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Studies are reported on the influen e of preparative variables on the dispersion and alloying
of the metals in silica-supported Pt—Au, Rh~Cu, and (in part) Pt-Sn. Tests of n-hexane con-
version on selected catalyst samples using a pulse reactor are presented. It is shown that (i)
while there is no evidence from X-ray diffraction of significant alloying in Pt—Au samples
from various preparations, catalytic results show some interaction between the two metallic
elements and (ii) samples of 159, Rn:85% Cu remain poorly alloyed, a rhodium-rich region
remaining even with reasonably severe heat treatment prior to and during reaction: Even
then, such a catalyst shows a selectivity of ~259, for C; + Cs cyclic products whereas 1009,
Cu has only a small, and 1009, Rh a negligible, cyclization selectivity.

INTRODUCTION

There is interest currently in the use of
binary alloys as heterogeneous catalysts
because these may show selective cata-
lytic action not shown by either metallic
component separately [for a review see
Ref. (1)].

Useful information on the course of
hydrocarbon and other reactions on alloys
has been derived from studies of film cata-
lysts (2, 3). These, besides being convenient
to prepare, are amenable to tests of homo-
genity using readily available instrumental
techniques. Surface areas tend to be some-
what low, however, and surface topography
may be different from that of praectical
forms of catalyst on account of the severe
heat treatment needed in film preparation.
In consequence, temperatures required to
give conveniently measurable catalytic re-
action rates on films are commonly higher
than are typical for these processes.
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Increasingly studied of late has been the
preparation of supported alloys, particu-
larly in regard to the effects of different
preparation conditions on the physical
nature of the resulting material. Success in
attaining aceeptable metal dispersion and,
at the least, substantial metal mixing in
bulk using a hydrogen reduction method,
has been reported for Pt—Fe/carbon (4),
for Pd~Ag/silica (5, 6), and for Ni-Cu/
silica (7). A 450°C sintering stage was
found necessary for metal homogenization
for Pt—Au/silica (8) and, in a later fuller
study, for Pt—Cu/silica (9), resultant metal
particle diameters in the latter case being
in the range of 4.0 to 30 nm. In contrast
to previous work (10) lattice param-
eters were In satisfactory agreement with
Végard’s law expectations for Pt—Cu. A
very severe heat treatment stage was
found by Sancier and Inami (71) and by
O Cinneide and Gault (12) to be necessary
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for bulk metal homogenization for Pd-Au/
alumina catalysts: Metal particle sizes
appear to have been large as a result in
both studies. Illustratively of more gentle
heat treatment, Pd-Ag/alumina samples
prepared by impregnation followed by re-
duction at 400°C comprised metal crystal-
lites too small to give X-ray diffraction
patterns (13). Reduction by hydrazine (14)
has been used for preparation of supported
Pd-Au by Gerberich et al. (15), who, how-
ever, gave no information on the resultant
metal dispersion, and also by Allison and
Bond (76) and by Nakamura and Wise
(17), both of which groups obtained good
metal dispersion, the last-cited study re-
porting, however, the need for a 730°C
calcination to give bulk metal homogeneity.
Kulifay (14) reported inter alia successful
preparations of PtAuz; and of PdCu;
wherein the metal was homogeneous as
judged from X-ray powder photographs
and had a mean crystallite size of ca. 10 nm.

The present work was designed to study
the effects of preparative variables on the
metal dispersion and bulk homogeneity of
silica-supported Pt-Au, Pt-Sn, and Rh—Cu
using mainly a hydrogen-reduction method
but in addition the method employing
hydrazine. There is catalytic interest in
these alloy systems from previous work
(1, 8). Some tests of n-hexane/hydrogen
reaction on selected catalyst samples are
also presented.

EXPERIMENTAL

Materials and procedures. Joseph Crosfield
i.d. Gel No. 1 [surface area 300 to 400 m?
g~!, mean pore diam 12 nm, or in a lesser
number of experiments, Degussa Aerosil
200 (area 200 m? g—1, 12-nm mean particle
diam), after drying overnight at 120°C, was
singly impregnated with a mixed solution
of the metal salts. The primary solutions
were (1) 0.1 M platinum(IV) -chloride
(Johnson Matthey, chemical grade) and
0.1 M chlorauric acid (Johnson Mat-
they ‘‘spectrographically standardised’)
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for preparation of Pt—Au; (ii) 0.2 M tin(IT)
chloride and later 0.14 M tin nitrate
(prepared from Cominco 5N tin), with
0.1 M platinum(IV) chloride for Pt—Sn,
and (i) 0.3 M copper(Il) nitrate or
copper(II) chloride (from Johnson Matthey
“spectrographically standardised”” copper
oxide) and 0.2 M ammonium hexachloro-
rhodite(III) (Johnson Matthey, ‘‘spec-
trographically standardised’’) for Rh—Cu.
In each case the solution, appropriately
mixed to yield the desired nominal alloy
composition, was brought in contact with
the carrier with vigorous stirring, the solu-
tion having a diluted total volume sufficient
to bring the carrier to incipient wetness.
The resulting mixtures were dried with
stirring under an infrared lamp to a fine-
powder condition and then dried finally in
an oven. Reduction was carried out in a
greaseless all-metal flow reactor (see cata-
lytic experiments) following a purge with
pure argon (B.O.C. Rare Gas Purifier 2)
at room temperature (0.5 h) and then at
200°C (0.25 h) [cf. Anderson et al. (10)].
The reductant was palladium-diffused hy-
drogen, admixed on some occasions (Table
1) with argon,

