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Scanning electron microscopy, Auger spectroscopy, and sputtering techniques are 
used to examine platinum-lo% rhodium gauze catalysts which had been employed 
in commercial oxidation of NH, and in production of HCN from NH:,, CH,, and air, 

It is shown by electron microscopy that ih(T normal activation of thcsc ratalysts 
produced an increase in surface area and formation of randomly oriented facets. An 
HCN catalyst which was obsprvcd to hare a high srlcctivity due to unknown causes 
was found to possess hollow crystalline structures built up from the original wire. 

Catalyst samples which had been treated with -100 ppm of HS for higher ac- 
tivity showed entirely different morphology. In this case, the surface was again per- 
fectly crystalline but consisted predominantly of (100) planes or another plane with 
two- or fourfold symmetry. Also the mires of the gauze were permeated by rectangu- 
larly shaped channeis of -3 p width which produced an expansion of the wires. 

Chemical analysis by Auger spectroscopy combined with ion bombardment sputter- 
ing showed that the HzS-activated catalyst contained negligible sulfur except at the 
original surface. Carbon was present to a considerable depth. and some silver was 
observed near the surface. Aside from these elements, the catalyst surface consisted 
of fairly pure platinum and rhodium 

Catalytic platinum gauzes are used in 
several important industrial processes such 
as the catalytic oxidation of ammonia and 
HCN synthesis. It is well-known that, while 
the catalytic surface affects the reaction be- 
tween the reactants, the gases in turn cause 
changes in the structure of the surface. 
These changes are responsible for an initial 
activation period during commercial use. 

* This work partially supported by the National 
Science Foundation under Grants GK16241 and 
GK2562. 

Platinum loss is a major problem in 
the production of nitric acid from am- 
monia, and the direct catalyst loss accounts 
for about 857% of the operating cost of the 
conventional process (1). Parsons (2) has 
published several pictures showing the sur- 
face changes and Handforth and Tillcy 
(3) published an extensive set of data on 
catalyst losses. 

Bartlett (4) and Nowak (5) proposed a 
theory explaining platinum losses during 
ammania oxidation as due to oxidation 
of the platinum. However, the correlation 
derived by Nowak (5) differs from the ob- 
served loss rate by a factor of about four. 
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It was shown by Garton and Turkevich 
(6) that heating platinum ribbons to 
1000°C for 10-24 hr in vacuum or in oxy- 
gen, pure ammonia, nitric oxide, or nitrogen 
pentoxide failed to produce structural 
changes equivalent to those obtainctl dur- 

ing ammonia oxidation. 
The commercial synthesis of HCN is car- 

ried out on the same catalyst as that used 
for ammonia oxidation. Here also, changes 
in surface structure and roughness as ncll 
as an initial activation period have been 
reported in the literature (7-10). This re- 
action is carried out at a temperature of 
about 1125°C which is about 200” higher 
than that used in the ammonia oxidation. 
However the catalyst losses in this reaction 
arc negligible (7.1 and certainly nlurh 

smaller than those during ammonia oxida- 
tion, even though both incoming mixtures 
cont.ain similar amounts of oxygen. Hoa-- 
ever, it should be noted that, the partial 
pressure of 0, leaving the catalyst is much 
lower in the HCN process due to its con- 
sumption by reaction with CH,. In the cast 
of NH,, oxidation the platinum loss can be 
reduced by reducing the SH,, concentration 
in tlic fce(l. 

It was found by Pan (91 that the crys- 
talline structure of t’hc gauze had an im- 
port’ant effect on the selectivity of the re- 
action and that the fct structure had a 
better catalyst performance (a higher HCN 
yield) than that of the fco. Thus, surface 
rearrangements occurring during the acti- 
vation period strongly infacncc;- the sclec- 

FIG. 1. Scanning electron micrographs of platinum-rhodium gauzes after use in ammonia oxidation. The 
original gauze is shown in (a), and photographs (b), ( c , and (d) show a similar gauze after use for -4000 hr. ) 
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tivity of the reaction. These surface changes 
are often very sensitive to small changes 
in the gas composition. For example, it is 
reported (11) that addition of a small 
amount of sulfur containing compounds (2- 
200 mg S/m3) during the first hours of 
HCN synthesis decreases substantially the 
activation period and increases selectivity. 

