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The gasification of graphite by H,O vapor, wet H;, and wet O, catalyzed by a Ni/K mixture is
studied using controlled atmosphere electron microscopy (CAEM). In H,O vapor the carbon
consumption, between 550 and 1100°C, is catalyzed by an edge recession mode of attack in the
[1120] direction, with no sign of deactivation. An activation energy of 30.8 + 0.9 kcal/mol is
obtained in this case. This value is similar to those obtained in kinetic studies of the steam
gasification of both graphite and char, using this catalyst. In wet H, both channeling and edge
recession occur simultaneously. The activation energy obtained is equal to 30 + 2 kcal/mol. The
catalyst deactivates above 1000°C, but can be regenerated by treating the sample in H,O vapor at
600°C. In wet O,, graphite is also gasified by edge recession, but no preferred direction is observed.
The catalyst maintains its activity up to 1000°C, and an activation energy of 25 + 2 kcal/mol is
obtained. These results show that the catalytic propertics of the Ni/K mixture are superior to those

of Ni and K alone due to a cooperative effect between the components.

INTRODUCTION

Recently (1, 2), we reported that mix-
tures of KOH and various transition metal
salts were good catalysts for the steam gasi-
fication of graphite and char. These cata-
lysts promote the formation of H, and CO,
above 550°C, and have a high resistance to
deactivation. Out of all the catalysts stud-
ied, the one derived from a mixture of KOH
and Ni(NO;), has the best kinetic properties
for this reaction. This catalyst, denomi-
nated from now on as Ni/K catalyst, shows
the highest activity for H, production at
580°C (1.2 ml Hy/min) and a relative low
activation energy (~30 kcal/mol).

In this work we used controlled atmo-
sphere electron microscopy (CAEM) to
characterize this catalyst in further detail.
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We studied the interaction between the
Ni/K catalyst and graphite surfaces in three
gas environments; H,O vapor, H,/H;0, and
0,/H,0. This technique is an excellent tool
to study the surface mobility and wetting
properties of the catalyst. It also allows the
determination of the mode of attack of the
gaseous reactants to the graphite lattice,
promoted by the catalyst, and the intrinsic
rates of carbon consumption. This charac-
teristic is very important because compari-
sons of the activities of various catalysts
can be made, without the interference of
geometric effects, such as surface area or
number of active sites.

In this article, our goal is to show that the
Ni/K catalyst has distinctive morphological
and kinetic properties for carbon gasifica-
tion. We will describe and discuss these
properties in the three gas environments
studied, and then compare them to those
reported earlier for KOH or Ni metal (3-6),
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placing emphasis on the advantage of the
mixture over the components used alone.
We conclude that these advantages are due
to a cooperative effect between Ni and K.

EXPERIMENTAL

A detailed description of the CAEM
technique can be found elsewhere (7). Ni
and K are introduced onto transmission
specimens of natural single crystal graphite
(Ticonderoga, NY) as an atomized spray,
using 0.1% solutions of Ni(NOs), and
KOH. Samples were then dried in air and
introduced into the environmental cell.

Before the sample was exposed to the re-
actant gases, it was heated in Ar at 450°C
for 30 min to decompose the Ni(NOs), and
achieve a good metal particle nucleation.
Particles grew to an average size of 15 nm
in diameter.

The gases used, Ar, H,, and O,, were
obtained from Scientific Gas Products,
Inc., with stated purities of 99.999%, and
were used without further purification. H,O

vapor was introduced into the system by
allowing a carrier gas to flow through a bub-
bler containing deionized H,O at 20°C. This
procedure produces a gas/H,O ratio of
~40/1 in the gas reaction cell.

RESULTS

The Nickel-Potassium/Graphite—Water
Vapor System

After graphite samples loaded with KOH
and Ni(NOs), were treated at 450°C in Ar,
particle nucleation was observed on both
the basal and the edge planes. When the
sample was treated in a water vapor envi-
ronment (2 Torr Ar: H,0 40:1), the parti-
cles located on the graphite edge region un-
derwent a transformation from nonwetting
condition to wetting condition between 475
and 525°C. They spread over the whole
edge area and formed a very thin film that
became very difficult to observe. This sug-
gests that the film width is of the order of
the apparatus resolution (2.5 nm).

On continued heating to 555°C these re-

FiG. 1. Sequence of photographs taken from the CAEM video display, showing the edge recession
attack of carbon in H;O vapor at 900°C. The time between (A) and (B) is 3 sec.
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gions started to erode, giving a ragged ap-
pearance to the initially uniform edges. The
carbon erosion developed into a more or-
dered edge recession as the temperature ap-
proached 675°C. Figures 1A and 1B show a
two-picture sequence illustrating this mode
of attack.

