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INTRODUCTION,

The Sodium Tungsten Bronzes, with the general formuls,
Na,WOz, where x varies from O towﬁo‘a,.form a series of _
non?stoichiometric compounds with semicomductor (x €0.25) or
metallic (x 30.25) properties. The "free" electrom comcentration
varies over a wide range witk only véry small changes in lattice
parameters., They constitute, therefore, & gsystem for which the
commection betwzen electrop concentration and mobility on enme
hand and catalytic activity on the other can be ~onvenliently

studied,

The earliest literature reference to these compounds was by
Wohler (1); who im 1824 succeeded in preparing & sodium tungsten
bronze. The designation "Wolframbronce", which was introduced to
describe the yellow metallic lustre of NeyWOs3 (x;O.S), was first
used apparently by Phiiipp and Schwebel (2), but despite this end
many other reports (3~11) of their existemce little work was dome
te establish the actual nature of these compoumnds until the last

two decades.

In generdl three methods (i2,13) have been used to prepare
the sodium bronzes:-

(a) An electrolytic reactiom in which e moltem mixture of
Nazwou and W03 are decomposed with platinum or tungsten electrodes.
Here the product forms on the cathode with oxygen being liberated

at the enode,
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chwo3 Coloyr CryStaﬂ Structure
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(v) A thermal reaction
x/2 Na W0, + (3-2x)/3 WO5 + X/6W = Na WOy

in which the solid reagents are finely greund and heated to give a
product via the solld siate reaction,

(c) One involving the reduction of molten soaium paratungstate
veing either electrolytic hydrogen or a metel i,e. tin or zinc,

Teble 1 gives a broad cutlime of the chenge in crystallographic
properties (14-25) together with colour chenge for the sodium
bromnzes., The crystal sﬁmcme undergoes successive transitions
through tetragomsl 1 and 2 phases (18,20,22-4,27~32) in the region
X 20,12 0,3, whereafter a cubic phase (17,1952242l-5,27;31,33)
occurs up to x¥o,8. The reported existemce of a tetragonmal
phase in the region x~ 0.4} by some workers (20,52), has been
attributed to a more gradual rate of anmnealing during preparation.
For values of x {0.1, triclimic (14~6,33) ond monoclinic
( pseudo—orthorhombic) ( 21,23-l,26~7,32,34~7) structures have been

postulated.

Of specinl interest is the linecr reletiomship betweem the
lattice constmmt, "o cnd the sodium comtent “x" for the cubic
bronzes. This relationship, illustrating Vegard*s Law (38), heas
proved to be of great assistonce in the determinntiom of the “x"

velue, which is given by the expression (39).

a = (3.7845 + 0,0820x) %
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The simplest model (1l) for s sodjum tungsten bronze, is to
regard it as a host W05 structure in which sodium ctoms have been
introduced interstitially; W03 hes & structure of iow symmetry
(21,23-4,26-7,32,34-7) consisting of deformed WOy octshedre joined
by sharing cormers to form en imfinite 3-dimensional freamework
(21,27,40-2) in the same way as the regular octahedra of the ReQj
structure (figare 1(6) and (o) )(40). The loss of oxygen under
vigorous conditcions leads té‘ the appearence of & new phase below
composition W0, og (37,40,43~9), to give 2 structure comsisting
of blocks of the basic ReOz type but separoted by shear planes
or dislocations (LO,4T). For theA simplest case, which leads to o
structure analogous to that of perovskite, CoTiOz (LO), the unit
cell con be represented os in figure 2, (11), with o tungsten
atom at the centre, 6 oxygen atoms at the face centres omd eight
"$nterstitinl sites" at the cube cornmers more or less occupied by
01kali atoms, When ﬁhese gsites arc completely empty l.e. where
x=0in NL‘.XWOB, this ideal structurc resemblcs that of WO3, the
differcnce being that with WOz, the W atoms arc slightly off cenmtre
in adjacent wnit cells, Figures 3(c) and 3(b), (L4O), give om
idealised picture of the perovskite structure,

Initially (29,27,31,39,50-7) it was assumed, in order to meet
the neccessory requirements of ncecutrality, that there was a
progressive chonge in oxidation state from W(VI), found in WO
(x=0), to wholly W(V), foumd in the hypothetically highest member
of the series Nay gWO;, This classical model (43) for mom-
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stoichiometric émmpmds of the tremsition elecments assumes the
presence of isolated ions in severzl oxidation states and the
conductiﬁty pfoéess is postulated to proceed via am eclectrom
transfer from o lower to a higher vealent iom, More recent studies
(11’,:25,27,31,@‘,58-63}, however, have s‘hbm that such a theory is
uvnable to provide an adequate explonation of the observed properties
of the turigsten bronzes., With the recognition that antiferromagnetic
intcractioms encountered im tromsition metal oxides, require some
overlap of the ntomic orbitals, it become clear that isolated
cnergy states have to be :bepiaced by deloccliscd ievels such as are
post’ulated in thec bamd theory of solids., The low temperaturc
paromognetism observed for the sodium tumgsten bromzes also argues
against isclated spim states of the type implicd by formmlating

the bronzes as solid solutioms of W(VI)03 in hypothetical r:xw(v)o3
(M=niknli metal),

Sienko smd Crowder (61), Mackimtosh (62) and Fuchs (63),
working independently, approachcd the problem in one of two woys
based on the Moleculer Orbital Theory: o "Perturbatiom" theory
dne to Frohlich ond Mott (64) cnd to Howarth cnd Sondheimer (65)
and sn "Intermediate Coupling' theory due to Lee, Low and Pines
(66-8), both of which heve the common feabtive thot each sodium
ntom contributes one electrom to & conductiom bemnd, These theorles
heve clso proved quelitotively very useful in accounting foﬁ the
metal to semicomductor discontinmuities observed with decreasing

temperature for some of the 3d metal oxides amd for the decreasing
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cerrier mobilities observed from left to right in the comducting

oxides of the 34 tramsition sequence,

The use of the Molecular Orbitzl approcch (11;6143) has
proved to be a walusble tool in cssessimg the electronic structure
of these compounds, In his studies of the electronic structure of
bronzes with metallic properties, Sienkc (11) cdopted on .
essentio 2l1ly covalent model im which the conduction bond was
derived solely by overlap of the tungsten 5d; (tzg) orbitels.
Although theoreticelly om insulator (69) W05 does exhibit
semiconductor propertics usuolly '"m" type (61) in chorcdter
("'p" ty.pe (70) has rlso been reported), owing to verious
impurity centres, usunlly cssocliated within the regiom
bridging the gap between the valence ond conductior bonds and
inevitably precsent with polycrystalline material. With the
introduction of sodivm atoms to this structure, the caonduction
bamd is filled up to on extent which is determined by the "x' -

value,

Mackintosh (62) , olso cdopting & covolent model, cpproached
the problem in o different waoy. He sought to explain the formation
of the comduction band by the overlep of the sodium “p" atomic

orbitals,

The supporting evidemce fur both 0¥ these band models,
which have led to WO3 becimg celled en “"electronmless metel" (11)

which is popauloted by electrom domors, Nec, comes fram various

~. o 2 ° - T o
S . ¥ SN
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kinds of measurecments. These include resistlvity vs temrperafare,
Hall voltage, thermoeclectric power, magnetic su.sce;éti‘bility and
mucleor mognetic resonsnce neasurements., Ezch of these serve in
turn, to account for the suitability or imadequacy of either or

both of these models,

Hore recently Fuchs (63), has shown that, slthough neither
is wholly cofrcct, they both provide a more then useful foundation
from which o more complete picture of the conduction “band may '
scon be obtained, Fuchs has suggested that clusters of sodium
atoms mny occur im the bronzes. Here clectroms would be localised
i {03 ol diff‘usely so thet they would extend over the tungsten énd

oxygen ions next to the sodium ions,

Indccd the brocd cpplicability of both nodcels noy be Judged
fron the fact that they arc oblc to zccount for the observed changes
in colour of the tungstcn bronzes. Brovn and Banks (25) hove |
roported from their imvestigatioms of the spectral distrbution
of visible 1light reflected from Ne,WO; samples, that the absorptiom
peak narrows appre¥ciobly as-'"x" increases, This is o consequence
(63,11,71) of the widening gap between thxe valence bend and the
first vacant level of the comductiom band =nd due to the mcfeﬁsing
deasity of filled states in the comduction band,

Trensient nuclear mogretic resomonce studies bosed on the
23Na resanonce in the sodium bronzes, in which 2 negligible Knight
shift hos beon observed, have provided evidence for Sienko's

model (62,72-4) based on tungstem 4 orbitals, Narath, first with



Wallace (75) ond then Fromhold (76), extending these studies to
the 185‘37 resonance in these compounds haé served to corro'boraﬁe

the earlier studies of the 23Na resonance,

Resistivity vs .temfperamre plets, obtained from measurements
on single crystals of the bronzes with x>0, 3, have alimost
without. exception exhibited positive thermal coefficiemts of
resistivity (19,24-5,5L,60,77-9) consistent with meteliic
behaviour., Work carried out an powder samples have not; however ,
proved as reliable, one notable example being the results obtained
by Straumamnis and Hsu (52) which were consistent with semicomductor
behaviour In figure 4 (77), the resistivities of single crystals
of cubic and tetragonsl sodium bromzes at 300°K are shown &s |
8 function of alkali m2tal conmcentration. Figure 5 (78}, represents
the conductivities (reciprocal resistance) of the ssme bronzes at
300 'K plotted as a f£(x). By extrapolating to zero cornductivity
the curve in figure 5 strongly suggests that all bronges will
become semicemductors (or insulstors) fer values of "x" less then
% 0,25, This possibility has been suggested by Sienko-and Trong
(8_0) using the theory of Mott (81) for metal-semiconductor
transiti’onéx. Fuchs (63), however., has pointed out the major
weanknegses of applying this eppreoach, snd in addition has
suggested an altermetive mechanism based on Mackintosh's work

(62) lMoreover, the difficulty of obtaining sufficiemtly
homogenecens crystals have made it virtuully impossible to make

an accurate study of the discontinuity which would be expected
from Mott's theory. Of impcrtance here is the fact that mo crystals
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in the region below x¥ 0,25, have exhibited metallic character,

Straumenis amd Hsu (52) have demomstrated that the Ionic
conductivityn observed with lithium tungsten bronzes, 1s gbsent
in the sodium bronzes below 450*C, thus precluding sny diffusion
of sodium atoms through the lattice, Mony references (2;;-'-5,82)
hove been made to the presenée of a minimum in resistiviﬁy in
the region x~-0,75, Brown ond Bonks (25) , supplementing
resistivity work with Hall effect studies, deduced that the
mobility of the electroms in the bronzes wasw35 7, of that in
metallic sodium. They have put forwa:‘d a tentzotive explanstion
in terms of an equilibrium between undissocinted sodium ntoms,
sodium ioms snd free electroms: for values of x{0.75, each
sodium stom added comiributes one free electran ond one random
scattering centre{@ , until 2t x20,75 an erdsred stmc_tﬁre is
formed, whercupon the comtinued addition of undissociated sodium
atons crectes only additional scattering centres with a2 resultont
Incrensce in resistivity. Itwas noted by Juretschke (82) that this
ninimm was mach lesS them is customarily asseciated with such
ordered structures, Desplte” later reports, however, of the absence
of the orderiﬁg l.phenozz:;<=;'z.10fm (60); the problem was finally resolved
by MMestein ond Denielson (79), who were able to show
conclusively the presencc of the minimum at x2r0,75. They
attributed the ceorlier discrepancies to the use of imhomogeneous
crystals,

Measurements of Seebeck coefficients (’ohermoelectric
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powers)(61, 78-9) and Hall coefficients (2U4~5,33,54,78,80) heve
provided evidence in suppdr{; of the proposed free electrom model.
Moreover, mony workers have indicated that each sodium contributes
one elcctron for conduction processes; although, morec r‘ec‘:ent‘ly;
the value of using Hall coefficients has beén put in doubt by
Mahlestein and Denielson (79), who found that they were unable

to predict the exact mumber of electroms consistent with the

sodium content of their samples.

