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The interaction of hydrogen sulfide and sulfur vapor with tungsten has been
studied by field-emission microscopy. Adsorption of hydrogen sulfide at 22°C begins
along the [111] zones and at a pressure of about 5 X 10 mm the adsorption ap-
pears to be complete within 4 min. An increase in the average work function of 0.3
volt has been estimated for the process. On heating a surface saturated with hydro-
gen sulfide, surface migration begins at about 1150°C, leading to a concentration of
sulfur along the [111] zones from which desorption takes place, i.e., the desorption
processes are the reverse of the adsorption sequence. The activation energy for de-
sorption is about 80 to 90 kecal/mole and complete removal of sulfur is observed
at about 1600°C.

Sulfur adsorption at 10 mm and 22°C results in a large number of brightly
emitting spots which move continually. These are mainly observed around the (111)
and (011) planes. A field-induced process resulting in a sudden enlargement of the
emitting area and consequent mechanical failure of the tip occurs at 22°C. This is
attributed to the growth of a sulfide whisker. Presorbed hydrogen has an inhibiting

effect on this nucleation phenomenon,

INTRODUCTION

In a previous paper (1) we investigated
the mechanism of the interaction of hydro-
gen sulfide with tungsten films. Adsorption
was undoubtedly dissociative at room tem-
perature but we had no evidence for in-
corporation of sulfur into the tungsten
lattice. No information concerning any
crystallographic specificity of the adsorp-
tion process was obtainable.

There is no field-emission data for the
interaction of hydrogen sulfide with tung-
sten but Miiller (2) has reported very
briefly the appearance of a number of
brightly emitting areas which are granular
in appearance when sulfur is adsorbed on
tungsten. In view of the dissociative char-
acter of the hydrogen sulfide adsorption it
was important that we should not only
investigate the adsorption and desorption
of hydrogen sulfide but also study the ad-
sorption and desorption of both sulfur and

hydrogen and the influence of one on the
other. In particular, we were interested in
specific effects associated with different
crystallographic regions.

EXPERIMENTAL

The apparatus is shown schematically in
Fig. 1. It consisted of two main sections,
the first incorporating the field-emission
tube (F) which was enclosed in an elec-
trically heated oven (shown by a dotted
line) and the second for gas preparation.
The general procedure for obtaining a
pressure of 10® mm has been described
(3). The tungsten tips were prepared by
electrolytic etching of a 0.1-mm tungsten
wire as described by Lodge (4). The fluo-
rescent screen was prepared by a method
based on that described by Friedman (5).

Hydrogen sulfide was prepared and puri-
fied as previously deseribed (1). It was
transferred in a sealed-off tube, one end of
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Fie. 1. Schematic representation of the apparatus: Ti, T: Ts traps cooled in liquid nitrogen;
L, I. Alpert-type ion gauges; Vi, Vs, Vi, Vi, ball and socket valves; Gi, G:, gas storage vessels; D,
palladium thimble; F, field-emission tube. Dotted line represents the oven.

which had been drawn down to a fine point,
and placed in G, which was then evacu-
ated to about 107 mm. G, was cooled in
liquid nitrogen before the fine point of the
tube was broken to provide a convenient
source of hydrogen sulfide since the vapor
pressure is about 10~ mm at —195°C.

Recrystallized sulfur was obtained from
Hopkin & Williams Ltd., stored in G, and
degassed thoroughly by flaming. Since the
vapor pressure is about 107 mm at room
temperature it was not necessary to cool
G, when a supply of vapor was required.
Pure hydrogen was obtained in sealed
bulbs, G., from B.0.C. Ltd. and further
purified by diffusion through the palladium
thimble P.

The field-emission patterns were photo-
graphed by means of a Nikon (4F) cam-
era with a Nikkor £.2 lens at a distance of
2 ft (about 60 cm) with an exposure time
of 1 sec. The applied voltage was always
adjusted to give an electron current of
about 0.5 gamp which was measured on a
“Sealamp” galvanometer of sensitivity 160
mm/pamp. The temperature of the tung-
sten tip was measured by means of an
optical pyrometer. The pressures were

measured by means of Alpert-type ioniza-
tion gauges which had been calibrated for
hydrogen and air. Thus, pressures quoted
for hydrogen sulfide and sulfur vapor are
only approximate. The ion gauges were
not kept on during an experiment any
longer than was necessary to measure the
pressure, i.e., about 10 sec.