Tests using hydrazine reduction were
carried out for the Pt-Au and Rh-Cu
systems. Unreduced catalyst, 0.2 g, was
added to 0.6 ml hydrazine hydrate 4+ 12 ml
of water, with vigorous stirring until gas
evolution ceased, the temperature of the
mixture being set alternatively at either
20 or 80 to 90°C. The separated precipitate
was washed 10 times with deionized water
and dried by infrared lamp and oven,
as before.

The details of individual sample prepara-
tions together with information from elec-
tron microscopy (JEM 100C) are given
in Table 1. The catalyst code is described
under Results.

Catalytic experiments. These were carried
out in an all-metal flow reactor in a pulse
mode. Catalyst, 0.1 g, rested on a porosity
3 sintered glass disk in a vertical 4.8-mm



CLARKE, MANNINGER, AND BAIRD

232

09 F28 ouZBIpA (% — — 1D/ ¥ ny %%6-1d %¢ 055dV
0001 ouzeIPA] (08 — — -I1D/-1D ¥ 1d %061V %09 SIEIdV
00¢-01 ouzRIpAH (8 — — -1D/-1D ¥ 1d %051V %0¢ 0e1dv
09-1> gL F¥8 e *H 00T 003 — — 10/-10 ny %¢6-4d %< 10vdV
I F¢2 € *H 001 00T — — -1/ ¥ ny %66-3d %S 108dV
L0 F 62 e “H 00T 002 — — -1/ ¥ 1d %05-nv %0¢ »NI01dV
TT F2¢ e *H 00T 002 — — -1/ ¥ 1d %05-1v %0g 1014V
oF F 0'cL — QUIZRIDAY] (8 — — o} ¥ 1d %001 »185d
0¥ F 0'0L — QuUIZBIPAY  (F — — -0 ¥ 1d %001 ostd
0% F 069 — suzeIpAl (8 — — -1 4 1d %001 082d
051 e 1y 08/*H 02 00¥ — — (o) 1d %001 covd
G-1> ¢0 F¢I 9 IV 08/°H 02  00% — — -0 1d %001 10%d
0T<%1 L0 F¥e i4 1y 08/°H 05 00% 01 00¢ -1 ¥ 1d %001 11zd
01<%01 0¢ FLY ¥ 1V 08/°H 0% 0S¥ or 009 - 2 1d %001 2%ed
0I<%68 ¥¢ F6F g H 00T 00% — — o) 4 1d %001 202d
o1-1> 90 F2% g *H 001 003 — — -1 i 1d %001 102d
91 F9¢ ¥ *H 001 00% — — -10/-*ON 1d %S6-us %G 20¥8d
¢Z FOC 4 *H 00T 0%¥% — — -1D/-tON ¥ 1d %S6-uS %¢ 1018d
ve Fog ¥ ‘H 00T 00¥% o1 009 -1D/-*ON ¥ 1d %5618 %S ZeI8d
¢Z Fo¢ 4 ‘H 001 00% 61 009 —ID/-tON ¥ 1d %96-u8 %S zrisd
9% F e 4 *H 00T 00F% - — -1D/-*ON f4 1d %g6-ug %9 01Sd
38 F 6L ¥ 1y 08/°H 02 0S¥ 01 009 -1D/-10 i4 1d %s6-us %< %288d
051-¢1 ¥1 F 0'9% ¥ 00T 00% — — FON ug %001 2098
e.~G1 08 F¢gL8 ¥ H 00T OC¥ — — ~'ON 4 ug %001 1088
09-¢1 ¢'L F0ee 4 *H 001 00% 01 009 ON ¥ ug %00T TES
0802 8 F 028 ¥ H 00T 00% ¢l 00¢ -FON 4 ug %001 z1es
eL—GT 6 F 08¢ ¥ ‘H 001 00F — — —fON 4 ug %001 2088
4 1y O8/°H 02 0S¥ o1 009 -1 ¥ ug %001 ZeI8
00802 08 F 099 i4 1V 08/°H 02 0S¥ 01 009 -0 4 ug %001 kAt
i IV 08/°H 0% 0S% 9 009 -0 ¥ ug %001 Z118