Oh the other hand, the thermodynamic ‘properties of the
bronzes cbtained from magretic susceptibility data (U43,50,58,76,
83) asg well as specifié heat data (84), though still in
agreement with the view that the bronzes contain "Quasi''-free
electrons, suggest that this free electron theory must f)e
considerably medified (63,78), however well it accounts for some

of the tramsport properties of these compounds,

Although, as we have seen, much work has been carried out om
the physical properties of these compounds, the study of their
catalytic properties has received much léss attention., Joneg |
(85) has studied the ortho-para-hydrogen conversion and hydrogen-—
deuterium exchange reactions, Balandin and Sokolova (13) the
decomposition of isopropyl alcohol, ethanol and formic acid,
and Dickens and Whittingham (28) the oxygen atom recombination

reaction,

Jones (85), using semples with 0,304 x£0.98, was able to



show that the rate constants per unit area exhibited a sharp
meximum at x = 0.67; at this compositiom, for example, the rate
constant was 840 times as large as that at x = 0.30. The moximum
in anctivity occurred at roughly the same composition as the
naximum in the electron mobility determined by other investigators
(24-5,33,54,78,80), This variation in rate he attributed, mainly,
to a veriation in the muber of active centres, éinée the (nigh
temperature) sctivatiom energy was found to be constant over the

whole Pomge of compositiom (“v6,8 K cals/ mole):

It was further observed thot the bronzes underwent an
"Activation process' in hydrogen, the activity being initinlly
low amd increasing tc = stable maximum after o few days. This he
ageribed to a slow adserptiom procecss, since outgassing im vacuo
did not impart activity, and prolomged punmping on activated
bronzes coused o decrease in activity., Moreover, & rapld

restoration of the activity was achicved on rencwed exposure te

hydrogen,

Balendin and Sokolova (13), uwsing tungsten trioxide omd
bronzes prepared by reduction of sodium parctungstate, showed
thnt the dehydrating power of the bromzes was liess thon that of
W03 or thc unmreduced paratungstote. The dehydrotiom cctivity
decreased with 1ﬁcreased degree of reductiom, becoming nlmost
zero for the most completely reduced bromze (x = 0,91). The
incrensing inertness to chemical change with increasc of "x" value

through the series was demonstroted by the resistomce to éxidatiqn
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of the highest members of the series., For exsmple; whereas the red
bronze (x = 0,63} exhibited a substantial increase in activity
after being heated in air for 1 hour, no change was observed for
the higher bronzec (x = 0.,91) under idemtical conditions. Evidence
of the recdicr oxidatiom of the lower bronzes was provided by the
apprfeciable incrcase in activity of the dark blue bronmnze

(x = 0,28),which, after heating in oir for 3 hours, had mm activity
similar to that of the origimel paratungstate, They zlso found
that the progressive substitution of Na by Li in the bronzcs
noticeably decrecsed their activity for the dehydratiom of

isopropyl alcohol,

These observations, they sought to explain in terms of the
Multiplet theory (86), postulating a two point ndsorption on
adjocent sodium and oxygenr vacancies. Figure 6(a) represents the
face of o unit ccll in the cubic bronze, while figure 6(b) shows
the atomic layer bemeath it, Some vacancies arise whem x £1 by
virtue of the lack of sufficient sodium ctoms to occupy all the
corncrs, whilst others may crise through lack of axygen, The H
and O atoms in alcchols which react during cetalytic dehydratiom
can them £ill thesc vocancies (figure 6(n)) with the oxygen
completing the WOg octohedrom (87). In figure 6(a), which is
drawn to scale, the location of the C atoms arce also indicated.
Thot the atomic distribution shown in figure 6(a) is quite feasible
is scen from the fact that the C-~C distributiom is analogous to
that adopted by thorium carbide (88) (cf, figure 6(c) ) and
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further thet hydrogen analogs of the sodium bromzes, with almost
identical paraometers have been isolated (89). In cccordance with
this theory, the intermediate complex in figure 6(2), is a solid
surface golution,

The agreement within about 16°7Qbetween the distance bectween
(Nae+20) vaconcies and the (Hee+0) distance in nlcohols scrves to
ilTustrate how this model can account for the observations thot the
sodium bronzes promote the dehydraotion reaction, though weokly. It
is also able to provide an explanation for the fall im catalytic
activity with increansed reduction of the paratungstate or
Introduction of lithium: both of these rceduce the number- of
defects in the corners of the cube with the result that fower
alcohol molccules can be adséfbed in the catalytically required
positions, In,coﬁcluding'their work, Balandin and Sckolowa
pointed ocut that although the discovered parallelism between the
catalytic activity ond the mumber of defects in the bromnzes conformé
with the electronic theory of catalysis, the weak catealytic
activity of their defective lattices does not, In.general, besides
the defects, the warious steric ond energy rclationships have also

to be accounted for,

Of perhnps less significance, has been the study by Dickens
and Whittinghan (28) of the oxygen ntcm recombination reaction
on the bronzes of the general formula MXWO3, where M = Li, Ne or K
and O,@x.’go.& In 213 cagés, the reaction was found to dbe first

order, and the activities obtained, found to be closely related



to the electronic properties of the bronges,

Of special interest with regard to the present work have been
the studies by Crowder and Sienko (37, 61), Derén ond Polaczkows
(90) and others (45,49,91) on the electronic properties of tungsten
trioxide. These have shown that the conductivity of the
semiconduoting oxide increases rapidly in vocuo and that a "Quasi
metallie" state is Tinally attained. Earlier it was stated that,
fgcording to Mott's theory (81) for metal-semiconductor trnnsiti@ns,
2 changeover from metallic to semiconducting properties would be
obgerved at values of x¥{ 0.25 in No,VW03., It is now accepted,
however, that under vacuum conditions, this changeover moy occur
at mach lower values of “x", and indeed may mever occur at all.
This has been pointed out by Kudrok and Sienko (91), who have
shovn that additional electron centres are created by removal of
oxygen, each missing oxygen atom being equivalemt to the presence
of two alkali atoms, This equivalence of oxygem defect ond alkall
metal addition in the W05 system has been demonstrated by Sienko
and Banepjeei(uS), by the fact that the magnetic behaviour os a
function of x is the same in WOB;_x as in wao3‘ This tendency of
WO, to readily shed some of 1ts surface oxygen (cf, Jones and
Balandin and Sokolova), has alsoc beem referred to by Rabes and

Schenk (92) who observed that formic acld, a stromng reducing

agent, quickly reduces the surface of the parent oxide W03-
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The Formic /Acid Decumppsitiqn Reaction,

Formic acid may decompose either by dehydration to yield

carbon momnoxide and water, or by dehydrogenation to yield carbon

dioxide and hydrogen. On some catalysts. both reactions occur.

The wealth of evidence gained from infra red (93,95),
kinetic isotope (93,95) and conductivity (93,94) studies support
the view that, in the gbesence of surfaces exhibiting acidic

properties, the reaction proceeds vis a formate ion as

intermediate.
HCOOH
COop, + H
B , 2
A Cco + Ho0
H C
\C
/O/ R \O\ H

+ S
[TTTT777777¢/ 771777777777 7777/777777/7/7/
Surface

Considerable doubt, however, still exists uver the actual
direction of charge tramnsfer on the surface, evidence for both
positively (93,94,96) and negatively (93,95) charged species
having been forwarded, and as to whether a monomolecular or
bimolecular mechanism is operative, The later problem has to

some degree beerr clarified by Hirota (95) et, al, from infra red



~15-

studies of deuterated formic acid on nickel films, and by Lawson
(97) from measurements of the desorption, exchange and catalytic
decomposition of g labelled formic acid molecules on silver
fiIms, Both sets of results were found to be consistent with a
bimolecular mechanism, in which a formate ion, normally stable,
was rendered unstable in the presence of the vapour or the
Physically adsorbed species of formic acid. Moreover, they
postulated that interaction between the two species could occur

to form an intermediate complex of the form:

H- -
T77777777777777777777777/77777/7/7
Surface

Breakdown of this complex could then oceur to give CO, and H2 or

The work presented in this thesis was undertaken to elucidate
further the catalytic properties of the sodium tungsten bronzes.
A kinetic study of the decomposition of formic acid has been
carried out, together with clectrical conductivity measurements,

on the bronzes and also on W03.
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EXPERI MENTAL

Preparation of the Sodium Tungsten B renzes.

Of the various methods (12,13) avallable for the preparétion
of the sodium bronzes, the most versatile and the one adopted
in this study, is the solid state reactiom:

x/2 NagWo, + (3-2x)/3 W03 + x/6 W = NagWO;
Here the appropriate gquenties of sodium tungstate, tungstic exilde
and tumgstem powder were finely ground and heated in a silica
tube (6 cm long and 1 om wide) at 850°C under vaouum (10™° mm Hg),
for a minimum of 5 hours, A sample of pure ﬁmgsten oxide was
heated in the same menner, Owing to the sfrong' devitrifying
action of sodium tungstate em vitreoussiliéa, a tube could not be
uged for more than two or three preparations, more especially
during the preparation of the higher members of the series.
After cooling, the samples were finely ground and then leached
successively with boiling dilute NaOH, comcentrated HCL,
distilled water and acetane (28), This treatment removes umreacted

Nazwou, WO3 and tungsten metal.

Analysis of bronzes.

Anslyses for sodium comtent were carried ocut by fusion
with & 3:1 fusion mixture of KNO3:K2003 in a pletinum crucible,
. the bronze going rapidly into solution with gentle heating. After
cooling, the white ceke was dissolved in boiling water amd then
transferred to a 250 ml graduated flask., The amount of dissolved
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sodium, and hence the percentage of sodium in the brcn;;,.ﬁéé'then
measured by use of an Eel flame photometer, The flame photomefer
was calibrated using solutcions conteining differen: known L
concentrations of sodium ions together with a comstent concentration
of potassium ions, both ions being intreduced as their respective
chlorides. Care was takem to ensure that all fusions were carried

out with a potassium ion weight identical to that present in the

calibration solutions.,
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X-roy Diffraction Resulis.

X-rey powder diffraction traces were determined with a
Philips x-ray diffractometer (35kv-20ma. beam, cepper target)
and scanning the range 20 = 81603 |

For members of the series exhibiting both cubic symmetry
(0.34<x€0,8) and distorted cubic symmetry (0.1<x<0.3), the

spacings were calculated from the relation,

2dsind® = nh,

and by use of the expression,

a = o)
/2 + x2 4 12

most of the peaks on the diffraction trace could be indexed,

Toble 2 shows that the resuitcs obitoined compare favourably
with those of other workers (14-27). Without exceptiom, all lottice
porameters “a & (present study)® are meon velues for the 100, 110,

111, 200, 210 ond 211 Iattice plsnes.

Traces taken after exposure to formic neid showcd negligible
change in the valuc of 28 or the intensity of individual peaks,
indicating that 1ittle reorganisation of the crystal lIattice hnd

occurred during the reactiom sequence,



Table 2

X-ray Diffraction Measurements

s
Copper_target Lekv 20 mA unfiltered

k a radiation

BA= 1.5,05°A

Lattice constant., a °A

value
0.11 3.80
- 0.16 3.80
0.28 3.81
0.38 3.80
0.52 3.82
0.60 3.81
0.66 3.82
0.7 5.83
0.77 5.83
0.81 3.8,
0.85 3.86
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Surface Area ¥easurements.,

The method adopted was that derived by Brunauwer, Emmett,

and Teller (99), universally known as the B.E.T. method.

Here, a gos is adsorbed onto the previously degassed solid at
low temperatures. Near ideal gases ore gencrally used since they obey
the B.E.T. thecory in its simplest form, On the assumption that several
layers of ges can be adsorbed onto the solid surfoce, this theory
moy be shown to lead to an expression from which the volume of gas

necessary to form o mono loyer on the surface is readily obtained.
The volume of gas adsorbed ¢t N.T.P. is given by:-

V= __ . cPVm . .
(Po - P)(1 + (c-1) P/Pa)

where P = pressuﬂe of goss

Po = vapour pressure of gas at the temperature of the adsorbate.
c = consténm related to the heat of adsorption,
Vm = volume of gas at N.T.P. necessary to form a mono loyer

on the surface,

From this expression it camn be séen that by plotting
P/ (Po -P) V ogninst P/Pe, o value for Vm can be dbtained,
Knowledge of this quontity then enables the number of molecules
involved in covering the surface ond hence the surface area to be
calculated, This isctherm is gemerally found to hold up to a

relotive pressuce (P/Po) of~~0,25,



With the sole exception that pressure meecsurements were made
directly using o small Mc. leod gouge, the experimental procedure
was that outlined by Inglis (100), using ¥rypton as adsorbate ges
at -196°C and helium for decd space determinntion. The cross
scctional arec occupied by on cdsorbed krypton ntom was taken to
be 19.5‘12. The various fixed volumes were determined using helium
since the gas is not apprieciably adsorbed on glass., Toble 3 gives
5l sﬁmmary of thc measured surfocc arecs, both before and after the
lcaching and washing procedure. The surface crea quoted for each
entalyst is the mean of at least two determineations, reproducivility

v
being + 5 4 .
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Table 3
. Surface Area metres®/gm.
val}ltxe
Before Leaching After Leaching
-0 2.00 -
0.1 0.41 2.13
0.16 1.65 b by
0.28 1.25 2.58
0.38 0.32 1.33
0.52 0.55 1.23
0.60 0.23 0.95
0.66 0.06 0.19
0.73 0.18 0.53
0.77 0.13 0.42
- 0.81 0.11 0.33
0.85 0.16 0.50




Magnetic Susceptibility Measurements,

- Heasurements of the magnetic susceptibllity of substances
containing trensition elements are useful in giving an indication
of the presence of unpaired electrons due to holes in the d-band,

and as such have proved of value in elucidating the electronic

properties of the tungsten brongzes.