The main crystallographic planes of
tungsten which are relevant to the field-
emission patterns are shown in Fig. 2.

REsuLTs

Hydrogen Sulfide
1. Low Pressure Experiments

Adsorption at 22°C. After ensuring that
the tungsten surface had been thoroughly
cleaned, that the emission observed was
characteristic of clean tungsten, and that
it could be maintained in this state for
some time, hydrogen sulfide was allowed to
flow over the tip at a pressure of about
5% 10® mm. A steady flow of hydrogen
sulfide could be maintained by keeping G,
in liquid nitrogen and continuously pump-
ing through Vi, V,, and V, with V, closed.
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Pattern 1 shows the emission character-
istics of clean tungsten and patterns 2 to 8
indicate changes occurring after various
times for which the gas has been flowing.
The field was applied continuously during
this time. After a period of adsorption of
210 sec the emission characteristics re-
mained the same and, therefore, pattern
8 represents saturation of the surface. This
pattern did not change on evacuating to
~10"° mm or on increasing the pressure
to 10* mm. The voltage had to be in-
creased steadily as adsorption progressed
in order to maintain an electron emission
of 0.5 wamp, as indicated in Table 1(a).
Patterns 2 to 4 show that adsorption occurs
most readily along the [111] zones, but at
longer times (patterns 6 to 8) the surface
gives more uniform emission,

[III] zZone
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Desorption from the surface saturated
at 22°C. The standard procedure {for
studying desorption was to heat the tung-
sten tip for a period of 2 min to a meas-
ured temperature at a pressure of ~10-°
mm (V. closed), cool to room temperature,
and examine the emission pattern by ap-
plying a field to give an electron current
of 0.5 pamp. The applied voltage and tem-
perature of heating are shown in Table
1(b).

The pattern characteristic of saturation
at 22°C (number 8) was unchanged on
heating to 750°C but at 950° a slight
darkening was noticeable around the (112)
planes (pattern 9). With increasing tem-
perature, emission decreased in the region
of the (112) and the (011) planes (pattern
10) and eventually at a temperature of

Fic. 2. Orthographic projection of a cubic erystal showing the main planes relevant to this work

and the [111] zones.

TABLE 1
ApsorpPTION OF HoS AT 5 X 1078 MM AND 22°C AND SUBSEQUENT DESORPTION
BY HEATING FOR 2 MIN AT SuUccEssIVELY HiGHER TEMPERATURES

(a) Adsorption

(b} Desorption

Pattern Voltage Time Pattern Voltage Temperature
number (kv) (zsec) number (kv) °C

1 8.5 clean tip 8 9.4 22 to 750

2 8.6 15 9 9.4 950

3 8.6 30 10 9.4 1150

4 8.9 60 11 9.0 1200

5 9.0 120 12 8.8 1310

6 9.4 180 13 8.8 1380

7 9.4 210 14 8.6 1500

8 9.4 >240 15 8.6 1580
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FiG. 3. Patterns 1 to 12.

1310°C (pattern 12) the [111] zones be- 1580°C (pattern 15) the surface character-
came nonemissive. On further heating, istics were nearly those of clean tungsten
emission increased along the [111] zones (cf. patterns 15 and 2). The applied volt-
and around the (112) planes so that at age decreased fairly steadily with increas-
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ing temperature of desorption [Table
1(b)]. If desorption was studied with a
surface which had not attained saturation
at room temperature (e.g., pattern 6) then
patterns 10, 11, and 12 were not observed
and we only obtained patterns like 13, 14,
15, and finally 1. It was also possible to
obtain patterns 10 to 14 by adsorbing hy-
drogen sulfide at ~10-7 mm at the tem-
peratures corresponding to the particular
desorption experiments, This means that
the patterns represent conditions of surface
equilibrium.

By measuring the time required to attain
a particular emission pattern at some tem-
perature 7', and comparing it with the time
required at a higher temperature T, it was
possible to estimate the activation energy
of the desorption process. For example in
one experiment at 1150°C pattern 10 was
attained in 90 sec while at 1250°C it was
attained in 12 sec. This gave an activation
energy of about 90 keal/mole. In two other
similar experiments values of about 85 and
80 keal/mole.