In this work, we present a comparison of 
the structural changes occurring on plati- 
nun-rhodium gauzes in commercial con- 
vertors for these two reactions. The 
differences are most striking, and an under- 
standing of their causes should be of much 
academic significance and industrial 
importance. 

Samples were taken from commercial 
convertors used for ammonia oxidation and 
HCN synthesis. These two processes were 
chosen because of their industrial impor- 
tance and since both use the same catalytic 
gauze (90% Pt, 10% Rh). 

AMMONIA OXIDATION CATALYST 

An electron micrograph of t’he original 
Pt--10% Rh wire gauze before use in the 
reactor is shown in Fig. la. Figures lb, lc, 
and Id show an identical gauze which had 
been in an ammonia converter for 44000 
hr at a temperature of 940°C and a pres- 
sure of 110 psig. The reaction mixture con- 
tained +9% NH, in air and the gas velocity 
was 230 ft SW’ (based on the reaction 
temperature). 

It is evident that the wires have become 
roughened during use and that extensive 
facetting has occurred. These facets have a 
size range of 1 to 10 p and consist almost 
entirely of flat crystal planes. The radius 
of curvature of the plane edges is LO.1 ,L 

The facets appear to be randomly ori- 
ented planes. One can observe many regions 
with sixfold symmetry characteristic of 
(111) planes (presumably the plane of 
minimum surface free energy) ant1 also 
some regions with twofold and fourfold 
symmct,ry. There are also many facets at 
large angles to each other implying the 
cxistciirr of high index planes. The crystal 
~tructurc of the alloy is as~nir~l to b(i fee. 
the: structjurc of both cotMituciit inctals. 

While some distortion into tetragonal and 
orthorhombic structures has been reported 
by X-ray diffraction, it is regarded as un- 
likely that any structures except cubic 
could exist at the operating temperatures 
of 900 to 1200°C. 

It is evident from Fig. Id that many of 
the crystallites protrude considerably from 
the wire surface, some of these protrusions 
appearing to form bridged structures. There 
are also a small number of noncrystalline 
regions. On the other catalysts examined 
few of these noncrystalline particles were 
observed. It is suggested that these may be 
either oxides, particles which impinged dur- 
ing reaction, or dust particles introduced 
after the catalyst was removed from the 
reactor. 

HCN CATALYSTS 

Figure 2 shows gauzes after use in HCN 
production. These catalyst’s had been in use 
for 2600 hr (Fig. 2a) and 1125 hr (Figs. 2b 
and 2c) at 1125°C with a reaction mixture 
of 12cJo NH,, and 13% CH, in air at 1 atm. 
The velocity of the reactants was 15 ft set-l 
and the HCN yield from this catalyst was 
26576. 

The original wires are evident in Fig. 2a, 
hut even more extensive facetting is evi- 
dent than was observed in ammonia oxi- 
dation. Several layers of gauze are present 
in this and succeeding micrographs hecause 
the layers were fused together in use. Ex- 
cel)t for the more extensive rearrangement, 
t#he crystallites are generally similar to 
those observed before: perfect facets of a 
somewhat larger size are exposed. 

High Conversion Catalyst 

Elcctroii microgral)lis of a catalyst which 
for unknown reasons had been observed to 
produce an unusually high conversion as an 
HCN catalyst are shown in Fig. 3. This 
catalyst had been in service for 21770 hr 
under conditions nominally identical to 
tlros:c aho~c but gave n 59 higher viclrl of 
HCN. III Fig. 3n the indivitlual wjrrr :ir(’ 
clearly cvidcnt as before. Howcvcr in atldi- 
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FIG. 2. Hcslmillg electron micrographs of gauze after use in HCN production. The individltal wires are 
evident but even more extensive facetting has occurred than in NH, oxidation. 