(uzu) (uru) (urur/ur) (Do) W (D)
aduer ozZIg 9Z18 938BIAY MO dway, eunty, duiag,
woxy uonsodurod ‘ou
8)8p adodsosoTUr UOIYOIF poanpeay pauB) paredorg Burpsoy (818 819N adwrg




233

SUPPORTED Pt-Au, Pt-Sn, AND Rh-Cu

"(NZ0TY PUB TSIV ‘162dV ‘ISIAV ‘NI0TdV ‘1€3d) jUaw)ear) I0ylIng 103 1Xa} 9Y} 33§ »

002-¢3 — suzeIpAy 06 — — ~LON/-1D ¥ n) %e8-4q %¢1 082049
g-1> 60 F¢o ¢ H 00T 00% — — —SON/-ID 4 ) %9849 %91 10¥049
0z-1 ¥5 F OV € H 00T 00% ¢1 00¢ —SON/-ID 8 n) %e8-Uyd %S1 €180y
e1-1 1 Fog € *H 00T 002 o1 00¢g ~LON/-1O 8 0D %684y %S1 rAR:O}:
00461 g ®H 001 00% — — —SON/-ID 8 n) %684y %S 20e0Y
004-¢'1 g H 001 003 — — “SON/-T0 8 n) %e8-4yd %¢1 %0eDd
00461 g *H 001 00% — — —*ON/-ID i D %684y %81 £0Z0Y
0841 g SH 001 003 el 008 —ON/-1D ¥ ) %e8-44 %<1 FAtdet: |
005~¢'T ¢ *H 001 003 — — —FON/-10 ¥ ) %e8-uyq %St irdet:
02-9'1 S F6F e ‘H 00T 00% et 00S -12/-10 i 1) %5844 %S1 eIy
00L-¢'T 6% F8F ¢ ‘H 00T 00F — — 10/-10 ¥ 0D %98—UYg %41 201Dy
ZI-1> 2T F 0¥ £ *H 00T 003 91 00¢ I0/-1D ¥ n) %e8-uy %SI1 r4gfeL:|
00¢-1> 1 FI¢ 9 'H 001 003 — — -1/~ 2 1) %88-44d %S1 20104
00802 — auzBIpAH 06 — — -0 ¥ qq %00t 081y
0g-1> 8¢ F2¢ s *H 00T 003 — — o) ¥ q4q %001 10%4
0g-1> ¥C F29 5 H 00T 00F ¢l 00S (o} 4 qya %001 eIy
001-T> 0¢ F 69 3 GH 00T 00¥ — — - ¥ qd %001 £01Y
1> e Fg¢ e *H 001 003 ¢I  00S -0 2 qyq %001 Iy
cg-T> 3 FLY € *H 001 003 — — o) ¥ 9q %001 +NZ0TYH
1> 0C F¥¥ € *H 00T 003 — — - 2 q4q %001 2019
0020 — ewizwipAH 06 — — (o} ¥ D %001 0820
g *H 00T 00% e1 00g -0 14 nD %001 erID

0L Foer — oulzBIPAH  0Z — — -0 4 ny %001 2ISIV

o8 F GIE — auzBIpAl] 03 — — o) 2 ny %001 0LV

09 FocCl — aulzeIpAlf 06 — — - 2 ny %001 081V

0% F80I ¢ H 00T 002 — — o) 4 ny %001 100V

88 F 00T g *H 001 003 — — D 4 ny %00t 101V
0%y F g0l — suzeIpAH 06 — — —1O/-1D 4 ny %¢6-3d %S 0824V
09 F¥3l — suzBIpAY 0% — — -10/-1D 4 oy %66-1d %8 2162dV

() (v L)) (wrvu/pur) (o] W (Do) (%) (%)
aduel sng 9218 99BIAAY ouILy, A0 duwag, auryy, dwaj, [sotoy 198 "('I
woly uonsoduwod ‘ou
B)8p odoosororur UOIIIBH poonpay paurne) poasdarg Furprol [BI2I 1819 aidusg

panuyuo)—i @T4VL



CLARKE, MANNINGER, AND BAIRD

234

'C(’0> SeYIuUIIS 98I, p
*SAUSIP *7) 10 ) (%001 03) ponpoad [830) Jo souUe[EY ,

"£d0DSOIDIW UOIII[O WOIY 19}9WIBIP Ueaw 01 [enbs royeureip Burary soteyds oq 0} SOJI[[BISAID [BIoW FUIWNSSE § 03 g SO[qBL, Ul POJBUISH o
"TETAY PU® 182d ‘TOTAYV ‘T07d $I8ATEYED Jo spunowe 30 [ TOTY Pu® 102V $9s4[81e0 3o ‘8 1°0 ‘spunowy »