2. High Pressure Experiments

It was not possible to observe progres-
sive changes in emission during adsorption
at room temperature since the pressure was
s0 high (~10* mm) and, therefore, the
process was complete within a few seconds
of opening the valve V,. Therefore, pattern
16 reflects the final surface condition at
room temperature at a pressure of 10~ mm.
After evacuating to a pressure of ~10~7 mm
the tip was heated for 2 min intervals,
recooled, and the emission examined. It
should be noted that in this series of ex-
perirnents the system could only be evacu-
ated to about 107 mm (cf. 10®* mm after
the low pressure experiments) so that de-
sorption was being studied in the presence
of a small pressure, probably of hydrogen
sulfide. Patterns 17 to 24 represent emis-
sion photographs up to 1650°C; a clean
pattern could only be obtained after re-
baking the apparatus for a few hours at
400° and flashing to 1600°C. There were
a number of significant features in these
experiments. Pattern 16 was stable up to
750°C and the voltage was 8.5 kv (Table
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2) which was the same as that for clean
tungsten. On heating to 1010°C pattern 17
was obtained but with a reduced voltage
of only 8.2 kv. Electron emission only oc-
curred around the (111) region, which
consisted of intensely bright units gath-
ered into clusters. On heating to a slightly
higher temperature (1100°C) emission was
still intense from the (111) region but the
cluster-type pattern became smooth in ap-
pearance (pattern 18). A marked increase

TABLE 2
ADSORPTION AND SUBSEQUENT DESORPTION
FROM A SURFACE WHicH HAS ADSORBED
H:8 AT ~ 10~* MM aND 22°C

Pattern Voltage Temperature

number (kv) (°Cj
16 8.5 23 to 750
17 8.2 1010
18 8.2 1100
19 8.2 1150
20 10.2 1200
21 9.9 1310
22 9.9 1460
23 9.7 1500
24 9.6 1650

in applied voltage was required between
1150° and 1200°C to maintain constant
emission. The following patterns (21 to
24) showed surface changes on heating, in
stages, to 1650°C. Some similarity between
patterns 24 and 13, and 23 and 11 should
be noted, but the large difference in the
applied voltage indicated that the surface
was somewhat different in character. This
was undoubtedly connected with the rather
high pressure of hydrogen sulfide (~10-7
mm) present, which would have caused
some further adsorption to occur as the tip
was cooled to room temperature.

Sulfur

By maintaining the source of sulfur at
room temperature and keeping V;, V,, and
V; open and V, closed, a stream of sulfur
vapor at a pressure of ~107 mm was
passed over the tungsten tip. The sequence
of patterns 25 to 28 represents changes in
the surface characteristics at 22°C as a
function of time with the field applied. The
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F16. 4. Patterns 13 to 24; the orientation of most patterns is obvious but, in some cases, lines are
added at the side to show the direction of the [110] zones.

emitting region (patterns 25 and 26) was
concentrated around the (011) plane and
consisted of a large number of small dis-
crete clusters. These clusters were in con-

tinual motion and sometimes two or more
would coalesce to form a larger cluster.
The type of emission observed in pattern
26 sometimes persisted for 30 min or longer
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but in this particular experiment after 15
min [see Table 3(a)] it suddenly changed,
the emission being concentrated in one area
which suddenly enlarged (pattern 28), and
then electron emission ceased. On exam-
ining the tip with a microscope, it was
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Fic. 5. Patterns 25 to 36; lines indicate the direction of the [110] zones.

observed to be deformed. If, however, the
tip was quickly heated at the stage shown
in pattern 27 or 28, i.e., bhefore sufficient
time had been allowed for mechanical fail-
ure to occur, the ball-shaped pattern was
seen to break up (pattern 29). Mechanical
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TABLE 3
ADSORPTION OF SULFUR VAPOR AT ~1077 MM aND 22°C wite ApPLIED FIELD AND
DESORPTION FROM A SURFACE ExXPOSED TO SULFUR VAPOR FOR ABOUT 2 MIN

(a) Adsorption

(b) Desorption

Pattern Voltage Time Pattern Voltage Temperature
number (kv) (min) number (kv) °C)
25 10.2 1 30 10.5 22 to 750
26 10.5 6 31 10.4 950
27 10.5 15 32 8.6 1000
28 10.6 15.1 33 8.7 1150
29e 34 8.7 Influence of field
at 22°C
35 9.6 1200
36 9.2 1450

@ Obtained after removal of applied field and heating tip to 1400°C for 2 min.

rupture of the tip only occurred in the
presence of the applied field; patterns like
28 were stable in the absence of field and
could be observed again after an interval
of 30 to 40 min.