tion to the facetting observed on the “nor- 
mal” catalyst, there are now evident large 
hollow structures built up from the wires. 
Figure 3b shows an enlargement of the 
region indicated by dashed lines in Fig. 3a. 
This shows a single wire of the gauze. 
Figures 3c and 3d show this wire at even 
higher magnification. In Fig. 3c, a single 
structure is shown; in addition the normal 
facetting is evident on the wire itself. The 
anglea between planes again indicates that 
randomly oriented facets are formed. 

sulfur Treated Catalysts 
In Fig. 4 are shown electron micrographs 

of two catalysts which after ~1000 hr in 
normal HCN production had been treated 

with 4100 ppm of H,S for 110 hr during 
continued HCN production. Upon addition 
of HzS a 4% increase in HCN production 
and a 20” increase in temperature were oh- 
served. In Figs. 4a and 4b the individual 
wires are again evident, and again consider- 
able facetting has occurred. However in 
this case the structure is quite different: 
the wires are permeated by many channels 
which are all rectangular with outside di- 
mensions of 24 p. 

The crystal planes exposed on this sur- 
face are also completely altered: instead of 
random planes the surface now exposed pre- 
dominantly either (100) planes or another 
plane for which the edges would form right 
angles. Figure 4d shows an example where 
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FIG. 3. Scanning electron micrographs of gauze which gave higher yields in HCN production. The dashed 
regions in (a) are shown at higher matgnificat~iou in the sllrreeding photographs. Large buil -up crystallites on 
the wires are evident. 

(100) planes probably exist. The structures 
here are triangular pyramids which point 
in the [ 1111 direction; however, the walls 
of these pyramids appear to be (1001 
planes. Also note that the holes in these 
walls arc all rectangular or square. 

It is also evident that the two H,S- 
treated catalysts (Figs. 41) and 4~) have a 
slightly different morphology. Also on both 
surfaces there arc some convex and concave 
facets, in contrast to the previous catalysts 
where only planar structures were noted. 

A final difference between the H,S- 
treated catalysts and the normal ones is 
that accompanying the formation of the 
channnels the wires have evidently ex- 
panded. This provides an obvious cxplana- 

tioti for the fact that a gradual increase in 
the preusurc drop orcurs with these 
cata!y+t.s. 

CHEMICAL COMPOSITIOK 

At present one of the major complica- 
tions in interpreting practical catalytic re- 
actions on an at’omic scale is the almost 
complete lack of information on the chemi- 
cal composition of the surface layer in 
engineering situations. The active surfaces 
in the present reactions are probably not 
90% platinum and 10% rhodium: The sur- 
face composition of these elements probably 
differs from the bulk composition and there 
may be many other species in or near the 
surface layer. 
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FIG. 4. Scanning elect,ron micrographs of gauzes which had been treated with - 100 ppm of H&3 during 
HCN production. Rectangular channels have been produced in the wires. 

It is known that, upon exposure to air, 
polished or etched platinum surfaces con- 
sist almost entirely of carbon and sulfur to 
a depth of many atom layers (12) ; evi- 
dently the carbon and sulfur containing 
compounds in air decompose on the plati- 
num surface rapidly enough that it would 
be impossible to eliminate them except 
by using ultrahigh-vacuum procedures 
throughout. 

The above considerations imply that the 
surface layer will probably change in com- 
position upon cooling from the reactor tem- 
perature and being transferred into the 
measuring apparatus. However by com- 
bining Auger chemical analysis and ion- 
bombardment sputtering to selectively re- 
move known thicknesses of material from 

the surface, it should be possible to qualita- 
tively determine compositions of the actual 
catalytic surface. 

Auger Spectroscopy 

In Auger electron spectroscopy (13, 14 1, 
a solid is bombarded by high-energy elec- 
trons (typically 10004000 V) which cause 
core excitations of the constituent atoms. 
Some of these are de-excited by radiation- 
less (Auger) processes whereby an electron 
from an upper level drops to the core level! 
and, to conserve total energy in the process, 
another electron is raised in energy. The 
energy of this electron is characteristic of 
the atom (approximately the X-ray en- 
ergies). Thus by measuring the energies of 
the Auger electrons emitted from the solid. 
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one can identify the atom5 in which the 
l'rocess is occurring. 