¥'6C 9%y €8¢ 861 6'L1 — 86 T0 88 10 ¢y 9 a0l X 0¢ 80 ¢o¥ 1614V ny-1d %0¢ 9¢

9°cv 86T 06 91t 0'1g —  ¢¢ LT €9 8'€ ¢9T 98 w01 X L& ¥9¢ 0¥ T€ed 1d Ly

c'19 ¢e 01 tals 66 — 66T 10 TE 98I T'¢ 8% n0T X 08 <20 08e T€1dV ny-1d %0¢ 8¢

8'Lg ael T'or 6'8T 00¢ 20 9% Ul 8L ¥l 16 9¢ w0l X12Z T¢&v 08¢ 1eed d 8¥

6L 20 1 6'€1 99 — L0¥ 10 %8 TO Te ¢ w0l X 09 020 a9t 161dV ny-d %05 6¢

1've 01 86 L81 'LE <o I¥ 90 ¥V 80 00L 0F% -»0T X LT 878 09¢ 1€ed d 6%

L6 - - <9 0 — T8 ¢0 9% ¥O (4] 80 n0I X 0¢ €10 ¢0e 181dV ny-1d %0¢  €¢

'8¢ Le 060z 91T 992 — OIr T0 82 — eI 09 a0l XEF 60 <62 162d id &v

peonpal suIzBIpAL]

9%'Cl 8¢ 168 ze 89 grT & 10 L% — €€ 8¢ wn0I X0¢ 9°¢ 8¢H 101V ny 868
20°91 9'ee L'¥e 09 86 60 ¢g& TO0 6C — 97 ¥e a0l X T  00% 09% 10¢dV ny-9d %¢ 298
08 9% 6'8% 09 601 60 61 10 272 - L1 g w01 X0¢ ¥¢ 96¢& 101V ny 6¢3
o8¢l <01 L'9¢ vy €91 — €¢ — 0¢ — e 60 01X 9¢ ol 8.8 102dV ny-1d %< 898
¥'6¢ €62 01 (U84 6°¢ o 28 ¥%¢ 20l (@9 89l ¢et - 6°96 18¢ T01dV ny-1d %0¢ 62

2868 969 — €0 €0 — €1 671 6¢ 1z 8€r  L91 — L66 08¢ 102d d 9¢

Tce c91 €T ¢'lr 08T T0 02 6¢ €8 8T Ler g0t — ¥'88 298¢ 101dV ny-d %02 82

0'¥8 - — - 091 — 0gL. — 0¢ - 0¢ 0z a0l X 02 200 00e 101V ny 192
7’89 —_ cve €0 ' — ¥E&€1 — 08I — 008 89 a0IXOT %0 91¢& 10edV ny-1d %S 692
8'6¢ 6% 1t 4 8¢l 8'¥¢ — T6 ¥© LL €0 €er L9 w0I X 0T €609 02¢ 101dV ny-1d %0¢ 8T

6'9¢ - 9¢ 913 €8y — ¥L LT T¥ co €6 TP 0T X 08 §¢¢ <62 10zd d VAY

Ppoonpas usSolpAyy
(%) (gm0
sjonpord 1S+ dafour)
1830) QUBXAY0ST glaqunu  ,(%) (Do) 29P0D s188( ‘ou
/DX ez IO dINE JWE “D9 DU D1 Fpu £0)! ¢y ') 1) Ieaoumy, cauo) Cdwal, 1s4[B18) 1sA[e1e) esmg

(%) suonmqLISL(T $ONPOL] : WgsLG PIOH—WNUIE[J UO UOIIBIY] USS0IPAL /OUBXIF-U
¢ HIdVL



SUPPORTED Pt-Au, Pt-Sn, AND Rh-Cu

i.d. glass tube. After the reduction, a flow
of 80 ml/min argon and 20 ml/min hy-
drogen (both purified as earlier) was
passed through the ecatalyst and then
directly into the gle column. n-Hexane was
the reactant hydrocarbon in all runs. The
reactor temperature having been set, a pulse
of the alkane vapor (5 ml, 17 Torr) was
injected into the gas mixture upstream of
the catalyst. The gle column for product
analysis was 2 m squalane on Chromosorb
P operated at 67°C.

Initial checks on the 509, Pt-509, Au
AP101 and the 1009, Rh R102 showed
that neither catalyst suffered change in
metal dispersion following a typical, or
even a more extended, catalytic usage (3 h,
>200 pulses, 200-400°C). Experiments
with R102 confirmed that product dis-
tributions measured in a descending tem-
perature sequence (from 400°C) matched
those in an ascending temperature sequence,
the former procedure being that followed
in the runs reported here. There was a slow
decline in catalyst activity with time in
successive pulses even though hydrogen/
argon reductant was flowed through the
catalyst bed continuously. Principal atten-
tion will be given in this report therefore
to selectivity differences between catalysts,
but comment is possible on activity differ-
ences when these are substantial.