Measurements of the susceptibilitles of tumgsten trioxide
and the sodium tungsten bromzes were made by the Gouy method at
room temperature and o field strength ef about 10,000 gauss,
the Gouy tube being calibrated with Hg(Co(CNS) u)(].Ol). Mcasurements
of specific gusceptibility were alsc made on samples which had becn
preﬁreate—d in o mormer identical to that experliemced by samples
during the study of the kinetics of the formic ccid decomposition

reaction,

The 3mm diometer pyrex Gouy tube, having o rcference mark 9cm
from the closed end, was suspended by olumimium wire so that the
bottom was om the axis of the horizomtzl polc pieces of the magmet
(figure 7). Before ony weighings were carried out (with the tube
empty or filled, or with thc magnet switch om or off), the tube was
suspended for ton mimmtes, to allow it to rcoach the temperature of
thesurrounding cir amd as nccessary to allow the mognetic field to

becomec umiform,

The tube was weighed empty with the mngnet switched off ond
then agoin with it on., In this way the diamagnetic correctiom for



% 1T

the tube was obtained. The volume of the tube was then deteméi.ned
by f111img 1t to the refcrencc mork with woter ond weighing with
thc nagnetig off., The tube calibreation comstant was found by use of
Hg( Co( CNS) j_F), the mngnetic susceptibility of which is 16.&4*1@‘6ch

units at room temperé.ture.

In the preparation of pretreated samples, usec was mnde of the
apporatus shown in figure 8. The sample was placed in the horizontal
xfeaction vessel ond subjected to o reaction sequence idemtical to
that adopted in the study of the kinctics of the formic acid
dcconposition reaction, After about four reactiom cycles eech
involving the exphmsion of formic acid to the rcacting system
followed by hoatinmg ot 180-230°C for ~2 hours, and outgassimg for
a of 3 hours ot 470-500°C, the cotelyst was allowed to
cocl to room temperature, Stopecock T was then closed, the apparahis
detached from the vocuum linme ond the scmple carefully tramsferred
from the recctiom vessel to the adjoin:l._ng Gouy tube., Thercofter,
the Gouy tube was scoled and removed from the reaction vcssel,
Mcasurements were them carried out im a simllar memner to thosc for
normal samples, In a1l thesc cases, the volume of the somple was rec
f-°orded_ by a scratch an the outslide of the tube and the tube
calibrated using a volume of calibrant cquel to the voiume of the

catalyst previously cmployede.

The spoeific susceptibility of the sample is given by (102):

106(= &<+ BP'
W Lo



where ' = F -8
of = constant for displaced air = 0,029 % specimen volume.,
® = tube calibration constant,
W = weight of specimen,
F' = force on specimen.-
F = observed force,

J\ = diamagnetic correctiom for the tube,

By conventionok, F end & are measured in mg and W in gm.
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Table 4
Magnetic Susceptibility Pata
Specific Susceptibility 10X c.gs. units
lX'
value Normal Samples Pretreated Samples
0 0.57 2.45
0.1 0.13 0,01
. 0.16 0.10 0.05
0.28 0.15 0.10
1 0.38 0.19 0.14
0.52 0.22 0.16
0.60 0.12 0.06
. 0.66 0.14 0.07
0.77 0.35 0.29
0.85 0.19 0.13




Electron Spin Resonance Studigs.

In principle, electron spin resonance (e.s.r.) may be observed
in any system that has wmpeaired electroms. Moreover, electrom spin
resonance sbsorptiom can be shown (103, 104) to take place at any
ffequency provided the value of the magnetic field is adjusted to

satisfy the equatiom:-
hyg = gg Ho

in which® is the Bohr magneton and Ho is the strength of the
applied field, The quantity 'g' is the Landé spectroscopic
splitting factor and hes the value 2,0023 for a free electrom.

In practice mixing of spin momentum with orbital momentum in atoms
and melecules, m=y cause 'g' to depart from this value,

In the present study measurements of the e. s. r. spectra
were ceorried out using & Hilger Vett Microspin electrom spin
resonence spectrometer. The electromagnet and stablilised power
pack were supplied by Nev}port Instruments, Spectrz were taken both
of mormal sazmples .and of samples pretreated im o mommer analogoué
to thnt uscd in the study of the mognetic susceptibility of these
catalysts, The cpparatus used for the pretrcatment was identica
to figure 8 except that the quartz sample tubc and pyrex reactiom
vessel were cemented together with araldite, Care was taken to
ensurc that the araldite seal was kept cocol whenr the reactiom
vessel section was being heated., Preliminary studies of spectra

taken ot room temperature were supplementcd by meosurements at low
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tcmperctures and with increased megretic field stremgth to give

higher sensitivity.

Although, no detectable signals were observed for any of the
sodium bronzes, whether pretreated or not, & signal was observed
for pretreated WOz, This occurred at a g vaiﬁe of~1,6 and indiéated
that pentavalént tungsten was present on the surface., The absence
of any such signal for non-pretreated WO} refutes the po.ssiﬁility
of the line being due to impurities present in the WOs,



Preparation of Gases.

The gas handling lines were arranged so that the gases and

vapours used in these experiments could be obtained and stored

in high purity.

(a) Formic Acid.
500 ml Analar Formic Acid were distilled in the presence

of phthelic anhydride (to remove any water present) and the
fraction collected in the range 99-101%C, The distillation was
repeated a further three times., Thereafter the purified formic
acid was frozen out using a drikold/ acetone bath; allowed to melt
and when half melted, the melt was discarded amd the remaining
solid.allawed to warm to room temperature., This cycle was repeéted
at least six times, noting the melting point of the solid each
time., After this series of operations, the acid was found to

melt at a comstant temperature of 8.4°C in excellent agreement
with Iiterature values (98). A small quantity of the purified
acid was placed in a detachoble tube and connected to the gas
handling line, The acid was then frozen with liquid nitrogen

end the sample tube evacuated, Vacuum distillzation of the acid
wos then carried out between a storage vessel and the detachable
tube several times (A ond B in figure 9), discarding the first and
last 20 /_at each cycle. The acid wes finally frozem out in the

storage vessel and mainteoined ot -196ﬁ3 when not in use.
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(b) Kryptom.

99-100 7/, Krypton with balance Xenon was supplied by the
British Oxygen Co., in break secl bulbs, The bulb wes glass blown
to the gas hondling line via & liquid mitrogen trap, sc that the
pressure of krypton could be reduced to< 3mm Hg for ease of |

hendling during surface arec measurcmcntis,
(¢) Helium.

Mineral helium was admitted through a charcoal treap at o
rete not exéeeding 30 m1/ min., The charcoal wns first activoted
by baking the trap dt 300 %C overnight with c¢ontimunl pumping.
The system was isoclated from the pumps, and if the pressure in
the system was € 1x10’5 ma Hg, as measured on = McLeod gouge, the
trap was cooled in liquid nitrogen cnd helium zdmitted. The gas was

stored in o 2 1itre bulb,

(a) Hydrogen, Carbon }jonoxide ond Carbom Dioxide.

These gases were used for surface adsorption experiments.
Hydrogen and carbon monoxide were simply expended into the system
from a cylinder through o liquid nitrogen trap omd stored im 2
2 litre bulb, Carbon dioxide wns obtained by placing n small
queantity of drikold in a detachoble tube amnd connecting it to the
gas hondling line., The tube was cooled in liquid nitrogen and
evacuanted, Vacuum distillation of the gas was then carried out

between two detochoble vessels severel times in the usual maonner,
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Thercafter, it was finally stored in a detachablc tube at -196°C.
Since, in many instonces, ultra high purity was mot nccessary thesce

preparations werc considered sufficiently good.
(e) Water,

A small quantity of distilled water was introduced into the
gas hondling line and distilled in a manmer analogous to theat
adoptcd for formic acid. The parificd woter was stored in a

detachrble tube and kept at —196°C when not in use.
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Reaction System for Kinetic lieasurements.

Figure 9 shows the static system used for kinetic experiments.
- The whole system was constructed of 'Pyrex' glass, 'Apiezon' L or T
greases being used to lubricate all joints and stopcocks, the

latter grease more especially for regions above room temperature,

The pumping system consisted of an Edwards G.M.2. mercury
diffusion pump backed by a Edwards E.D.35., speedivac, rotary oil
pump and gave pressures less than 1072 mm Hg, on a McLeod gauge.
Two liquid nitrogen traps were used to minimise any poisoning of

the catalysts by mercury vapours present in the system.

The reaction vessel was a vertical tube, 30 mm in diameter
and 37 ml volume and was connected directly to a calibrated
glass spiral pressure gauge equipped with a light pointer. A
pressure change of 1 mm Hg giving a deflection of approximately

5 mm on the scale. This deflection was linear with respect to
pressure over the range of pressures used in the kinetics

- measurements,

The reasction vessel temperature was controlled by means of
an electric furnace snd electronic controller to within # 0.2%C.
By a system of counter weights and pulleys, the furnace could be

easily raised or lowered round the reaction vessel.

Temperatures were measured with a thermocouple of Driver

Harris T3/ Tp alloy calibrated against a standard thermocouple.



Therpocauple voltages were measured on a ’Cr0pico' type P3
potentiometer which enabled tempernture changes of + 0.2°C to be
messured. Ice water was used for the cold junctiong of the

thermocouple,



Procedure for Decomposition Experiments.

Identical procedures were adopted for ail catalysts, When A
the reaction vessel comtaining a known weight (tﬁ ng) of catalyst
had reached the desired temperature, formic acid was allowed to
enter the reaction vessel to an initial pressure of 25-30 mm Hg.
As soon as the system had been isolated; the initial pressure wes
read on the spiral gauge and the stopclock started. Pressure
readings were recorded at 15 second intervals during the first
minute, and 30 second intervals thereafter. With all samples
pressure/ time durves were linear after the first two or three
minutes indicating zero order kiﬁetics. The extent of this linear
relationship was found to increaseAfroan\7‘zm for the lowest
members of the series toxABO'Z, of the total reaction, for thc
highest members of the series. Thereafter, the rate of pressure
increase gradually diminished. At low rcaction temperatures a
pressure deéfease was observed during the first minute or two due
to adsorption of the reactant. ALl catalysts were found to
undergo an‘"Actiféfian Process' in formic acid. The activity,
initialiy low, incréased to a stable maximum after about two
decompoéition runs; Reaction rates quoted in the resulfs section,
apply exclusively tO‘meééuremenis in the zero order region., The
reproducibility of reaction rates was within # S‘Z,. AlL catalsts
were outgassed betwecen runs for z minimum of 3 hours at h70—500°c
and 10”5 mm Hg pressure, 1f ot ony time the pressure was grecter
than this, o slight falling off in the activity of the catalyst
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similarly CO and H,O were expanded into the reaction vessel and
mrintained at between 180-230°C for a minimum of 3 hours. The
individual component pressures were then analysed by freezing,
according to the procedure outlined in the sub-section headed

'Product Analysis by Pressure Measurements'.

AII reaction rates were corrected for the dimerisation of
formic acid which occurs below 110°C. This was to nllow for the
fact that approximately 25‘7; of the reaction system, namely the
capilliary linkage to the spiral gauge, was always meintained at

room temperature.

In a1l cases, nctivation energy plots of log rate/ 1/ T
were constructed from the study of the decomposition reaction
at o minimum of six differemt temperatures, usunlly at 5%c

intervals,
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The Analysis of Reaction Products.