This trchnique ie highly sensitive to sur- 
face composition because both the primary 
and Auger electrons have a mean fret path 
of only a few atom diameters in solids; 
thercforc, only atoms within the first fen 
atom layers of the surface will emit dctcrt- 
nblc Auger elcct.rons 113, 1-J). 

Ot,her techniques for chemical analysis of 
surfaces, the clcct’ron microprobe and pho- 
toelectron spectroscopy. while capable of 
detecting elcmcnts at surfaces, sample a 
much thicker region bccaufe of the greater 
penetrating powers of S-ray!: and liigh- 
energy electrons. 

The major problems in qualitative and 
quantitative analysis of surfaces by Auger 
spectroscopy are the po;sibility of over- 
lapping peaks which may obscure certain 
elements and the uncertainty of the in- 
ter&y calibration for most elements. While 
intcnsitics appear to he proportional to con- 
centration (in sul~monolaycr amounts). 
there is no way to determine abso- 
lute concentrations except by independent 
calibration. 

Ton Sputtering 

When high-energy ions (100-l 000 V) 
strike a surface, they induce evaporation 
of at,oms from the substrate (15). Since at, 
high energies this process is primarily one 
of momentum transfer, it is fairly ineensi- 
tive to the chemical nature of the atoms; 
therefore, by bombardment’ with inert gas 
ions, it, is possible to more or less uniformly 
rcmore atoms from a substrate. Sputtering 
yields (atoms removcd/incidrnt ion) have 
been measured for most pure materials 
(15). From the flux (current) of bomhard- 
ing ions one can therefore estimate the 
amount of material removed from the eub- 
etrute by sputtering. 

.4ppamtu.s and Procedure 

The sample was alternately chemically 
analyzed and xenon ion bombarded in a 
metal ultrahigh-vacuum system. The sys- 
tem was evacuated and baked at 180°C 
until a pressure of ~1 I?” Torr was at- 

tainccl. A manipulator permitted the sample 
to be l’ositionctl either for Auger spectro- 
scopy or ion sputtering. The sample could 
be positioned in each configuration with 
sufficient reproducibility that the same 
region could be examiucd after each cycle. 

The i2ugcr electron spectrum was ob- 
tained in a hcmisphcrical retarding ana- 
lyzer (14). The signal was double diffcr- 
cntiated with a lock-in amplifier to 
minimize electrical noise. The output signal, 
#I~‘~P, is proportional to the first deriva- 
tive of the energy distribution. However, 
it ha.; been found that the peak amplitude 
of this signal is proportional to the Auger 
electron intensity. 

For sputtering, SC wax introduced into 
the system and Xe+ ions of 500 V energy 
lv-ere allowed to impinge on the sample for 
known currents and t’imea. Typical currents 
and times were 1 to 10 pamp and 1 to 2000 
src. Thr beam from the ion gun impinged 
more or leas uniformly on a region of the 
sample 23 mm in diameter, while the 
Auger electron beam impinged on a region 
+l mm in diameter. 

C'hemiccrl Cowposition us Depth 

The HZ-treated catalyst shown in Fig. 4 
was examined in this ,manner. Typical 
Auger spectra are shown in Fig. 5. The en- 
ergies of several Auger peaks are indicated 
at the bottom of the figure. Spectra were 
obtained from the original surface, and 
after sputtering 4, 14, 70, 170, 1170, and 
7200 layers of material. In Fig. 6, the in- 
tensities of the various peaks are plotted 
vs depth. 

There are overlapping peaks for several 
elements which make some assignments un- 
certain. The major platinum peaks (12) at 
170 and 240 V were proportional to each 
other at all depths giving an unambiguous 
assignment to platinum. Both sulfur and 
platinum give peaks at 150. However after 
7200 layers had been removed, this peak is 
a doublet identical in shape to that reported 
for pure platinum (12). The sulfur content 
was, therefore, estimated by subtracting the 
plat.inum contribution to this peak from 
the total. On the original surface the 150-V 
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FIG. 5. Typical Auger &z.ctron spectra of the 
sulfur treated catalyst after various amounts of 
material had been removed by xenon ion sputtering. 
The positions of some of the elements are indicated. 

peak must be due almost exclusively to 
sulfur because all of the other platinum 
peaks are very small. 