Product distributions for 1’201, A101,
AP201, AP101, P231, and AP131 (plati-
num-gold system) are given in Table 2.
The results for 8302 and PS102 (platinum—
tin system) are given in Table 3. Table 4
contains representative experiments for
R113, C113, RC113, and some runs with
R102 (rhodium-copper system).

RESULTS AND DISCUSSION

Structural Examination

The main aim of the work was to prepare
supported alloys acceptable for basic cata-
ytic work. To attain this objective in a
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reasonable time scale, an empirical ap-
proach was adopted in which a relatively
small number of preparation conditions
were varied for a given bimetallic system.
These conditions were choice of salts, of
supports, effects of calcination, reduction
temperatures, and percentage metal loading,.

The resulting metal dispersion was mea-
sured by electron microscopy while metal
homogeneity was tested in appropriate
cases by X-ray diffraction. Acceptable,
not necessarily optimum, recipes were the
goal.

The catalyst code, which is chosen for
simplicity rather than precision, comprises
one or two letters, signifying metal(s),
followed by three digits denoting, respec-
tively, (i) support, or metal loading, or
metal composition, or precursor salt(s), (ii)
calcination or hydrazine reduction condi-
tion used, and (iii) reduction conditions or
further heat treatment of catalyst. For
example (see later) the sample AP 131 is
gold—platinum on id. gel prepared by
hydrazine reaction and without subsequent
heat treatment in hydrogen.

Pt-8n. Tests with tin itself [derived
from tin(Il) chloride, 49, loading, on i.d.
gel ] based on color of the product showed
that a moderate calcination (600°C) fol-
lowed by reduction (450°C using H,/A :: 1)
gave an. acceptably dark-grey product
which gave X-ray diffraction lines due to
metallic tin only (S122). Metal particles
were large (~20-300 nm). Similar reduc-
tion conditions preceded by a 500°C
calcination gave a visibly less reduced
product giving a less intense metallic
tin X-ray diffraction pattern (S112). Re-
duction of tin(II) chloride on i.d. gel at
450°C without prior calcining was clearly
an impracticably slow process, judging
from the absence of diffraction lines (5132).

Impregnation of the carrier with tin
nitrate made possible reduction to metal
without including a caleining stage. Tests
of the effect of having such a stage on final
metal dispersion, now made possible,
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showed that even 600°C calcination had
no apparent effect on the (albeit poor)
dispersion (8302, S312, S322: sizes ca.
37 4= 8 nm); S322 gave lattice parameters
consistent with tetragonal tin. (Here and in
subsequent work reduction to metal was
with undiluted hydrogen).

Tests with platinum metal (49, on i.d.
gel) showed a 200°C reduction without
prior calcination to give particles of diam
<1 to 10 nm (av 2.2 £ 0.6 nm, P201).
Either 500 to 600°C precalcination or reduc-
tion at 400°C without prior calcination led
to poorer dispersion (P211, 19, of particles
>10 nm diam, av 2.4 4 0.7 nm; P222, <1
to 50 nm, 109, of particles >10 nm, av
4.7 £ 3.0 nm; P202, 8 to 99 of particles
>10 nm, av 4.9 + 3.4 nm). Application of
a simple reduction to a 59, Sn-959, Pt
sample and to a 1009, Pt sample (I’S102
vs P202) showed that, other factors being
equal, the presence of tin renders the
particles less mobile as deduced from the
considerably lower average particle size
exhibited by PS102. A 500°C precalcina-
tion was not injurious to dispersion in the
bimetallic system (PS112 vs PS102) but
a 600°C precalcination is detrimental to a
significant degree (PS122), reduction being
at 400°C in these ecases. When tin(II)
chloride was used as the souree of tin
(PS322) and a reduction temperature of
450°C was employed following 600°C cal-
cination, dispersion is further worsened
(7.9 £ 5.2 nm av diam). Use of Aerosil
200 as support gave marginally better dis-
persion (i.e., average diameter) than i.d.
gel (P401 vs P201 and PS402 vs PS102,
respectively). X-Ray diffraction is hardly
sufficiently sensitive in the case of sup-
ported metal to reveal dissolution of Sn
in Pt as a-phase alloy [maximum tin
content ~7 atom9, (18)]: Thus, a lattice
parameter of 0.3922 4= 0.0003 nm was
derived for ’S122 while that measured for
P150 was 0.3917 =+ 0.0002 nm.