Mass Spectrometric Analysis.

The product mixtures were analysed using an AEI MS 10 mass
spectrometer., Carbon monoxide and carbonr dioxide samples were run
individually to obtain their standard cracking patterns., The peaks
in the spectra were then expressed as percentages of the parent
peaks at mass 28 and mass Ll respectively. The spectra overlap
at mass 28, so that, using the data from the individual spectra,
the relative contributions of carbon monoxide amd carbon dioxide
to the mass 28 peak could be separated; when an unkpown mixture

of the two gases was analysed,

To calibrate the spectrometer, to take account of sensitivity
variations for different gasecs, synthetic mixtures of hydrogen
together with carbon monoxide and carbon dioxide were made up

using a combination of a gas burette and Toepler pump.

Mass spectra were obtained for a series of such mixtures of
known partial pressure ratio, After corrcction for background and
the overlap at mass 28, the ratio of the peak height at mass Lh
to the corrected peak height at mass 28 was measured and plotted
against the ratio of the ceorresponding partial pressures. The
rcsultant straight line was used to determine z sensitivity

factor S defined as:

3 = p(002)- h(Co}
p(CO) h(COZ)




where h denotes the corrcected peak height., A similar S value was
determined for a plot of hydrogen/ carbon dioxide ratios, so that
the (002/ CO) and (C02/ H2) ratios could be determined from the

ratio of the corresponding peak heights,

Direct product analyses were achieved by constructing a reaction
set-up similar to that adopted for the study of the kinctics of
the decccmpositiom reaction., The reaction vessel was fitted with a
capillary leak which allowed (1"/“_' per hour of the reaction
mixture to leak continuocously into the mass spectrometer. It was
then possible to make a detailed continuous study of the reactiom
products Witﬁout stopping the rcaction, Formic acid and water were
frozem out from the products before the latter were admitted to
the spectromcter by interposing a U-tube, filled with glass beads
and maintaincd st -120°C with =2 propanocl/ liquid nitrogen freezing
mixture, between the capillary lesk ond the imlet part of the
specctrometer, To provide o comparision with annlysis results

from pressure measurcments (see below), rcactions in some
experiments were stopped by coocling the reaction vessel with g
drikold/ =cetone freezing mixture at ~78 °C before the ﬁrcducts were

leaked to the mass spectrometer,

The results showed that, for 21l catalysts studied, the
pressure of hydrogen was very much less them the corresponding
pressure of carbon dioxide, with this anomaly being meintained

throughout the completec reaction cycle., A comparision of the
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product ratios obtained from reactions frozen at drikold
temperatures with those recorded immediately before terminmating
the reaction, provided conclusive proof for the physical adsorption

of carbon dioxide om the catalyst during freezing at -78%C.

Analysis by Pressure Measurements.

Analyses were carried out using pressure data to supplement
mass spectrometric analyses. This method was found to be rapid

and convenient,

After decomposition had been allowed to proceed for the
desirecd percentage conversion,; the furmace was removed and the
reaction vessel cooled rapidly in a drikold/ acetone freezing
mixture, Whem the system had come to eguilibrium, with the drikold/
acetone bath set at a fixed level, the pressure in the system was
measured using the glass spiral gauge., The reaction vessel was
then allowed td warm to room temperature amd thé pressure again
noted. Finally the side arm of the reaction vessel (figure 9) was
immersed to a fixed level in liquid nitrogem, and the pressure
recorded., Since a temperature gradient existed in the system, a
calibration was necessary, Hclium was admitted to the system to a
pressure of up to 100 mm Hg amd the pressurec in the system noted
at room temperature, drikold temperature and Iiquid nitrogen
temperatures in turn, This was repcated for different imitial
pressures of helium and calibration plots drawn of pressure at

room temperature against pressure obscrved at -78*C and -1967C.
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The pressures of the non—condensible gascs in the product
mixtures at -78°C werec comverted, with the calibration plots to
pressurce at room temperaturc, dcnoted PRT’ and similarly the

&
pressurcs at =196 C,

Hence

P, (CO + Hy + G0p) = Pressurc obscrved ot -78"C
after correction to room
temperature,

PRT (co + H2) = Pressurc obscrved at -196°C
after correction to room
temperature,

Therefore Ppn (COp) = Ppp (CO + Hy + COp)

Ppp (CO + Hp) amd so Pop(COp) could be determined.

From comparision with pCO,/ pH2 ratios obtained from mass
spectrometric studics of reactions terminnted by freezing ot
drikold temperaturcs, zfter a gimilar percentoage conversion, it
was possible to assign a value to PRT(HZ) so that PRT(CO) and
hence the COZ/CO ratio could be determined,

Ta obtain complete ageement with onralyses carried out on the
mass spcctrometer, it wos necessary to correct for the adsorptionm
of corbon dioxide at =78 °C, This was foumd to vary accordiﬁg to
the pressurc of carbon dioxide present in the system omd to the
surface ﬁrea of individusl catalysts, Adsorption experiments

carried out with diffcrent initial pressures of carbon dioxide
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indicated that this preferential adsorption of carbon dioxide
became critical only for those higher members of the series which
favoured the dehydrogenation recction, Im cases sulitable corrections
were opplied, bringing pressurc results in line with those

obtained from mass spectrometric amalyses,

Product onalysis by pressure measurcments were also carricd
out on catalysts which had been exposed to oxygen ond on.s&nthetic
mixtures of CO, amd Hy,, ond CO amd H,0 according to the procedure

cutlined in the previous section.
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Results of Rate Measurements.

7Zero order reactiom rate constonts were mecasured from the
slope of the pressure/ time curves obtained for each catalyst at
a mumber of temperatures. Typical pressure/ time curves are
gshovm in graphs 1, 2, 3 ond 4 for bromnzes of x = 0,73, 0.60, 0,38
and 0.16 respectively (Tebles 6-9). The rates were then expressed

reaction

in units of molecules per epiimum site per sec,

A certain amount of doubt existed over what in fact should
constitute an actual reaction site. For convenience, and a2s a
consequence of the similarity of crystal structure in going
through the series, it was decided to adopt, as am arbitrary site,
the face of the cubic or distorted cubic umit cell of the bronzes.
On an average the cell edge is«3.80%A, so that each face
occupied an ares of lh.u?Az, and there Were~f\7.0x1018 faces for

each metre? of surface,

To obtain a more accurate picture of the actuai area (or
number of faces) associated with individual molecules of formic
acid, ndsorption experiments were carried out on each catalyst.
These were carried out at temperatures for individuzl catalysts
at which the reaction rate wasp finite but very slow, and the
procedure was in every way identiqél to that adopted to check

for product adsorption.

Knowledge of the area and rumber of molecules adsorbed thus
enabled the area snd hence the number of faces per molecule of

~
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formic acid to be calculsted, the results of which are shown in

Table 5.

With the exception of H20, which was found to retzrd the
reaction, the additiom of the individunl product gases was found
to have a negligidble effect on the rate of reaction. Furthermore,
none of the product gases were adsorbed apprieciably at reaction

temperatures,

In addition oxygen pretreatment resulted in am irreversible
chenge in the rate of reaction for catalysts with x >¥0.11. However,
with WO3 and Na0‘11W03 the original rate was recovered upon

renewed exposure to formic acid,

Tables, numbers 60-9z imclusive, give the values of log rate
constent and 103/ T used in the Arrhenius plots shown in graphs
la-lhan, Two sets of log rate constamt are quoted for each catalyst,
one in units of molecules of formic acid per sec per cube face
area. rnd the other in wmits of molecules per scc per adsorption

site arecz,

The activation cmergies in K, joules. mole™l smd the
logarithm of the frcquency factor log A, where A is In molecules
site~1 sec“l'were calculated, im the majorite of cases without

having to use the method of least squares,



Table 5
x Area/mol. HCOOH | No. of oube faces/ |  No. of mols. of
value up? mol. HCOOH HCOOH/cube face
0 25.9, 1. 8 0.56
4.6 3.1% 0.32
0.11% 63.3_ bl 0.23
83.5 5.8 0.17
0.16 51.8 3.6 0.28
0.28 37.4 2,6 0.38
0.38 57.5 4.0 0.25
0.52 j50.‘&- 3.5 0.29
0.60 46.0 3.2 0.3
0.66 18.7 1.2 0.83
0.73 2.5 1.7 0.59
0.77 25.9 1.8 0.56
0.81 33.1 2.3 0.4k
0.85 36.0 2.5 0.40

Ehenotes measurements on catalysts subjected to oxygen pretreatment.
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Table 6

Examples of Pressure-Time Plots

Runs 3 and 14 at 211.4°C and 179.5°C

Catalyst Na

W03 .

Qe73

respectively.
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Table 6a
th,awoa
K/m/10§ . 4 + log Rate
* mols, sec™! mols, sec™?
(cubic face area)™ (ads. site area)™?!
2.260 1 1.15 1.45
2,210 10 1.32 1.62
2.203 % 1.02 1.32
2.198 5 1.15 1.45
2.165 12 1.34 1,64
2,161 4 1.25 1.55
2.437 7 .42 1.72
2,113 13 1.55 1.85
2_.110 .6 1.5, 1.8,
2,107 1 0.80 1.10
2,092 '8 1.61 1.91
2.065 3 1.65 1.95
2,058 9 1.76 2.06
2.012 2 1.72 2.02
E = 68.7 + 3.5 K. joules. molei!

log A = 9.2 +0.8 (9.5 + 0.8 for 'ads. site area' plot).
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Table

e

Examples of Pressure-Time Plots

Runs 3 and 10 at 208.5°C and 228°C

Catalyst Ngg a3,

respectively.

A p cm. s.4d.
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Table 7a
Nao .e0 WO,
lII/10’ Run No., + + log Rate
o TR e e
2.104 1 0.86 1.37
2.104 S 2 1.06 1.56
2.099 13 0.88 1.39
2.099 1 0.86 1,37
2.077 3 0.99 1.50
2.077 b 0.97 1.48
2.048 5 1,11 1.61
2.048 6 1.1 1.61
2.032 7 1.19 1.70
2.032 8 1.19 1.7
2.016 11 1.3 1.81
2.016 12 1,29 1.80
1.996 9 1.38 1.44
1.996 10 1.38 1.89

E = 95 + 5K, joules. mole7?!

log & = 11.3 + 0.8 (11.8 + 0.8 for 'ads. site area' plot)
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Table 8

Examples o_f Pressure-Time Plots

Catalyst Nag .3g%03.

Runs 1 and 13 at 190.&C and 216.5°C

respectively,
Op cm. 8.4,
t. mins,
run 1 run 13

o] 0 0
0.25 -0.32 0.05
0.5 -0.32 0.23
0.75 -0.29 0.35
1 -0.25 0.48
2 -0.06 1,06
3 0,14 1.64
L 0.35 2.1,
5 0.56 2.61
6 0.78 3.01
7 1.00 3.41
8 1.22 3.7
9 1.4 4.02
10 1.64

11 1.8,

12 2.04

13 2.2,

14 2.43

15 2.6,

16 2.82

17 3.01
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Table 8a

Nap .30 W04
K/T/ . 4 + log Rate

10 Run No.

mols. sec-t mols, sec™!
(cubic face area)™ | (ads. site area)~!

2.156 1 0.75 1.35
2.156 2 0.78 1.38
2.129 5 0.8 1.0
2.129 6 0.86 1.46
2.110 7 0.90 1.50
.2_. 110 8 0.92 1. 52
2.087 3 1.0k 1.64
2,087 L 1.00 1.60
2,087 9 1.01 1.61
2.066 10 1.08 1.68
2.066 1 1.08 1.68
2.066 | 12 1.04 1.64
2,043 13 1.16 1.76
2.043 g 1.17 1.77

E = 68.8 + 7.1 K. joules. mole!
log A = 8.5 +0.3 (9.1 + 0.3 for 'ads. site area' plot)
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Table 9

Examples_of Pregsure-Time Plots

Catalyst Nay .16W03. Runs 6 and 12 at 173.8C and 190°C

respectively.
N p cm. s.d.
t. mins.
run 6 run 12

0 0 0
0.25 -0.10 0.05
0.15 -0.03 0.25
0.75 0.05 0.45
1 0.12 0.63
2 0.43 1.21
3 0.66 1.72
4 0.93 2,22
5 1.13 2.67
6 1.35 3.08
7 1.55 3.45
8 1.70 3.8
9 1.89

10 2.06

11 2.2,

12 2.43

13 2.58

14 2.7,

15 2.90

16 3.07

17 3.22

18 3.35
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Table 9a

Nao .16 W0s
K/T/ 10° Run No. b+ log Rate
mols., sec~?! mols. sec™!
(cubic face area)~! | (ads. site area)™
'2.315 16 0.03 0.59
2.315 7 - ‘0.03 0.59
2.299 8 0.19 0.75
2.299 9 0.17 , 0.73
2,282 I8 0.22 0.78
2,282 5 0.22 - 0.78
2.273 10 0.3 0.87
22.273 11 0.35 0.91
2.257 15 0.41 0.97
.2.257 16 0.40 0.96
2.257 17 | 0.40 0.96
2.240 '1  o.38 0.9
2.240 2 0.50 1.06
2.240 3 09 1.05
2.222 12 0.70 1.26
2,222 13 0.55 1.11
2,222 1% 0.59 1.15
E = 102 + 7 K. joules, mole.?
log A = 12,4 + 1.7 (13.0 + 1.8 for 'ads site area' plot)




Results of Product Analysis.

