hr; C,, after a further steaming at 1000°C and evacuation at room temperature.
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(3]
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o -
®
C3
0 \ ]
@ .
I =3 @ -
e @
-0.02- -
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0 40 80 120 160 00

PRESSURE (Torr)

Fi1G. 11. Hydrogen adsorption isotherms at room temperature on a nickel/Grafoil catalyst. C;, after
room treatment in H,, at 1095°C for 1.0 hr, and evacuation at room temperature; C¢, following steaming
at 1000°C; and Cg, after further treatment of the sample in H; at 600°C for 2.0 hr.

(2) The reversible hydrogen adsorption is
diminished by high-temperature treatment:
completely when H, is removed, less so if

TABLE 5

X-Ray Diffraction and Chemisorption Data on
Treated Ni/Grafoil Specimens

Treatment H, chemisorption

and X ray

1. Reduced at 600°C Large particles and nor-

mal H; chemisorption

2. Reduced at 600°C,
treated in H, at
1000°C, evacuated at
950°C followed by
steaming at 800°C

Smaller particles, but
poor H, chemisorp-
tion, about zero (see
Ce-Table 4)

H, is present, because of the formation of a
surface Ni-C-like compound.

(3) Ni-C bonds are broken up by steam-
ing at 1000°C and the hydrogen chemisorp-
tion capacity is restored.

(4) Hydrogen may be sorbed in graphite,
most probably in the atomic state, by heat-
ing nickel/Grafoil specimens at 1000°C in
H.,.

The particle description used throughout
this discussion is based on an extension of
the hard-core model (//7), but in the present
system the particles do not possess a hard
core as Ni is above its Tammann tempera-
ture (625°C). We believe that the surface
layers of the particles will be hotter than the
bulk because of heat released in the gasi-
fication reaction. Further, a high degree of
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particle mobility on the graphite surface is 3.

expected as all atoms in the particles have
some mobility at temperatures greater than
625°C.
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