If similar severe heat treatment condi-
tions are necessary for complete reduction
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of Pt—-Sn as used for 1009, Sn, the fore-
going tests suggested that a 59, Sn-959,
Pt on either i.d. gel or Aerosil 200 with
tin from tin (II) chloride [calcined for 10 h
at 600°C; 450°C reduction (19)] or, pref-
erably, for greater dispersion, tin nitrate
(400°C reduction, viz., PS102) represents
an acceptable preparation. PS102 was
selected for catalytic tests.

Pt—Au. Because gold was derived from
chlorauric acid, which decomposes and
then sublimes as AuCl; at 250°C, calcina-
tion was not feasible. A simple comparison
of reduetion temperatures of 200 and 400°C
with platinum-containing catalysts showed
the lower temperature to give good dis-
persion (P201 vs P202; AP101) even at
a high percentage of Au (AP201). Disper-
sion is better for 1009, Pt with the Aerosil
200 support (1’401 vs P201); however,
while the alloy AP201 showed excellent
dispersion, the Aerosil-supported AP401
gave a very wide scatter of particle sizes
and larger average value. Catalyst usage
in hydrocarbon conversion at 250 te 380°C
following the reduction (see AP101U) gave
no significant loss of metal dispersion. The
lattice parameter for 1009, Au, measured
by Mr. A. Kane, was 0.4078 & 0.0002 nm
(A101); AP201 gave a value indistinguish-
able from this of 0.4077 % 0.0001; nm
while AP101 yielded 0.4077 £ 0.0002 nm
(only one metallic phase being represented
in the X-ray diffraction pattern). The
Aerosil-supported sample corresponding to
ADP201, designated AP401, gave 0.4077
+0.0001 nm,

Reduction by hydrazine solution gave
unsatisfactory preparations. Dispersion was
always poor, even with 1009, Pt. No pref-
erence could be deduced between 80 —
90°C reduction and 20°C reduction (P230
vs PP150; AP230 vs AP250) except for
1009, Au where the 90°C reduction gave
somewhat better dispersion. There was
no significant loss of dispersion (P231 vs
P230; AP131 vs AP130) for 1009, Pt or
the 50:50 metal mixture through Ilater
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reduction in hydrogen at 200°C; the 59
Pt-959, Au, however, showed a significant
loss. It is clear that dispersion with either
20°C or 80 to 90°C preparation temperature
was in all cases inferior to that from hydro-
gen reduction at 200°C and with the same
support material.

A 59, Pt—959, Au from hydrazine reduc-
tion (AP250) gave a lattice parameter from
X-ray diffraction of 0.4076 + 0.0001 nm
(that expected from Végard’s law being
0.4070 nm), so that this method too fails
to give appreciable metal mixing.

According to Dorling and Moss (19a) the
number of crystallites of metal produced
by hydrogen reduetion of dry impregnated
support is likely to be determined by the
number of individual micropores in which
the salt is trapped. The crystallite size is
then fixed by the concentration of the
solution used. The reduction by aqueous
hydrazine is probably more complex. Other
workers have succeeded in preparing well-
dispersed Pt (14) or Pd (16) by this method,
and factors such as solution pH which may
influence crystallite size (19b) require
further study before an assessment will be
possible.

Rh—Cu. Starting from a Cl—/Cl~ source
of metals, inclusion of a 500°C calcination
stage with a 400°C reduction leads to
better (R113 vs R103) or only marginally
better (RC113 vs RC103) dispersion. With
a 200°C reduction, however, dispersion is
slightly worsened (RC112 vs RC102;
R112 vs R102) on precalcining. There is
some indieation that a Cl-/NQ;~ source of
metals with 500°C caleination and 200°C
reduction gave better dispersion than the
same treatment on the Cl—/Cl— prepara-
tion (RC212 vs RC112). When reduction
was carried out at 400°C, however, metal
dispersion was similar to that from Cl—/Cl—
(RC313, ~1 to 20 nm, av diam 4.6 £+ 2.4
nm vs RCI113, ~1.5 to 20 nm, av diam
4.9 & 2.4 nm). We note at this point that
dispersion is not significantly altered by
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increasing metal loading from 4 to 89,
(RC313 vs RC212; RC302 vs RC202;
RC303 vs RC203).

Use of Aerosil 200 support compared
to i.d. gel showed that uncalcined prepara-
tions subjected to reduction at 200°C are
slightly poorer in dispersion in the former
case for 1009, Rh (R401 vs R102). The use
of the Aerosil, however, leads to definitely
better dispersion with the bimetallic situa-
tion (RC401 vs RC202 or RC102).

Hydrazine reduction at 90°C, and re-
verting to use of i.d. gel, led to the produc-
tion of large metal crystallites for both
single metals and alloys (R130, RC230,
and C230). This method was not further
pursued.