Tables 10, 11, 12 and 13 give valucs of the relative peak
heights of carbon monaxide, carbon dioxide and hydrogen together
with 002/ co and COo/ H > ratios, calculated by the procedure given
above, as o function of time for catalysts, X = 0.16, 0.38, 0.66
and 0,73% at 165"C, 202°C, 204°C and 167°C respectively, as shown
in graphs 5(a-c), 6(o-c), 7(o-c) end 8(n~c).

Results of product anaiysis by mass spectrometric snalysis
and by pressure measurements are given in Tables 14 and 15
respectively. Initiai preduct ratios represent analyses made at
less than 10 7, of total decomposition, whereas finnl product
ratios represent anslyses mede when the reaction rate wos

virtually zero,

In practically 2ll cases (within the limits of experimental
error), the COp/ go ratioc was found to be independent of tempersture
for o given catalyst at a given Y. decomposition. (see Toble k).
The ratio was, however, dependent on percentage reaction oand for
o given set of conditions varied from one catelyst to arother, In
the majority of cases , on increase in 002/ co ratic with extent
of reaction was observed, The lack éxf evidence for the presence
'of the water—gas shift reaction clearly supports the view that
this variation in 002/ co ratic is o property characteristic
of the bronzes, The fact that the COyy Ho ratios are “anomelous"

in that their values are not unity, together with the variaction



with.o/‘3 decomposition, indicates that varying quantitiéé of

hydrogen are rcetained by the catalyst.

-5l
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Table 10

Product Ratios for Nag .14W03

. - Peak Height Molar Ratios
- t. mins, ” 0 HéI C02/00 Coz/gz

5 860 45 0 0.07 P

10 1,580 87 0 0.07 o
20 2,650 162 0 0.08 0
30 3,500 230 | 2| o.09 |40
L0 4,150 288 5 0.09 69
60 5,230 | 400 7 0.10 69
80 6,090 503 | 12 0.11 50
100 6,870 €03 | 15 0.12 48
120 7,550 700 | 21 0.12 40
140 8,220 79% 27 0.13 35
160 8,800 890 31 0.14 35
200 9,850 1,070 | &2 0.15 34

21,0 10,680 | 1,250 | 52 0.16 29 -
280 11,370 1,430 ) 62 0.17 28
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Table 11
Product Ratios for Nz .54 W0,
Peak Height ! Molar Ratios
t. mins.
o co; | B | “%sco| s,
5 400 100 5 0.35 2
10 700 160 | 10 0.31 19
15 990 210 | 1 0.28 18
20 1,240 260 | 19| o0.28 17
30 1,740 35 | 25 0.27 17
40 2,200 430 | 30 0.26 17
50 2,610 510 | 35 0.26 18
60 3,010 570 | 42 0.25 16
70 |3,37 eo-| 49 | 0.25 16
g - | 3,610 690 | 56 | o0.26 | 15
100 4,320 780 | 69 0.2 10
120 4,870 8w | 76 0.2, 1%
140 5,340 950 | 81 0.24 14,
160 5,790 | 1,030 | 97 0.2 13
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Table 12
Product Ratios for Nag.ge VW03

Peak Heights Molar Ratios

t. mins,

co co, | H €02 jop | C02pp,

5 39 18 31 o.6 7.2
10 79 b 9 0.58 L.5
20 153 67 18 0.58 4.5
30 213 | 99| 28| o.62 | m.2
40 264 129 37 0.65 4.2
- 60 357 | 189 | 56 | o.7m 4.0
80 237 | 28 | m | 0.7 4.0
100 5;1 310 93 0.81 4.0
120 576 | 367 | 111 0.85 4.0
160 700 L73 145 0.91 3.9
200 805 571 176 0.95 3.9
2,0 987 | 669 | 205 1.00 3.9
280 975 767 } 230 1.06 4.0
320 1,038 | 864 | 255 1.12 k.1
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Table 13

Product Ratics for Nag ., %0.

- Peak Heights Molar Ratios

t. mins,
co| co, H, €02 joo | 0 m,
5 50 220 60 5.9 L.
10 3 410 110 7.5 4.5
15 103 590 160 1.7 L.4
20 130 780 210 8.0 b5
25 150 960 260 8.6 L.h
30 173 1,130 - - 310 :8.8 Lo
40 200 1,470 410 9.8 4.3
50 223 | 1,820 500 11 bl
.60 260 2,160 600 " 4.3
70 277 | 2,500 700 12 4e3
80 303 2,840 790 13 k.3
100 333 3,530 9% 1S 4.3
120 373 4,220 1,190 15 4,3
140 403 4,910 1,380 16 L.3
160 440 5,600 1,580 17 4.3




Table 14

Product Analysis by Mass Spectrometer Measurements

Temperature [co, [co,/
Catalyst o /co) H,)
Initial Final | Initial Pinal

Woq 170 0 0 & o
220 0 0 oo o

185 0 0.1 o
Nao «16%0s 165 ¢ 0.1 0.2 o0 20
202 £ 0.1 0.1 oo 16
Nag 3805 180 0.2 0.3 " 28
200 0.1 0.2 30 12
212 0.2 0.3 60 25
Nao .8 W0g 202 0.3 0.2 3 16
212 0.3 0.2 28 13
225 0.4 0.2 2 12




Table 14 (contd.)

~60-

Temperature [CO’/CO] [co°/H3]
Catalyst o
Initial Final | Initial Final
Nag . g2 WOg 190 0.1 0.4 3 5
215 0.2 0.4 2.0 3.5
218 0.1 0.2 2.4 4
2354 6.1 0.5 6 5
Nao «80 w03 192 0.2 0.15- 20 6
202 0.1 0.3 0 5
210 0.1 0.3 9 6
N% -Qawoa 185 0.3 009 2.8 )4'
204 0.6 1.3 7.2 3.5
N% .73w03 167 1.6 8 3.3 L.2
' 200 4.7 Y10 6.3 b7
212 6 Y 10 L. 4
N% .77"03 196 0.8 1.6 10-15 20'
210 0.7 1.5 5 4
N% .31W03 1?3 5-3 3-8 110- 5
200 D 10 L.b 40 6




Table 15
Product Analysis by Pressure Measurements

®Denotes first run

Catalyst Temggrature % Reaction [COQ/CO]

W0, 153.8 18.0 0

156 15.3 0

165.7° 10.2 0

166 . B4 0

172 11.3 0

180.4 28 0

Nag « 11 WO, 173.8 11.9 0.2
180 9.7 0.1

185.2_ 124 0.2

197.4 12.5 0.2

197.4 13 0.2

210 38 0.3

N% . 13 w03 1 59 6- 9 0
' 159 25 0.1
165.2 1.3 0

165, 2 28 0.1

173.2 10.1 0

173.2_ 39 0.1

202.3 16 0

Nag « 25 W03 178.8 11 0
180.2 10.2 0.2

180. 7% 10.9 0.4

180.7 11 . 0.1

186.8 11.5 0

196. 1 10.5 0

223 % 18.8% 0.3

222 3 0.4

22 2.5 0.3

231, * 32,2% 0.1

242 31.6 0.2




Table 15 (contd.)
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Catalyst Temggrature % Reaction [°°=/co]
Nay .25 W0s 190.8% - 9,1 0.4
190.8 9.3 0.4
196.5 11,1 0.3
196.5 12 0.3
206 39 0.3
206 140.6 0.4
Noo .53 W0, 188.3% 1.7 0.2
197 8.9 0.1
199.8 9.7 0.2
202.5 9.8 0.2
217.5 29.8 0.2
22 45.7 0.5
225 31.4 0.4
240 29.8 0.3
2,2.5 42 0.3
Nso .60 WO0g 202, 2% 7 0.2
202.2 6l 0.5
208.5 11.9 0.2
208.5 0.7 0.5
215.2 10.3 0.1
215.2 75 0.6
215.2 82 0.6
223 11.7 0.2
223 ' 0.6
227.9 12.2 0.2
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Table 15 (contd,)

Catalyst Temggrat“re % Reaction | [9%/c0]

Nao .66¥0, 202.1_ 66 1.1
212.2 14 0.7

223.1 26.5 0.8

231.8 38 1.0

238.8 46.4 0.9

Nag .75W0s 178.5 13.1 2.3
181 21.8 1.9

182 24.5 2.4

189 20.7 2.0

200 18.6 1.7

201 87 1.5

205 25.5 1.8

Neo .77W0s 190 * 55.3 1.2
210 60 1.5

218.2 16.7 1.4

218.2 61.6 0.7

229.8 17.3 1.0

229.8 18.4 0.8

237 60.2 1.5

Nzo .1W04 215 %2 7.3
2,18 56.3 2.2

2.27 38 1.9

2.27 1.4 3.5

236.5 53.2 2.0

246.4 38.3 1.5

Nag .55W0s 182 * 67 2.5
183,2 20.2 2.4

192.4 76 2.5

1935 21.8 2.3

194.7 25,2 2.1

217.2 38.5 2.4




Table 15 (contd. )
(b) For Catalysts subjected to Oxygen Pretreatment

+ Denotes subsequent runs on catalysts
without further oxygen pretreatment.

Catalyst Temggrature 9 Reaction l-'C()’/CO]
189.2 41,6 0.5
Nao.nWOs 189.2 10.1.8 0.5
189.2+ 11 0.2
189.2 6.9 0.1
189.2+ 5.9 0,1
189,2+ 7.9 0
189.2+ 60 0.2
189.2 16.3 0.1
189.2 17.4 0.2
196.4 T3 0.2
244 7.3 0.1
214 63 0.4
220 12 0.2
228.3 14.8 0.1
228.3 56 0.4
Nag « 3¢ W05 195 10.2 0
195 35 0
210 7.6 0
210 26 0
210+ 20 0
N% .77WO3 190 11.5 0
211 25 0
211+ 33 0
221+ 36 0
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Teble 16 gives the activation enmergy, log frequency factor,
activities calculated at a fixed rate of 0,00016 mol. pcr cube
face aren, per sec, (or mol., per adsorption site arean. per sec.)

Graphs 9@ mnd 10 give thc activation energy pattern anmd log

frequency factor pattern respectively.