There is a peak at 2350 V which is evi- 
dent on the original surface, reaches a 
maximum at 170 layers, and disappears by 
7200 layers. This is probably due to silver 
(16) which has a major peak at 349 V. Sil- 
ver has a satellite peak at 2300 V, and 
therefore, quantitative assignment of rho- 
dium (17) (major peak at 305 V) is not 
possible when the silver content is large. 

The ordinate scale in Fig. 6 is arbitrary 
and has been chosen for each element to 
roughly correspond to assumed amounts. 
The original surface appears to consist 
predominantly of carbon (single peak at 
270 V) and sulfur, but the Auger peaks 
from these elements are very strong, and 
other elements may be present in greater 
amounts than indicated. No iron (peaks at 
600, 650, and 720 V) or oxygen (single peak 
at 520 V) were detected at any depth, and 
no sulfur or nitrogen (380 V) were detected 
beyond the first few layers. 

The depth scale is also somewhat un- 
certain. This was estimated by assuming a 
sputtering yield of pure platinum metal. 
While this should be a good assumption for 
the bulk catalyst which contains 10% rho- 

ATOM LAYERS REMOVED 

&G. 6. Plot of intensity of several Augerpeaks versus number of atom layers removed for a sulfur-treated 
HCN catalyst. Both axes are regarded as having only qualitative significance. 
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dium as the only impurity, near the surface 
one might expect the yield to differ 
markedly from this value. Therefore, the 
depth scale should be regarded as only 
qualitative until the platinum approaches 
its bulk concentration. Furthermore, the 
depth of the layer sputtered is probably not 
uniform. The sputtering yield depends sen- 
sitively on the angle of incidence, and, since 
t,he surface is highly facetted, different 
facets will be sputtered to different dept)hs. 
The Auger electron beam samples an area 
large compared to facet dimensions, and 
therefore, the quantities measured should 
be an area weighted avcragc. 

Several interesting features are evident 
from these results. First, them is no detect- 
able sulfur beyond the first few layers. This 
shows that treatment with H,S does not’ 
l,rodlTce bulk con’amination with sulfur. 
Second, there are no metal impurities in 
significant amounts except for traces of 
silver. The origin of the silver is not known, 
but it is not, present in the bulk, and its 
concentration appeared to vary somewhat 
with position on the surface. Third, there 
may be an excess of rhodium near the sur- 
face compared to its bulk concentration; 
however, this conclusion is only tentative 
because of peak overlap. Fourth, while sul- 
fur and nitrogen exist only near the original 
surface carbon appears to he present at 
greater depths. 

rhscr-SSIOh- 

The scanning electron micrographs in- 
dicate that marked surface rearrangements 
occur and that the surface atoms seem to 
possess mobility under reaction conditions. 
Both reactions occur at a very rapid rate. 
The commercial rate of ammonia oxidation 
is about 2.4 x 10’” molecules/set cm’ while 
that of HCN is about 2 X 1Ol9 molecules/ 
WC cm”. Both these values arc based on 
total conversion per original total surface 
area of the gauze. The reaction is often 
completed in the first layers of the gauze, 
and hence the actual rate might be even 
higher. These rates arc rather close to the 
maximum possible mass transfer rate. How- 
ever, the striking differences in the surfaces 

must be due to differences in surface chem- 
istry and temperature. 

These surface changes are of significant 
industrial importance. In the ammonia oxi- 
dation process the conversion is extremely 
high, and an important engineering goal is 
to change the surface structure such as to 
reduce the platinum loss without affecting 
the conversion. This might be accomplished 
by the addition of a trace component, and 
WC believe that the economic advantages 
amply justify a thorough investigation of 
this possibility. 

The HCN synthesis is a rather complex 
reaction in which the heat generated by the 
partial combustion of the cheaper reactant 
(CH,‘+ compensates for the endothermicity 
of the HCN production reaction. The 
change of the selectivity of this process by 
the addition of trace amounts of H,S 
should be investigated further. h contin- 
uous addition of H,S may increase the 
pressure drop t’hrough the gauze beyond 
practical values, and it should be of interest, 
to explore the long-term effect of an initial 
activation with sulfur compounds on the 
catalyst structure and selectivity. The sen- 
sitivity of the selectivity to the surface 
structurr raises the possibility t,hat the 
method of gauze preparation strongly 
affects its performance in commercial 
convertors. 