When sulfur vapor was allowed to inter-
act at a pressure of about 10" mm for 2
min at room temperature (pattern 30), the
system evacuated, and the tip heated in
stages to 1500°C, the sequence of patterns
was 31 to 36. The relevant voltages and
temperatures are given in Table 3(b).
There was a gradual decrease in voltage up
to 1150°C but this was followed by a sud-
den increase (pattern 35). There was a
general similarity between patterns 32 to
36 and the corresponding results shown in
patterns 17 to 24 for desorption from a tip
which had been treated with a high pres-
sure of hydrogen sulfide; this was particu-
larly evident for 34 and 19, and for 36
and 24.

Hydrogen

The interaction of hydrogen with tung-
sten has already been studied thoroughly
(6, 7). The purpose of our experiments was
to investigate the influence of presorbed
hydrogen on the subsequent interaction of
sulfur and to see whether the emission pat-
tern produced by adsorbing hydrogen sul-
fide was changed on subsequent addition
of hydrogen. We also confirmed that com-
plete desorption of hydrogen occurred
below 950°C.

Addition of hydrogen to a pressure of

10* mm had no influence on the emission
characteristics of a surface which had ad-
sorbed hydrogen sulfide at 22° and subse-
quently was heated to any temperature up
to 1400°C. If hydrogen was first adsorbed
at 22°C followed by sulfur at the same
temperature the number of clusters (ef.
pattern 26) was reduced considerably and
no tendency for growth of the clusters was
observed even when the applied voltage
was increased to 12.5 kv.

Discussion

The main advantage of the field-emission
microscope is that it enables one to ascer-
tain whether crystallographic heterogene-
ity is an important aspect of a surface
process. It is, however, not always a diag-
nostic tool since, for example, the (011)
plane has a very high work function (~6
ev) so that it is likely to remain non-
emitting even if it is active in adsorption.
There is also the added complication that
electron emission may be enhanced if a
buildup of surface complexes occurs. How-
ever, if a particular region is becoming
progressively less emitting during adsorp-
tion we are justified in concluding that
adsorbed species are concentrating in that
region.

Approximate estimates can be made of
the changes in the average work function
during interaction by comparing the volt-
ages required to maintain a fixed emission
current (0.5 wamp in our case) from a
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surface with adsorbed gas and from a clean
surface. The procedure, which ignores any
changes in the temperature-independent
factor in the equation for electron emission,
is similar to that used by Arthur and Han-
sen (8) and originally by Klein (9). Thus,
using Eq. (1)

2/3

_&i_s_ — <‘ygds) (1)

¢clean clean
where ¢.qs is the work function of the sur-
face with adsorbed atoms, V.4 and Viiean
are the respective voltages to obtain 0.5
pamp emission from the reacted and clean
surfaces. Then using the value 4.5 ev (10)
for the work function of clean tungsten
(Perean) We can estimate ¢aqs. Table 4
shows the work functions of some of the
surfaces whose emission patterns have been
characterized.

TABLE 4
AvERAGE WoORK FUNCTIONS FOR SOME OF THE
EMissioN PATTERNS

Work function

Pattern number ev
1,32 4.5

4 4.7

6 4.8

12 4.6

17 4.4

20 5.1

24, 35, 36 4.9

When hydrogen sulfide is adsorbed at a
pressure of about 10" mm at room tem-
perature preferential interaction occurs
along the [111] zones. After a time of
adsorption of 60 sec (pattern 4) the change
in work function is 0.2 volt while at satura-
tion the value is 0.3 volt (pattern 6). These
values are composite since they include
contributions from adsorbed hydrogen and
sulfur. They may, however, be compared
with 0.15 volt for the surface potential
derived by applying the Mott-Cabrera
theory to the interaction of hydrogen sul-
fide with nickel films (7).

We believe that the sequence of events
during the heating of a surface after ad-
sorption of low pressures of hydrogen sul-
fide is as follows: (¢) desorption of hydro-
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gen around 1000°C; () migration of sul-
fur atoms (patterns 10, 11, and 12); and
(w7) desorption of sulfur (patterns 12 to
15). The final result of the migration of
sulfur is a suppression of emission along
the [111] zones but the process starts with
enlargement of the dark areas around the
(112) and (011) planes, presumably due to
a concentration of sulfur around these
planes. Pattern 11 shows a characteristic
six-pointed dark area around the (011)
plane and also the darkening of various
planes situated around the (001) planes.
The fact that the final stages of the de-
sorption process involve removal of sulfur
from the [111] zones is consistent with the
initial adsorption on the same zones.