The nominal alloy composition 159,
Rh-859, Cu was chosen so that a single
metal phase might result (20, 21). A single
set, of diffraction ares giving a lattice
parameter of 0.3643 nm is expected from
Végard’s law for this alloy composition.
In fact, two sets of reflexions appear in
X-ray diffraction in the 8%, -loaded ‘‘alloys”
made from Cl-/NO;~ (RC312, RC313).
The more intense, and so fuller, set of
diffraction ares gives a lattice parameter
of 0.3612 nm (RC312) or 0.3617 nm
(RC313) while 1009, Cu gave 0.3612 nm
(C230) : The few extra lines, which pertain
to a second metallic region, yield a = 0.3717
=+ 0.0013 nm (RC312; similarly for RC313)
corresponding to a metal solution of about
609 Rh on Végard’s law. It is clear that
even the 500°C caleination/400°C reduc-
tion treatment of RC313 is inadequate in
practice to bring about a homogeneous
alloy. The particular compositions found
for the two metal regions in these poorly
alloyed samples probably reflect the mode
of variation of bulk interdiffusion coeffi-
cients of Rh and Cu with atom fraction:
Indeed there is a similiarity in these com-
positions to those noted by Soma-Noto and
Sachtler (7) for Ni-Cu alloys of <509, Ni
which are difficult to homogenize.
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General Comment on Effect of Calcination
(Rh—Cu, Pt-Sn)

The question whether or not a calcining
stage prior to reduction is beneficial for
metal dispersion does not obtain a general
answer. For Rh and Rh—Cu from Cl-/Cl-
sources caleining is beneficial for 1009, Rh
when the reduction stage which follows is
at 400°C (R113 vs R103) and marginally
better for the alloy (RC113 vs RC103).
With a 200°C reduction, however, no
benefit is derived from ecalcination, again
if Cl=/Cl~ sources are used. When, how-
ever, the Cl=/NO;~ starting compound
combination is used, the calcination is
beneficial with either the 200°C reduction
(RC212 vs RC202; RC312 vs RC302)
or with the 400°C reduction (RC313 vs
RC303). With Pt, reduction at 200°C after
calcining at 500°C appears to be only
slightly less favorable compared to a simple
200° reduction (P211 vs P201). The con-
clusion for Pt—Sn is that a 500°C precal-
cination has no effect on dispersion (PS112
vs PS102) but that a 600°C precalcination
has a somewhat worsening effect (PS122).

Catalytic Experiments

Pt-Au. A comparison of “hydrogen-re-
duced” and ‘“hydrazine-reduced” catalysts
(either for the case of 1009, Pt or for 509,
Pt—Au) shows that the former were appre-
ciably more active than the latter, con-
sistent with the greater dispersion of metal
yielded by the hydrogen reduction method
(Table 2). Although conversions are higher
with the hydrogen-reduced catalysts so that
product distributions are affected by the
occurrence of successive reaction, useful
comparisons are possible. The ratio of
destructive /nondestructive reaction is not
noticeably dependent (for 1009, Pt) on
whether the hydrogen reduction or hy-
drazine reduction route is used (see results
for P201 vs P231 in Table 2). The ratio is
generally greater for the 509, Pt—Au
catalysts when these are prepared by
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hydrazine reduction: Certainly cases of
very high ratios with the hydrazine-
reduced alloy (e.g., at 305, 362°C) are not
encouraging for utilization of such catalysts
for eyclizations in organic syntheses. We
may conclude also that lower ratios of
destructive /nondestructive reactions are
not found with the 509, Pt—-Au catalyst
AP101 as compared to the 1009, Pt P201.
From the few results available for it, the
5% Pt—Au catalyst AP201 prepared by
hydrogen reduction appears to give a
greater ratio of destructive/nondestructive
reaction at 300 to 320°C than the ratios
found with 1009, Pt similarly prepared
(P201); however, at 380°C upward this
ratio is reduced considerably with the
alloy. We shall return to the question of
the structures of AP101 and AP201 later.

It is of interest that the 59, Pt-Au
catalyst AP201 is notably more effec-
tive for methylcyclopentane production at
316°C than the 1009, Pt catalyst P201
(both prepared by hydrogen reduction, the
more acceptable method from the stand-
point of chemical purity) (Table 2). This
result concurs with a finding of O Cinneide
and Gault (/2) from a continuous flow
reactor at 300°C for a 159, Pt—Au catalyst
(which likewise represents a low-platinum
single-phase alloy). These authors inter-
preted this result as implying a ecatalytic
similarity between dilute-Pt-in-Au alloys
and highly dispersed Pt, the latter being
known to catalyze 1,5-eyclization of n-hex-
ane and its reverse, nonselective ring
opening. In view of the ‘demanding”
nature of dehydrocyclization, it is of
special interest that present comparison is
for alloy and single-metal catalysts of
closely similar metal diameter (Table 1).
From a practical standpoint, the present
observation represents a reassurance that
the 59, Pt—Au catalyst is not merely a
mechanical mixture of gold and (X-ray in-
visible) platinum. At the higher tempera-
ture of ~400°C, supported 1009, Au
(A101) has a substantial activity and
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methyleyclopentane and benzene are pre-
dominant products (Table 2).