The presence of a compemsation effect (100) hos been shown

in graph 11,

The activities used in the activity patterm of groph 12
have been caleulated by defining nctivity as 103/ Ts where Ts is
the temperature required to give o fixed rate of 0.00016 moi, per
cube face aren, per sec, (or mol. per nds. site areaz. per sec. )
This method of defining activify, adopted by Fahrenfort (106),
is more reasoncble than ealculating the rates of resction at o
fixed temperature, sincc thé Jatter would involve extrapolation
over = wide range, In the present work to obtain rclative
activitiecs, as defined above, little extraﬁolation of the

Arrhenius plots was required,

Graphs 13 and 14 show the individual contributions of the

dchydrogenation and dehydration recactions to the total activity,

Thesce werc colculated using the assumption thet the ratio
CO,/ o is a measure of the ratio Dehydrogenation/ Dehydration.
For execmple, if the ratio COp/ oo = X, then:



the dehydrogenation componemt = x X 107/ Ts, whereas the
the dehydration component = 1 - x X 107/ Ts. Both initinl
and final COp/ oo ratios were used,



COg/bo

Based on 'Cubic face Area' results

Based on ‘ads site area' results |

M8l AYNADT

'x! E

value { k. joules mole™?!
Initial | Pinsl log A 10% /ng log A 10° /g

0 138 0 0 17.8 2.286 18.2 2.321
0.1 1.4 ¢ 0.1 0.2 13.1 2.134 13.7 2.238
0.1¢ 102 < 0.1 0.2 12,4 2,106 13.0 2,211 ;
€.28 98,2 0.1 0.3 12.4 2,075 12.8 2.152 '
0.38 68.8 0.4 | 0.2 8.5 2,033 9.1 2,200
0.52 83 0.1 0.5 10,1 2.05 10.7 2,177
7.0 95 0.1 0.6 11.3 2.032 11.8 2.133
0.6v 67.2 0.3 1.3 8.9 2.195 9.0 2,228
0.7 68.6 2 710 9.2 2,209 9.5 2.269
0.77 73.2 1.0 1.6 9.5 2,146 9.7 2.215
0,81 85 >10 L 10.3 2.0h 10.7 2,131
0.45 63.6 2.0 2.5 8.6 2.216 8.9 2.295
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Conductivity Measurements.,

These were carried out in the cell illustroted in figure 10,

This cell was connected to 2 high vocuum systen,

The sample was contained in 2 ground glcnss cup between two
platinum foil electrodes, one resting on the floor of the cup,
thc other onm top of the scmple, A cylindrical 242 gﬁ'brass weight,
sented within o glass shecth, was allowed to rest upon the upper
plotinum elcctrode to emsure good electrical contact, ond was
contained within onother glass sheanth suspended from a glass
hook, non-rigidly octtached to the top of the ccll. Two platinum
wires, onc through o hole in thc basc of the cup; thc other
connected to the upper elecﬁrode by way of » gold seal, served
o8 €lectrical pcnncctions to o couple of tungsten leads. These
provided external clectrical contocts via glass metal seals.
Eaosy nccess to the sample was made possible using o detachable
outer tube and a weter cooled joint, A glass spirsl gouge
conncceted to the eell allowed the pressurc of sny gas in the

ccll to be measurcd,

As with the Kinetics set-up, the pumpihg system consisted
of n mercury diffusion pump backed by 2 specedivac, rotary pump and
gave pressures <:Ix10-5 mm Hg, measured on.a“McLeod gouge. A
liquid nitrogen trap was uscd to prcvent contominonts from
4entering the ccll, The tcmperature of the conductivity cell wos

controllcd to within + 0,2°C by mecns of cn clectrically heoted
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furnacc and electronic relay,

Ha
A.C. (1592'\) and D.C. resistance measurements were made with

o Wayne—Kerr Universal Bridge, B rat Ay, ond 2~ Universal Avometer

(Model 8) respectively.



Experimental Procedure,

Approximately 1,8 gm catalyst was placeéd in the coﬂductivity
cell and thé spparatus assembled. After noting the resistance of
the sample in air at room temperature, the cell was evacuated
to 4 1x10™2 mm Hg, the resistance measured again, and the
temperature raised slowly to approximately 500°C. Resistance
messurements were taken at convenient intervals ot known
temperatures. Graphs 15-18 inclusive, show typical examples of
the results obtained for all samples studied. A.shorf pdint of
procedure, cxplaining the function of the curves has been

incIuded after the appropriacte graph,

Thereafter, formic acid was admitted to the cell, to a
pressure of 25-30 mm Hg and a study of the chaﬁge of resistance
with time mnde., With the exceptionm of WOB’ which showed a marked
rige in resistence in the presence of formic acid, little change
in resistznce was observed f?r those catalysts studied., In the
main, meésurements were qanf%nﬁé to temperdfures at which the
decomposition reaction occurreds Tobles 17 ond 18 ond graphs 19
and 20 illustrate the chenge in resistance during the decomposition
rcaction. 3imilar studies carricd out in the presemce of the
individunl product gases cxhibited no visible change in resistonce

with tinc,

After the above measurements, samplcs were degassed at 500°C
overnight and then cxposed to oxygen at a pressure of M“150 mm Hg

6 » o .,, i
at 360°C, 4OO"C, L4L50%C for N90,11W03, N’ao.wwo3 and Nao.77WO3



respectively, and the increase of resistance with time noted.
Subsequent evecuation after a reaction span of ~~12 hours, was
followed immediastely by exposure to formic acid at temperatures
hoth greater and Iess than that just sufficient to promote the
decomposition reactiom. For cotalysts with x% 0.11, the originnl
low resistance could not be recovered either by degessing ot
500°C or by repcated addition of formic ccid ot decomposition
temperatures, In fact, cventual rccovery wos only possible after
cantinucd roasting in formic acid at 500°C, X-ray diffrectiom
troces carried out on samples pretreated in oxygen showed that

a complcte rccmganisétion.of the crystal structure had occurred,
for thosc samples with x> 0,11. However, for WO3 and Neo.uwo},
original resistonces could be recovered, although slowly,
without having to resort to this high temperature formic acid

trestment.

Tables 19 znd 20 and greophs 21 ond 22 (o ena b) show typical
cxemples for the chnnge in resistance with time for Nao.11W°3
upon cxposurc to oxygen and formic acid respectively. From the
curves, it ceon de seen that there is o lincear depemdence of
resistance with time for oxygen adsorptiom, and am approximatcly
exponential decrease, with first order kinetics being followcd

initially on subsequent cexposure to formic acid.

In a1} cases, the wide spread of points for rate of change
of resistance - K/T/10° plots made it wirtunlly impossiblc to

obtain even an estimatc of the activetion encrgy for oxygen



adsorption,

Whenever possible simultaneous A.C, and D.C. measurcments
of resistancc were made; the Iimiting factor being the difficulty

of measuring values of resistnnce { 105 by the A.C. method,

Al though of less importence to the present study, it
should be notecd that a ropid fz211 in resistancc was obscrved on
formic ncid admission to oxygen pretrescted samples with x? 0,11,
at tcmperatures just sufficient to promote the decomposition
reaction, At lower tempcraturcs, only very slow initial falls in
rcsistonce were observed, In spite of the fact that x-ray
diffraction traces indicated that complete reorganisation of
the crfjstal lattices had occurred, awereness of this rapid fall
in resistoance night be, qualitatively very useful in understanding
the actuzl surface proccsses occurring immediatcly wpon

admissian of formic acid.

Anolysis of Resistonce Measurements,

Such a procedure outlincd sbove cannot be used to
determince absolute conductivities, It‘can, however, be used to
obtein a mcasurc of the relzative ratcs of change of resistonce
since this is indcpendent of the size of the sanple and the area
of contact, This also precliudcs the moking of accuratce
concIusibns as to the actual component conduction processes, S0

thot only the total conductivity mey be obtained for any one

sample.
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Letters A-E on graph 15, have beem introduced to explain
the function of graphs 15-18,

After introduction of the sample to the conductivity cell,
the cell was outgassed at a pressure of 10"5 mn Hg for v20 hours,
during which time the resistance was observed to decrcase from
w1300 ohms toww90 ohms (poini ).

On subsequently raising and lowering the temperaturec,
whilst maintaining the pressure constant, the resistance was then
found to decrease to points B and C respectively. Thereafter; an
alternatively raisihg and lowering the temperatuge,; the sequence
D-E~B and B-E-D was followed.
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Table 17

Example of Resistance/Time Plot for Formic Acid

Decomposition on W0, at 250°C

Time (mins) Resistance (ohms)
0 5.25
e 6.15
1 6.25
2 6.35
3 6.35
A 6.40
6 6.50
8 6.60
10 6.60
15 6.7
20 6.75
25 6.8
30 6.80
35 6.80




Table 18

Example of Resistance['l‘ime Plot for Formic Acid
Decomposition on Nep .13 W0y at 200°C

Time (mins) Resistance (ohms)

0 | 2.7

1/ ' 2.75
1 ; 2.7
2 2,90 )
3 2.90

L 2.80
6 2.75
8 2.75

10 2.75

15 2.75

20 | 2.75

25 2,75

30 2.7
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Table 19

Example of Resistance/Time Plot for Oxygen

Adsorption on Ngj.

W0os at °C

Tine (mins)

Resistance ( ohmg

10

20

40
50
60

100
120
140
160
200
240
280

320

70

720
1,220
1,650
2,150
2,630
3,120
4,100
5,080
6,060
7,040
8,020
10,000
12,000
13,950
15,900
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Table 20

Examples of Resistance and lc.sg'e Resistance/Time Plots for

Formic Acid Decomposition on Oxygen Pretreated NaO.,,W0,

Time Resistance x 10° log, Resistance
0 . O 13.54
A | 0 13.51%
1/a 780 13.57
1 720 13.49
11/, 540 13.34
2 490 13.20
3 405 13,01
IR 345 12,85
5 295 12,75
6 247 12.60
1 222 12.42
8 191 12.31
9 172 12.16
10 157 ) 12.06
12 132 11.96
1 114 11.79
16 99 11.64
18 88 11.50
20 81 11.39
22 T 11.30
2h 67 11.21




DISCUSSION.

The sodium tungsten bronzes, NaxWO3, where as X varies
there are pronounced changes in electrical properties with only
minor changes in crystal structure, would appear to constitute
a favourable subject of study in relation to the electronic

theory of catalysis (107).

With this in mind, it was decided to carry out a thorough
investigation of the formic acid decomposition reaction om these
compounds, This reaction is especially suited to a study of the
electronic factor in that it involves only one molecular species,
the rate of decomposition being followed easily by pressure
measurencnts, and since it is catalysed by a wide range of oxides

and metals (93).

In order to examine the value of using these compounds for
a study of this nature, an attempt will be made to explain the
observed results in terms of a model (as far as electronic
properties are concerned) constructed from an appraisal of
researches by Sienko and Crowder (12,61); Mackimtosh (62), and
particularly by Fachs (63), Owing to the large degree of
uncertainty, necessarily ircurred when working with catalytic

reactors, the proposed model will, in general, be less sophisticated

than any one of these approaches,

The earlier view (43), that nomn stoichiometric oxides

contained mixtures of several oxidationm states has now been
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superceded im the alkaii tungsten bronzes by replacing the
hypothetical pentavalent tungsten.inXMﬁVoj(lnx) WVIO3 by a
degenerate 'electron gas' formed from the valence electrons of

ionised M atoms in.MXWVI03.

To explain the formation of this degenerate 'electron gas',
Sienko and Crowder (12, 61), Mackintosh (62) amd Fuchs (63) have
each in turn, adopted essentially covalent models based oh the
Molecular Orbital theory, in which the common feature is that
each sodium atom contributes one electron to a conduction band.
Sienko (12, 61) and Mackintosh (62) adopted models in which the
conduction band was derived by overlap of tungsten 5d€r(t2g) and
sodium p atomic orbitals respectiveiy, whereas Fuchs ﬁostulated

that clusters of sodivm atoms may occur in the bronzes,

Puchs's model may be explained with the aid of figure 11 (a
and b), which shows a model of N‘axwo3 at twoﬁvalués of x. Here
electrons would be localised more diffusely so that they would
extend over the tungsten and oxygen ions next to the sodium ioms.
It is perhaps, important to note in this model that.the conduction
electrons avoid the sodium vacancies, being concentrated in
regions of occupied sodium sites, It should be observed that the
clusters erronecously appear finite in figure 11 (2 and b) only
because a single atomic plane is shown in each case., On the basis
of this approach, he was able to explain the changeover from a
metallic to semiconducting state at x=0.25 (figure 5) (78), and

not at x=°0.31 as predicted by Sykes and Essam (208). In so cdoing,
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he was able to invalidate the earlier suggestion by Sienko and
Mackintosh of an explanation based on Mott's theory for the
disappearance of metallic conductivity at x=0.25. Mott's theory
(81) requires that therec be a uniform eclectron demsity within the
system, a condition most unlikcly for the sodium bronzes in which

the electron gas is highly non uniforn,

From thcir mcasurcments of the spin-lattice relaxation timcs
for the 25Na resonance, Fromhold and Narath (76) were able to
deduce that there was a serious deviation from randomness in
samples with x between 0.56 and 0,89, providing further support for
the presence of clusters of sodium atoms., With the aid of this
information, Puchs was @ble to explain the earlier support, both
for (24~5, 82) and against (60) the presence of an ordercd
structure at xW0,75, whilst at the same timc providing on
explanation for the observation by Jurctschke (82) tiant the
minimum im resistivity was much less than is customerily asscciated
with such ordered structures, Thc serious dcviation from
randommess, leading to a system neither wholly ordered nor random
in nature would result in 2 partially ordered structure, with a

broader mimimum in resistivity, extcending from x*~0,6 to 0.9.