The edge recession involved the whole
area and the various fronts of attack where
separated by 60° angles, in the direction
parallel to the [1120] crystallographic orien-
tation of the graphite structure. The orien-
tation was determined by referring the posi-
tion of the fronts of attack to that of twin
bands, which are always present in the
graphite in the [1010] direction.

The rate of edge recession increased con-
tinuously when the temperature was raised
from 675 to 1100°C, and no evidence of de-
activation was observed. A quantitative
analysis of the rates of edge recession as a
function of temperature is shown in Fig. 2
in the form of an Arrhenius plot. An activa-
tion energy of 30.8 = 0.9 kcal/mol was ob-
tained. This value is consistent with the one
obtained from kinetic studies using a flow
reactor system (/).

At temperatures above 955°C, occasion-
ally, a change in the mode of attack was
observed. The film responsible for the edge
recession sintered into small particles that
promoted the formation of channels. This
phenomenon may be caused by a change in
the characteristics of the catalyst brought
about by a buildup of H, product in the gas
environment. This is in agreement with the
results described in the following section.

The Nickel-Potassium/Graphite—Wet
Hydrogen System

The catalytic effect of Ni/K mixtures on
the gasification of graphite on a H;: H,O
40:1 atmosphere was studied on samples
that had been either gasified in steam at
1000°C or heat treated in Ar at 450°C. The
results in both cases were identical, and
they will be described without making ref-
erence to the sample pretreatment.

The first signs of catalytic attack when
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Fi1G. 2. Arrhenius plot of Ni/K catalyzed edge reces-
sion rates of graphite in 2 Torr of wet Ar. The filled
circles represent the results obtained after heat treat-
ing the sample in Ar for 30 min at 450°C. The open
circles represent the results obtained after treating the
sample in 2 Torr of wet H, at 1100°C. Results previ-
ously reported for KOH and Ni metal are included for
comparison purposes. The length of the curves indi-
cates the temperature range studied.

the specimens were heated in 2.0 Torr of
wet H, were observed at 545°C. It took the
form of relatively straight channels which
were created by catalyst particles that had
nucleated along the edges of graphite.

When first formed the channels remained
parallel-sided, and as the temperature was
raised to 565°C, they started to acquire a
fluted appearance. This is the result of ac-
tive catalyst particles spreading along the
channel walls, which then proceeded to cat-
alyze the reaction by an edge recession
mode. (See region indicated by arrows in
Figs. 3A and 3B.)

On raising the temperature to 675°C
many of the previously inactive particles lo-
cated on the graphite basal plane started to
exhibit mobility. When these particles en-
countered an edge they underwent a rapid
spreading action and this resulted in a sub-
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F1G. 3. Sequence of photographs, showing the modes of attack in 2 Torr of wet H,. The region
indicated by the arrows shows the recession of the channel walls, as described in the text (see results).
Also note the simultaneous carbon attack by edge recession and channeling in the lower part of the
photographs. The time between (A) and (B) is 1 sec.

sequent removal of carbon by edge reces-
sion in directions parallel to the [1120] crys-
tallographic orientation. The variation in
edge recession rate with temperature was
determined and the data are presented in
Fig. 4 in the form of an Arrhenius plot. An
activation energy of 30 * 2 kcal/mol was
obtained from the slope of this line.

Both modes of attack, edge recession and
channeling, were occurring simultaneously
during the whole temperature range studied
(600-1100°C). Below 900°C the channels
were very short and were usually taken
over by the progress of the recession of
neighbor edges. As the temperature was
raised to 1100°C the edge recession tended
to slow down and in some regions it
stopped completely, leaving channeling as
the only mode of attack.

The edge recession activity could be re-
generated by treating the sample in wet Ar
at about 600°C. The wet H, treatment did
not affect the properties of the Ni/K mix-

ture ‘for promotion of the edge recession
mode of attack of steam. Figure 2 shows
that the rates of edge recession obtained in
wet Ar after a H,/H,O treatment (open cir-
cles), are identical to those obtained after a
heat treatment in Ar (filled circles).

The Nickel-Potassium/Graphite—Wet
Oxygen System

Treatment of nickel/potassium speci-
mens in 2.0 Torr of wet O, (O,: H,O 40: 1)
at 605°C resulted in the formation of shal-
low channels. During this stage of the reac-
tion, channels followed random pathways
and no erosion of the walls was observed.