The 59, Pt-959, Au catalyst AP201 has
about one tenth the estimated specific
activity of the 1009, Pt catalyst P201 at
300°C, consistent with the former being
a single-phased alloy of small percentage
of Pt. For an alloy composition of 50%,
Pt-509, Au (AP101) two phases are
present as expected (see X-ray character-
ization). These are a phase of ~159, Pt,
~859, Au and one of ~989, Pt, ~29, Au.
It seems likely that AP101 contains the
two metal phases in separate particles, or
at least as separate exposed surfaces, judg-
ing from the type of product pattern
(proportion of isohexanes and absence of
methyleyclopentane as a major product)
which shows no significant change at 300
to 320°C compared to 1009, Pt (P201).

While lack of information on surface
purity must discourage simplistic inter-
pretation of the selectivity behavior of
hydrazine-reduced catalysts, it seems a
justifiable speculation that the 509, Pt-50%,
Au API131 contains a platinum-rich phase
largely enveloped by a very gold-rich
phase, judging from the much lower con-
versions found on AP131 relative to P231.
Phase envelopment (still to be substan-
tiated by structural evidence) would come
about most probably during the heat treat-
ment in hydrogen which follows reduction
by aqueous hydrazine. The hydrazine re-
action places the metal nuclei in compara-
tive juxtaposition so that growth to large
crystallites, noted earlier, and envelop-
ment of platinum with the more mobile
element, gold, take place with ease com-
pared to the situation with widely sepa-
rated nuclei in samples reduced entirely
in hydrogen (AP201, AP101).

Pt—Sn. There is no clear decrease ob-
served in the ratio destructive/nondestrue-
tive reaction with Pt-59%, Sn compared to
1009, Pt except in the higher temperature
range 400 to 440°C, where the ratio is de-
creased by a factor of between 2 and 5
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(PS102 vs P201, P202: Table 3). The latter
finding is thus the sole available evidence
that the two metallic elements have alloyed
to some degree during catalyst preparation.
In this connection, the absence of large
metal particles in PS102 (compare S302)
is suggestive that, at least, the two elements
are not spatially separated on the surface
of the support.

We are unwilling to comment further
with the present information on the Pt-Sn
results but present them for their current
interest. Questions such as completeness of
reduction of the tin component merit
further study, and work is desirable with
catalysts PS112 and PS101 (Table 1) to
this end.

Rh~Cu. 1009, Rh-on-silica catalysts show
some difference in produet distribution and
in activity following mild (R102) and
following severe (R113) reduction condi-
tions (Table 4, Rh catalysts, 156-208°C).
It is evident, however, that in the absence
of a second metallic element supported Rh
acts above 200°C predominantly (or ex-
clusively) as a hydrogenolysis catalyst,
yielding only minor amounts of isohexanes
and negligible cyeclic products. With the
15% Rh, 859 Cu bimetallic catalyst
RC113, appreciable percentages of cyeclic
products and also some isohexanes were
formed (Table 4). Thus, at 300°C, 259, of
products were C; cyclic and 329, of
products in all were Cq. Using supported
catalysts, therefore, the ratio destructive/
nondestructive reaction decreases upon in--
corporation of 83 nominal percent of
copper into rhodium. Supported 1009 Cu
(C113) gives approximate turnover num-
bers of similar magnitude to those with this
bimetallic catalyst. Dehydrocyeclization on
C113, however, is small compared to that on
RC113 (Table 4: 325, 360-370, 450°C so
that production of methylcyclopentane/
benzene on the latter most probably occurs
on Rh centers at the metal surface. Pre-
viously, with severely annealed evaporated
films (in which form 1009, Cu has only a
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small activity) benzene was a major
product even on 1009, Rh, the destructive
reaction/cyclization ratio being 3 to 4 at
280 to 340°C decreasing to values between
0.3 and 0.03 for Rh—-Cu alloy films (3).
There is most probably an effect due to
surface—structure changes (and associated
carbiding differences) involved when a
comparison is made between Rh films and
supported Rh so that it appears unjustified
at present to invoke other bases to ration-
alize the further difference in catalytic be-
havior which follows copper incorporation.

The two bimetallic regions (Rh-rich,
Rh-lean) indicated by X-ray diffraction of
RC113 may both act as catalytic surfaces
even if, as suggested by similarity of particle
sizes to 1009, Rh (R113: Table 1), there
is no gross spatial separation of these from
one another on the support. Further efforts
to develop a preparation method giving a
single low-Rh phase supported on silica
would seem justified therefore in quest of
a supported catalyst having a useful de-
hydroceyclization activity.
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