Finnlly, this picture is able to explain the observations
(83-l4) that thc density of states, ond hence the number of
conduction clectrons, is proportional to thec sodium concentration
X over the ronge 0.5¢ x¥% 0.9, This czn be explained using figure 11

(o ond ) and taking intoc account the various possible arramgements
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of filled sodium sites in this figure, It can be seen, at some
critical value of X, thet o continuous conduction process will

come into operation, with each fillecd sodium site having =zt lcast
one other zs ncarest neighbour, a2 result leading to on unlimitcd
sphere of movement, exclvding of coursc, sodium vacancies, for any .

onc arbitrorily chosen conduction clceetron.,

In order to be of usc in the present study, the picture
outlined sbove hos to be medified to take account of the oxygenm
deficicncies, introduccd by vacuum heat trectment. This effect,
referrcd to by Crowder and Sicnko (37, 61), Derém and Polaczkowno
(90) ond others (45, 49, 91) as & rcsult of studics on the
clectronic properties of tungsten trioxidc, leads to a rapid
increase in conductivity, with the final attainment of = 'Qasi
metollict state, It would now oppear that, undcr voacuum conditions,
e changeover from mctallic—semiconductor properties, earlier
thought to take place at x= 0,25, may occur at much lowcr values
of x;, or indeed moy ncver occur at all, However, this im itself
does not nccessarily invaelidote the postulatcs of Fuchs (63)
end cthers (12, 6I-3), fornulcted with the oid of Mott's theory
(81) for mctal-scmicorductor tronsitioms. That thc clectrical
propertics of semples of WO3 in vacuo zre qualitotively different
to the corresponding properties before such treatment, has been

demonstrated by Sienko and Crowder (37,61)..

These workcrs, observing that the effccts were rcversiblc,

pointcd out that thc impuritiecs responsible for the electrical
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conductivity of WO3 in air, were not due to oxygen deficiencies.
A quantitative measure of this effect has been made by Kudrak
and 3Sienko (91), who were able to show that each missing oxygen
atom was equivalent to the presence of two alkali atoms., This
equivalence of oxygen defect and alkali metal in the WO3 system
has been further demonstrated by Sienko and Banerjee (L5), by
the fact that the magnetic behaviosur as & functiom of x is the

same in WO}-X as in Mx W03.

It is thus imperative to appreiciate, that without exception,
measurements of the electrical properties of tungsten trioxide
and the sodium bronzes have provided; unavoidably, measures of
the total conductivity, it being virtually impossible,; practically,
to gain =z better understanding of the nctusl component conduction
processes within these compounds. Hence, whereas the avallable
data, both past (37, b5,49,6%, 90-1) cond present, print to the
attoinment of a 'Quasi metallic' stzte under vacuo, this may in
fact only refer to structurally defimed bounderies within the
crystal Iatticc, the overall effect mislezdingly giving an
oversimplified view of the conduction processes actually

involved,

The results obtained in the present study from mcosurements
of the chomge in resistance with tempcrature (and time) under
vacuo (graphs 15-8, inclusive) are in agrecemcnt with thosc of

Derén and Polaczkowz (90). All scmples studied, rapidly became
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highly conducting and without exception, exhibited positive
thermal coefficicnts of resistivity, consistent with metallic
behaviour, WO3 and to a lesscr extent Nao’11W03, were also secn
to exhibit semiconducting behaviour, the trensition from n
scmiconducting to a metallic statc occurring at\ﬁ25oﬁd and 110°C

regpectively.

The marked increasec in the resistamec of WOz in the presence
of formic acid (graph,i9) would eoppear to provide support for
thosc workers (93, 95) Ffavouring the prescncc of a megatively
charged formatc ion as surface intermediate, eépecially since no
appreZciablc change in resistance was observed in the presence of
the individual product gases, Whether this is o complcte or
partial transfer of an electrom leading either to the presence
of an ionic (109) or covalent (lloifgg%fhe surfzce is of coursc
very much open to speculation, more especially because of the
sbsence of suitable comparisons with anclogous bulk formntes,
uscd so effectively by othcr workers (100, 121)., If imstecad of
alternatively heatimg and coocling under vacuo, samples were
exposed to formic acid, the trend towards o highly conducting
stete was facilitanted, in accord with the observotions by Rabes
and Schemk (92), that formic a2cid, a strong recducing agent
quickly reduccs thc parenmt oxide WO3. The strong rcducing nature
of formic acid may =lso be the ccusc of the immediatc rapid fall
in resistance obscrved when samples, having undergone

pretreatment in oxygen, are exposed to this acid.
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A further inmtercsting featurc in this section was provided
by the incrcasing resistance to oxidation through the series,
temperatures of 360°C, L0OO®C =nd L4L507C being requircd by
Na WO

0.11"73° 0.3 3
oXygen. These temperatures are the minimum ones at which any

Na 8W0 and Naoa77‘f‘i03 to ipitiate reaction with
apprfeciable change in resistance was observed, and comparc
favoursbly with the results of Balandin and Sckolova (13), using

sodium bronzes prepared by reduction of the paratungstate,

In addition to conductivity measurements, x-ray diffraction,
mognetic susceptibility amd clcctron spin resonaonce measurements
were carried out on somples prepared for this work. It was
cstoblished that the sodium bromzes used in this investigotion,
were enalagous to thosc prepared by carlier workers (14-37)
(Tebles 1 and 2), following the same Iimear relationship
(Vegard's law) aos that outlined by Straumsnis (39). Diffraction
traces carrieé sut on bronzes with x values betwecen 0.3 and O.L,
indicated that either o cubic phase or both cubic and tetragonal
phases could exist in this region, depending upom the rate of
amnealing during prcporction. This is in agrecement with the
observations by Mognéli (20) end Ribmick, Post and Bamks (32)
that guenched samples around Na0035W03 may be cubic, while
slowly annealed samples would consist of both tetragonal and

cubic phases together,

Results from magnetic susceptibility work (Table L) are in

close agreement with those of earlier workers (L3,45,50,58,76,83)
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and strongly suggest that a model based on delocalised electrons
is more appropriate for describing the tungsten oxides than is
the more traditional mixed oxidation state model., The results
for pretreated samples, with the exception of tungsten trioxide,
exhibited little difference to thase carried out under normal
conditions., The observed slight decrease inm the specific
susceptibilities may be attributed to some reorganisation of
the surface, contributing to a slightly increased diamagnetism.
The increase observed for tungsten trioxide may be interpreted
in terms of a reduction in surface oxygen leading to small

centres of pentavalent tungstem (L3):

Finally electroh spin resonance studies are consistent
with those of Sienko and Osterreicher (112), who supplemented am
infra red study with e.s.r. measurements of the hydrogen tungsten
bronzes, H’[WO3 (0.5>x) 0.03), prepared in the abscnce of air
and maintained under vacuum. That these were ananlogs of the more
comnonly knmown sodiunm bromzes was shown by the presence of a
band in the region usually associated with the metal-H deformatiom
motions ( 690 em™l) and the absence of any hydroxyl frequenciecs
in the I.R. spectrum. With ome notable exception, HO.IOWOE, which
gave a broad asymmetric absorption of g walue“1,97, they feiled
to obtain ony detectable signal for those samples studicd. This
they attributed to the high values of x, which would preclude
pcnetration of the microwave power to a finite portiom of the

sample, or to a too low comcemtration of spimns with less
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concentrated specimens. The obsence of any signal in the range
g = 1,4-1,7, characteristic of W(V) provides sdditionsl support
for the presemce of a delocalised elccirom gas in these
compounds. The presence of a sigmol at g~1.6 for pretreated
W03, provides further support for the conductivity cnd magnetic
susceptibility data which was comsistent with the presence of

pentavalent tungsten on the surface.

When attempting to assess the catalytic activities of

gubstances using a test réaction, it is dcsirable that either
the mechanism of the reaction is already understood or that
during investigation an effort is made to c¢lucidate the
mcohanism. It is with this in mind that an attempt will bc made
to outline certain relevamt features of the formic acid
decomposition,reaction.with regard to the present study, whilst
referring one to other, more comprehensive tcxts (93), for o
more detniled study of this reaction. Of greater importance,
will bc the use of this 'test' reaction to gain on understonding
of thec observed catalytic properties of the sodium brongzes,
whilst =t the scme time attempting to explein these obscrvations

tn terms of the proposed model.

As has already been referred to, formic acid may decompose
either by dehydration to yicld carbon monoxidec and water, or by
dchydrogenation to yield carbon dioxide and hydrogen., On some
catalysts both reactioms occur, In the absence of surfaccs

cxhibitinmg acidic propertiecs, the formic ccid decomposition
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reaction has been shown (93-5 ) to proceced via = formate ion as
gurfece intermediate., For a more detailed account of the mechenism,

reference should be mede to the first chapter of this text.

In their study of the ortho-parc hydrogen conversion and
hydrogen-deuterium exchenge reactions, Jones and Loebh (85),
using bronzes with 0,30 x£ 0.98, were zble to show that their
results could be correlated with the electronic properties of

the bronzes,

They observed that the marked dependence of the rate
constant and the pre-exponentinl factor on composition, passing
through a maximum at x2 0,70, closely parnlleled the mﬂximum'ih
efectrical conductivity reported for thesec samples (24-5, 82).

This relationship is shown in figure 12, wherc both rate constant

per. unit. area., and conductivity arc plotted as o function of
bronze composition, Conductivities werc calculated from the dota

of Brown and Banks (25),

Of additional interest was the observed independence of the
activation energy for the para hydrogen conversion on composition,

being close to the gas phasc voluc of 6 K cals/ mol.

Closcr inspection of these results revealed that the
desorption: adsorption rzte comstont ratio was largely responsible
for the maximum in activity at x20,7. They provounded that if

hydrogen is present on the surface as adsorbed ions and



necutralisation is necessary before desorption can occur, then

the enhanced desorption ratc can be interpreted as an enhamced
- accessibility of conduction electrons from the solid.
Alternaotively, if the diffusion of hydrogen atoms along the
surface prior to desqrpti@n is rete determining, enhanced
electrical comductivity should lead to greater mobility of

adsorbed atoms and an increased rate of desorption,

38—

The observations that the bronzes underwent an 'Activation

process’ in hydrogen; they atiributed to the known fact that ox
catalysts require an adaptation period in the presence of
reactant gas bcfore obtaining reproducible results., Stone (213)
has expleined this activation process as a gradual enrichment
of the surface layers with interstitial metal cations. Such 2
process would appear to be too permanent to explain the rapid
reversible deactivation which occurs when hydrogen is removed
from the sodium bronzes,. or the irreversible poisoning when
oxygen is ndmitted to the cctiveted surface, They proposed that
a morec acceptoble explamation would be that the activation
process consists of diffusion of hydrogen into the lattice to
alter the clectronic properties of the surface and several
adjncent laycrs. Accepting this, they recognised that the
conversion necessarily still had to occur predominantly on the
surface owing to the slow diffusion of hydrogen out of the
Iattice. Irreversible oxygen poisoning could then result if

oxygen atoms were allowed to diffuse into the hydrogenated

ide



lettice to form HoO or OH trapped in idterstitial positions,

These findings provide a more than useful basis from which
some of the dbserved features of the present study nay be
explained. Oonsideratlon of Stone 8 (113) explanation of. the
activation process ih terms af a gradual enrichment of the
Burface Iayers, leads to the query as to why the samples used in
thls stﬂﬁy underwent much. more rapld adaptation prior to
dbtaining reproaucible results; for example, whereas the samples
used by Jones and Loebh (85) underwent slow activation; the
process lasting approximately 5 days, those used in this work
attainedlthis very same condition after only I-2 days. This
guestion may be suitably answered by inspection of the variocus
adsorption processes involved. It has already been established
that formic acid is adsorbed as a formate ion species; whether
or not this is in fact completely iomic or just dirolar in
nature is immaterial, the important feature being that this
intermediate will at some stage decompose, yielding among other
things, hydrogen, initially in the form of atoms but Iater
descrbed as the molecular species., As is well known, hydrogen
atoms have much greater reducing powers than molecular hydrogen
and hence must be a major contributor to the kmown strong
reducing action of formic acid. This is further bogrng out by
the conductivity data for pretreated samples, for which it was
observed that omly carbon monoxide and hydrogen, of the product

gases, were able to lower the resistance to any appracciable
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extent, with the overaii rate of change of resistancc being e
thousandfold slower than that observed for formic acid. It

would thus be expected that the adsorption of molecular hydrogen,
in the form used by Jones and Loebh (85), would lack the
necessary reducing power to effect as rapid an activation as that

outlined above;