As the temperature was raised above
665°C, particle mobility increased. Particles
that came into contact with edges immedi-
ately underwent spreading and the coated
edges started to recess. At the same time,
catalyst particles at the head of channels
previously formed gradually spread along
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F1G. 4. Arrhenius plot of Ni/K catalyzed edge reces-
sion rates of graphite in 2 Torr of wet H,. The results
previously obtained for the channeling mode of attack
of Ni metal are included for comparison. The length of
the curves indicates the temperature range studied.

the walls, which then proceeded to expand
laterally (see Fig. 5).

In contrast with the behavior observed in
wet H, and wet Ar, the recession in wet O,
did not appear to follow any preferred di-
rection. Also, in this case the catalyst at-
tack continued up to 1015°C, there being no
evidence for deactivation of the gasifying
edges. From an Arrhenius plot of the varia-
tion of the edge recession with tempera-
ture, an activation energy of 25 = 3 kcal/
mol was obtained (see Fig. 6).

DISCUSSION

The Ni/K mixture catalyzes the gasifica-
tion of graphite in both reducing and oxidiz-
ing environments. The carbon consumption
in all cases occurs at the catalyst/carbon
interface and the gas mode of attack is af-
fected by the morphology of the mixture on
the surface. In wet Ar and wet O, the cata-
lyst spreads and promotes the carbon at-
tack by an edge recession mode. In wet H,
the catalyst is present in both a wetting and

FI1G. 5. Sequence of photographs in wet O, at 650°C, showing the irregular channels formed before
catalyst spreading. Note also the erosion of the edges, which is the first indication of edge recession
attack. The time between photographs is 10 sec.
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FI1G. 6. Arrhenius plot of Ni/K catalyzed edge reces-
sion rates of graphite consumption in 2 Torr of wet O,.
The results previously obtained for KOH are included.
The length of the curves indicates the temperature
range studied. The dotted lines are extensions of the
curves, included to facilitate the comparison.

a spreading condition, and the gasification
occurs simultaneously by channeling and
edge recession.

The surface tension forces among the
carbon substrate (solid), the catalyst (lig-
uid), and the gas environment control the
wetting properties of the catalyst, and are
responsible for the different modes of at-
tack observed. The catalyst spreads over
the carbon surface, and favors edge reces-
sion, because the sum of the surface ten-
sions at the catalyst—substrate (yq) plus cat-
alyst—gas (yy) interfaces is lower than the
surface tension at the gas—substrate inter-
face (v,

Vsg > Yig + Vst (1)

This is the case in H>O vapor and 0,/H,0
environments, but there are differences in
catalyst behavior between these two cases.
In wet O,, at 500°C, the catalyst forms par-
ticles that only wet the carbon surface, and
as the temperature rises above 650°C these

particles spread over the edge planes. In
wet Ar the opposite behavior is observed.
The catalyst spreads at temperatures as low
as 500°C, and as the temperature ap-
proaches 1000°C, particle nucleation takes
place.

Changes in the interface interactions due
to chemisorbed species on the carbon sur-
face and/or oxidation state of the catalyst
can be responsible for this difference. In
wet O,, the edge surfaces of graphite are
covered with oxygen-containing species
(8, 9). This lowers the gas-solid surface
tension (y,,) to such alevel that Eq. (1) is no
longer satisfied, and particle nucleation is
favored. These species desorb from the sur-
face between 600 and 700°C (8, 9), and
since the surface free energy of clean edge
planes of graphite is much higher than that
of the catalyst (10, 11), spreading now be-
comes favored. In H,O vapor, below 650°C
the catalyst interacts with a larger fraction
of clean edges than that in the O, case be-
cause the sticking coefficient of water on
graphite is much smaller than that of O; (8).
For this reason, in the wet Ar case the cata-
lyst spreading over the edge surfaces is
observed as soon as the Ni/K mixture
becomes mobile. As the temperature ap-
proaches 1000°C, H, formed in the carbon-
water reaction builds up in the cell. This
changes the wetting properties of the cata-
lyst, and favors particle nucleation.

A second difference between these two
cases is the direction of the edge recession
attack. In wet O, the edge recession does
not follow a particular orientation, while in
wet Ar this mode of attack occurs only par-
allel to the [1120] crystallographic direc-
tion. A preferred orientation for the gas-
ification of graphite in various gas envi-
ronments has been reported for many cata-
lysts (11). At this point the reasons for this
preferential direction are not well under-
stood. Several suggestions have been made
in the literature, but they do not explain all
the cases studied. It has been suggested
(12) that because steam adsorbs preferen-
tially at “‘arm chair’’ sites (13), the carbon
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gasification is favored in a [1120] direction,
but this is not always the case, since there
are several cases in which transition metals
catalyze the water attack of carbon in the
[1010] direction. It has also been suggested
(11) that the affinity of the catalyst to a par-
ticular edge face is the driving force for the
gasification in that direction, but our obser-
vations indicate that the catalyst is spread
over the whole edge area and carbon attack
is only promoted in a particular direction.