Fcrcetting 

There appear to he no obvious explana- 
tions for the extreme facetting which ac- 
companies reaction. While vapor transport 
of volatile platinum oxides provides a pos- 
sible mechanism, the absence of metal loss 
in the higher temperature HCN process and 
the ahsenre of facetting when the metal is 
heated in any of the reactants individually 
(6) implies that other processes may be 
operative. Other possible mechanisms as- 
sociated with the exothermicit’y of the re- 
actions are reaction-facilitated surface 
diffusion, production of energetic platinum 
atoms by reaction, and formation of hot 
regions locally on the surface. The relevant 
parameters are not known well enough to 
estimate the feasibility of these processes. 

Surface tension provides a restoring force 
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tending to minimize the surface area. This 
must be balanced by driving forces such as 
temperature gradients or flow patterns to 
give the observed behavior. 

It is possible that both channeling and 
facetting could arise from preferential re- 
moval of material (perhaps as volatile 
oxides) around defects: removal of metal 
from a line defect (screw or line disloca- 
tions) could produce a channel, and re- 
moval from a grail) boundary could lead to 
facetting. This removal may be caurcd by 
an increased rate of reaction at the c tlc- 
fects with consequent local heating. To ac- 
count for the fact that channels arc only 
observed upon addition of H,S to the rcac- 
tion mixture, sulfur is postulated to “cata- 
lyze” the reaction at line defects; otherwise 
reaction proceeds only at grain boundaries. 
Both channels and facets could be prop- 
agated by ignition of the reaction in the 
crevices thus formed. 

One effect of addition of H,S is to rall*e 
(100) farets to develop. Pre.+umably the 
surface energy of this plane is lower than 
the other planes in the prefcncc of sulfur. 
Facetting of metal surfaces produced by 
gases is fairly common. For example the 
(111) planes of silver and nickel, also fee 
metals, have by low energy electron diffrac- 
tion been shown t,o facet into (100) planes 
upon exposure to sulfur (19, 20). 

Chemical Composition 

While the techniques employed here arc 
very powerful ones for examining surface 
compositions, we regard the results pre- 
sented here as having only qualitative sig- 
nificance and as indicating the directions 
which additional work should take. For 
example, the environment must be carefully 
controlled in the time between use of the 
sample a8 a catalyst and its chemical 
analysis. In the present situation it is im- 
possible to determine whether the carbon, 
and sulfur and nitrogen on the surface were 
introduced during operation of the reactor 
or afterwards (their absence beyond the sur- 
face layer is assured, however). In addi- 
tion. measurements must be made on 

catalysts whose composition and conditions 
of operation arc more precisely defined. The 
surface composition of a fresh platinum- 
rhodium alloy has never been determined. 
While there appeared to be an excess of 
rhodium in the surface layer after USC, the 
same could well bc true of the original 
surface. 

Finally, the Auger spectra and sputtering 
yields must be calibrated before they can 
be employed as quantitative tools. Sensi- 
tivit.ies can easily be calibrated by deposit- 
ing known amounts of the elements of in- 
terest on the substrate in the vacuum 
system and determining the resulting Auger 
spectra. Sputtering yields from complex 
materials can be determined in a similar 
fashion. 

An obvious extension of the methods de- 
scribed here would incorporate rcanning 
electron microscopy, Auger spectroscopy, 
and ion sputtering in the same ultrahigh- 
vacuum system. In this way, one could 
precisely detcrminc the physical structure 
of the region being analyzed. Aleo the 
structures of the pits in the surface could 
be examined by sputtering away the orig- 
inal surface to large dept.hs (l-10 p) to 
expose the interior of the voids. Capabilities 
for conducting such studies arc‘ cur- 
rently being dcvclopcd in this and other 
laboratories. 

We gratefully acknowlcdgr tile assistancr of 
Mr. A. Joshi and Professor L). 17. Stein in oh- 
tnining the Auger electron spcctr:t. 
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