The vapor pressure of tungsten sulfide is
about 10 mm at 1200°K (11) so that if
the chemisorbed layer behaves like bulk
sulfide we would expect to observe desorp-
tion at this temperature. It has been shown
by Roberts (12) that an empirical rela-
tionship exists between the initial heat of
chemisorption of simple molecules on
metals and the heat of formation of the
corresponding bulk compound. Since the
heat of formation of WS, is —75.9 keal/
mole (13, 18) then according to this rela-
tionship the initial heat of chemisorption of
sulfur on tungsten is about 120 keal/mole.
Our experimental kinetic data for an un-
defined (but probably high) surface cover-
age (pattern 10) give a value of between
80 and 90 kecal/mole for the activation
energy of a process which is most likely
to be sulfur removal. Confirmation that
some desorption is likely to oceur at
1200°C can be obtained from the equation

r = (h/kT) exp (E/RT) 2

relating the lifetime of an adsorbed atom
to the activation energy of desorption. If
E is 90 keal/mole then  at 1200°C is just
under 1 sec. A higher temperature will be
needed to remove all the adsorbed sulfur
if the initial heat of adsorption is about
120 kcal/mole and this is borne out by the
desorption data shown in Table 1.

The most significant features of the de-
sorption experiments from a surface ex-
posed to a high pressure of hydrogen sul-
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fide are the low apparent work functions
associated with patterns 17, 18, and 19
which indicate that emission is occurring
mainly from areas of threefold symmetry
around the (111) planes, and the sudden
inerease of work function at 1200°C lead-
ing to emission over a wider area of the
tip (pattern 20). It seems likely that some
buildup of tungsten sulfide has occurred
around the (111) planes and that the en-
hanced emission is the result of intensifica-
tion of the electric field around these struc-
tures. An alternative way of describing the
phenomena is that some sulfide is incorpo-
rated in the tungsten lattice [ef. the oxida-
tion of metals (14) or the interaction of
chlorine with nickel (15)]. The marked
changes at 1200°C must correspond to the
breakup of such tungsten sulfide struc-
tures and pattern 20 and the subsequent
patterns must be associated with adsorp-
tion limited to a single layer over the sur-
face. The comparatively slow desorption
at higher temperatures is undoubtedly a
consequence of the relatively poor vacua in
this set of experiments.

The marked similarity between the de-
sorption patterns 32 to 36 on heating a tip
exposed to sulfur and the results just
described is interesting. The voltages do
not correspond very eclosely in the two
experiments but there is the same change
from a loecalized structure giving fairly
good emission to monolayer-type adsorp-
tion at 1200°C requiring a higher ap-
plied voltage to achieve an emission ecur-
rent of 0.5 pamp.

Sulfur adsorption occurs predominantly
around the (111) and (011) planes, and
the nature of the emission is quite different
from that observed at any stage with hy-
drogen sulfide, the emission apparently
coming from discrete particles. We have
definite evidence for a field-induced surface
process, [cf. ref. (16)], for the interaction
of sulfur with tungsten since, if the field
is turned off at the stage shown in pattern
28, the same pattern can be obtained 30
min later. In the presence of the field,
emission would have ceased within a few
seconds after the formation of the ball-
shaped pattern of 28. It is likely that pat-
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terns 27 and 28 reflect a nucleation process,
possibly the growth of a sulfide whisker,
which would account for the mechanical
failure due to an increase in field strength.
Needle-like growths have been observed,
with the electron microscope, to form when
a thin oxide layer on aluminum is heated
in vacuum at 600°C (17). Moreover, pat-
tern 29 shows that by rapid heating to
1400°C in the absence of the field the
structure responsible for 28 disintegrates
into a number of distinet parts.

The fact that the emission patterns pro-
duced on adsorbing sulfur bear no resem-
blance to the hydrogen sulfide patterns
indicates the significant role played by the
hydrogen adatoms produced on dissociation
of hydrogen sulfide. This is also borne out
by adsorbing hydrogen at room tempera-
ture before admitting sulfur vapor when
no nucleation effects (cf. patterns 26 to
28) were observed.
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