In wet H,, between 600 and 1000°C, both
edge recession and channeling modes of at-
tack are observed simultaneously, because
a fraction of the catalyst spreads upon the
edges, while the rest only wets them. The
channeling attack is probably due to Ni
metal, since the characteristics observed in
our study are very similar to those reported
previously when Ni was deposited alone on
graphite (4). The edge recession, on the
other hand, can only be explained as the
result of the interaction between Ni and K,
because Ni deposited alone does not show
any evidence for this mode of attack in wet
H, (4) and K salts are not active for carbon
gasification in reducing environments (/4).
Furthermore, this mode of attack has not
been previously reported in reducing envi-
ronments. This interaction is suppressed
above 1000°C in H,, and can be regenerated
by treating the sample in H,O vapor at
600°C, as shown in Fig. 2.

The catalytic properties of the Ni/K mix-
ture for carbon gasification are superior to
those of Ni or K alone. In the H,O vapor-
graphite reaction the clearest advantage of
the Ni/K mixture is its resistance to poison-
ing. CAEM (3,5) and flow reactor (15, 16)
studies show that both K and Ni deactivate
when used as catalysts for steam gasifica-
tion of graphite below 725°C. On the con-
trary, this study shows that the Ni/K mix-
ture does not show any sign of deactivation
in wet Ar up to 1100°C. This result is in
agreement with flow reactor studies re-
ported elsewhere (7). In wet H, the intrin-
sic activity of the Ni/K mixture is two times
higher than that reported for Ni alone,
while K salts are inactive. Furthermore, the

Ni/K mixture favors an edge recession
mode of attack and Ni alone promotes
channeling; therefore the difference in total
rate of carbon consumption should be even
higher. In wet O, the rates of edge reces-
sion for K alone and Ni/K are similar and
neither of them deactivate. There are differ-
ences, however, between these two sys-
tems. The activation energy in the Ni/K
case (22 kcal/mol) is lower than that re-
ported for K alone (30 kcal/mol), and even
though both promote an edge recession
mode of attack for the O,—graphite reac-
tion, in the Ni/K case there is no preferen-
tial direction of attack, while in the case of
K alone the carbon consumption occurs
parallel to the [1010] direction.

The distinct catalytic properties of the
Ni/K mixture are due to a cooperative ef-
fect between the components. In the case
of steam gasification this conclusion is also
supported by flow reactor studies in both
graphite and char (/, 2). This cooperative
effect has also been observed in other sys-
tems. In steam only, CAEM studies of Pt/
Ba (17) indicate that this mixture is more
resistant to poisoning than the components
used independently, and flow reactor stud-
ies of Fe(NO;);/Nay(CO;) mixtures (18)
show that this catalyst is more active than
either Fe(NOs3); or Na,y(CO;) alone. In wet
H,, mixtures of K;SO4 and FeSO, form a
molten phase at 650°C and this phase has a
higher steady-state activity and a more im-
proved CHy selectivity than those of the
components used alone (/9).

A CAEM study of the catalytic activity
of Ni/Ca mixtures for carbon gasification in
wet Ar was reported previously (5). This
catalyst shows several similarities with the
Ni/K catalyst for the H,O vapor—graphite
reaction. The catalytic properties of the Ni/
Ca mixture, as in the case of Ni/K, can only
be explained by the interaction between the
components. Both systems spread over the
edge surfaces of carbon between 500 and
600°C, and they both promote an edge re-
cession mode of attack in the [1120] orien-
tation. Also, both systems maintain their
activity at high temperatures and no sign of
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deactivation was observed. Ni/K, how-
ever, is more active than Ni/Ca and it has a
much lower activation energy.

SUMMARY

We studied the catalytic properties of Ni/
K mixtures in H,O, H,/H,0, and O,/H,0
atmospheres by CAEM. In H,O and O,/
H,0 environments an edge recession mode
of attack is favored, and no sign of deacti-
vation is observed. In H,/H,O both edge
recession and channeling occur simulta-
neously and the catalyst deactivates above
1000°C. This mixture shows catalytic prop-
erties superior to those of either Ni or K
used independently, due to a cooperative
effect between the components.
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