This factor could also explain the irreversible loss of
activity, experienced by Janes and Loebh (85), on exposure to
air (22 x 10 -3 mm, Hg.) at temperatures as 1éw as 175°C. Since
in the presenm study, activities could easily be recovered after
exposure to oxygeﬁ at similar low pressures and temjeratures,
(the 'irreversible dcactivation' only recurrcd; for valucs of
x 0,11, at tcmperaturcs in excess of 350°C, depending upon
the sodium content), further support is provided for the opinion
that molecular hydrogen lacks the necessary rcducing action to
rejuvenate the surface of the bronzes used by Jones and Loebh.
Whether or not this activity (85) could have been recovered with
the aid of formic acid, will, it would seem, remain a matter fop

sneculation,

If one is able to accept the view of the majority of
workers (93) that the dehydrogenation reaction is a measure of
nmetallic character, then it can be seen that there is a striking
resemblance between graph 13, representing the individual
contribution of the dehydrogenation reaction to the overall

activity, and figure 12, representing the electrical conductivity,
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The maximum océurrihg at x£0,73, whilst consistent with the
maximum in conductivity, postulated by various workers (24-5, 82),
does not necessargily conflict with the evidence by Juretschke
(82), in support of Fuchs's picture (63) of a brosd maximum in
conductivity, extending from x~0,6 to 0.9. This may be compared
with the sudden changeover in selectivity, with a preference for
the dehydrogenation reaction, occurring at x2 0.66, and continuing

for the remaining, higher members of the series.,

Conversely, accepting that the dehydration.reaction is
inversely proportional to metallic character, it can be seen
that there is also a close analogy between the results obtained
for the dehydration component of the total activity in the
present study, shown in gfaph 14, and those of Balandin and
Sokolova (13) on the decomposition of isopropyl alcohol snd
ethanol, using bronzes prepared by reduction of sodium
paratungstate, These workers observed that the dehydrating
power of the bronzes was less tham that of WO3 or the unreduced
paratungstate, and also that it decreased with increased degree
of reduction, becoming almost zero in the case of the most
completely reduced orange-yellow bronze (x = 0,91). In addition,
an appqieciable increase in activity, to a value of the order
of that observed for the original paratungstate; was observed for
all bronzes studied, after pretreatment in oxygen in an analogous
manner to that adopted in this work. These results, comparing

favourably with the trend observed in the present study, they
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attributed to oxidation of the bronzes.

Preliminary investigation, by these workers, of the formic
acid decomposition reaction in a flow system on the orange-yellow
dronze (x = 0,91) and the unreduced paratungstate, resulted in
both dehydrogenation and dehydration, with a greater percentage
of the latter reaction, Both catalysts promoted the decomposition
in the same manner, yielding almost identical 002/ co ratics, with
the paratungstate being more active than the bronze., Of
significance is the absence of any reference to any washing
procedure, or surface area data for the samples used in their
study., An explanation of their results may be understood by
consideration of certain important features of the present study.
For instance, the low 002/ go ratios obtained prior to washing
for the higher bronzes, may be accounted for by the presence of
apprieciable quantities of unreacted WO;, Nazwou and W on the
surface of the unwashed bronzes, Further, the apparent lower,
overall activity observed for the highey unwrghed bronzes, was
compensated for by the much?giecific surface areas of these

sanmples.,

In the comparis#on above of the present results with those
of Balandin and Sokolova, no regard has been taken of the fact
that all the bronzes used to establish graphs 13 and 1L,
representing dehydrogenation and dehydration respectively, were
in a highly conducting state, It may therefore be profitless to

attempt to correlate the observed dehydrogenation and dehydration



activity of the bronzes with conductivities (figure 12),

determined under atmospheric conditions,

Henceforth, =zn attempt will be made to demonstrate how the
results may also be interpreted using a mechanism based on the
Multiplet theory (86) and analogous to that used by Balandin
and Sokolova (13). In so doing, it will necessarily illustrate
how well the conductivity data are able to provide conclusive
evidence for this latter mechanism, whilst at the same time

iIYustrating the suitability of both approaches,

The extent of zero order reaction; which was found to
increase from 7 Z (graph 4) for the lowest members of the
series, to 30 Z (graph 1) of total reaction for the highest
members, may largely be accounted for by inspection of the
COZ/ co product distrﬁbution ratios, For example, the sudden
changeover from largely dehydrating to dehydrogenating activity,
occuring at x2 0,6, closely parallels the marked increase in the
extent of this linear relationship, the point of departure from
zero order kinetics increasing from 12 Z (graph 3) to 25'2
of total reaction, as x increases from 0.6 to~0.66, This also
corresponds to the broad minimum in resistivity, postulated by
Fuchs to occur between x = 0,6 and 0.9. This increased
conductivity may in some way facilitate the formation of a
formate intermediate whose configuration may favour the

dehydrogenation reaction., Earlier it was observed that only



-9~

water of the product gases, caused any appr¥eciable retardation
of the decomposition rate, whilst at the same time, adsorption
experiments failed to detect any significanct adsorption with any
of these species, However, it should be pointed out that this
retardation in the presence of water, only occurred to any large
extent when apprfeciable quantities of water were present
(pressure of HCOOH / pressure of H,0 %1 in the reaction system),
go that it would appear that inhibition by H,0 is not related to

the sudden increase in the extent of zero order reaction.

A more likely explanation may involve the formate
intermediate or intermediates present om the surface, Should
only one species be present, then this may undergo a change in
configuration, tending to favour the dehydrogenation reaction
at the expense of the dehydration reaction at some critical
value of x., However, in the event of there being two opposing
species, residing on the surface, then an exactly analogous
situation may arise, except that in this case, the two species
would still retain their individual character, An insight into
this chamngeover, may, moreover, be gained from a scrutiny of
the work by Jones and Loecbill (85), who explained the enhanced
activity at x2 0,7, in terms of an activation process consisting
of diffusion of hydrogen into the bronze lattice, resulting in an
alteration in the electronic properties of the surface and

several adjacent layers.



Before any attempt is made to specify any one mechanism,
consistent with the observed results, mention will be made of
the other anomalies of the present study. These have iocluded
the dependence of the 002/ co ratio'on rercentage reaction; the
COp/ p, ratios which are substantially greater them unity and

the absence of any water-gas shift reaction.

The increase in COp/ go ratio (graphs 5b-8b) with
percentage reaction, observed for the majority of catalysts
used in the present study, has also been referred to by Mars,
Scholten and iwietering (93) for oxide catalysts. fhese workers,
carrying out an infra red study of the decomposition on MgO, an
essentially dehydrogenating qxide, were able to show that the
intensity of the —OH bands decreased more rapidly than the
other bands, in agreement with their observations of an initial

rapid formation-of water. - . Lo L e e

| The 002/ H‘ rntios, belng substantially greater than unity
ere con31stent With the view that appriec1dble quantltles of
hydrogen are retqlned by the surface. This qffinlty for hydrogen,
qlreqdy referred to by Jones and Loeb&_(85), nay be understood
from the fact that hydrogcn analogs of the sodium tungsten
bronzes occur with almost identical lattice parameters (13,112),
Sienko and Osterreiéher (112)_héve'3ucceeded‘inlpreparing-“
hydrogen tungsten bronzes, HXWO3 with 0.5 >x)>0.03. Owing to.
the ready oxidation by =2ir under normal conditions, these were

necessarily retained undecr vacuwn,
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Finally, *:r the absencc of any watecr—-gas shift reaction is
in keeping with the view of Mars (114) that zero order rcactions,
involving formic acid, result when species are quite strongly
adsorbed onto the surface, so that no favourable sites, with

respect to this secondary process, arc left exposed on the surface.

Consideration now of the mechenism postulated by Balandin
and Sokolova (13), snd discussed in dctail in the first chapter
of this text, would secem to indicate that an explanation of the
present results in terms of this approach might be justified.

The rapid trend towards the highly conducting state may serve

to account for the similarity in activities, for the decomposition
reaction (graph 12), through the series. VWhereas, previously

an explanation of the changing 002/ co ratio has been
interpreted in terms of a purely electronic model; which has
neglected the oxygen vacancies and hence the high conducting
nature of the whole series, it now appears that o mere acceptable
picture of the mechanism would involve participation of the.
various surface defeccts, due to both oxygen and sodium vacancies
which are presemt throughout the series, Studies of the change of
resistnance with temperature (and time), megnetic susceptibilities
and e,s.r. spectra of samples, the latter two more especially
for WO3, have prvwided conclusive evidence for the presence of
the oxygenm vacancies so necessary for this approach. Further
evidence for the use of these oxygen vacancies has come from

adsorption experiments with formic acid (Table 5), from which it
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may be obscrved thet the degree of adsorption of HCOOH was less
on pretréated samples of W03 ond Noy 1,705 than on the mormal

catalysts.

Inspection of the results shown in Table 5, for the normal
catalysts, reveals that the degrce of adsorption of HCOOH for
those members with X % 0:60, is larger than that for the lower
members in the serics. This would seem to invalidate a mcchanism
Pbased solely on onc adsorbed formate species, as used by Bolandin
and 3okolova (I}), because of the smaller number of the neccessary
adjacent sodiuﬁ and oxygen vacencies, understandably present
at higher sodium conccntrations. Had only the one type of formate
species been present, ﬁhese adsorption experiments should have
shown smaller degrees of adsorption of HCOOH on ascending the
‘series, These results are, however, consistent with a mechanism
involving the presence of two separate formate species on the

surface,

The close parallel between the results obtained for the
dehydration component of the decomposition reaction ( graph lu)
and those of Balandin and Sokolova (13) on the dehydration of
isopropyl alcohol and ethanol, would seem to indicate that a
mechanism involving the use of the adjacent sodium and oxygen

vacancies would be Jjustified.

One may, therefore, picture the formation of a reaction

intermediate of the following type:-
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HCOOH CoO + Hy0

0z®

2/
AN
BR0ONZE SURFLCE

Whether this involves a partial or complete transfer of
electrons is, however, still very much in doubt (109,110).
Measurements of the change in resistance of the wholly
dehydrating catalyst WO3, in the presénce of formic acid, have
provided evidence for the transfer of electrons away frém the
catalyst. Similar measurements carried out on the bronzes have
been less easily interpreted, little or no change in resistance
being observed for all samples studied. The more easily
distinguishable resistance change for W03, may, however, be a
consequence of the greater density of adsorbed formic acid
molecules on the surface, there being W 0,56 molecules of
HCOOH/ cube face as opposed to“\ 0,23 molecules of HCOOH/ cube

face with Na It is also possible that the competing

0.11"03°
dehydration and denydrogenation reactions give rise to
oppositively charged formate ions on the surface, These would
then cancel one another out, resulting in Iittle or no
observable change in the resistance of the bronzes. Another
explanation for the possible absence of any distinct change in

resistance, being observed for the mainly dehydrogenating
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bronzes, may have been due to the fsct that the bronzes were
initially of very low resistance so that very little change

would be expected.

From consideration of the various molecular parameters,
it can be seen that the adsorbed formic acid complex may adopt
a configuration similar to that of the alcohol in figure 6.
Although the (H®°°°0) distance in formic acid (~ 2.0 &), is
less than the corresponding distance in alcohols (V2,35 A), it
33 to be expected that deformation will also play its part; with
the (C*-°°H) and (C+-+-0) distances in the activated complex
being larger than in the normal molecule. This will increase
the (H*"'°0) distance and thus meke it closer to the bronze
(Nae+++0) gistance of 2.74 A, -Furthmore, on increasing the
number of sodium defects in going from the hypotheticalNaLOWO3
to those of lower x value, the WO6 octahedra will be deformed,

decreasing the lattice parameter from a = 3.86 in Nay WO, to

3
3,75 in WO;, so that the (Na°°°+0) distance in the bronze
will be closer to the (H°-°°Q) distance in formic acid. Thus it
would be expected that the 1ower members would more easily
focilitate the formation of the formate intermediate, since
jess strain will be involved in bringing the (H:*°°Q) distance
closer to the (Nas¢o+0) distance in the bronzc. This may also
gserve to explain‘the carlier dcparture from zero order kinetics

observed for the lower members, since less deformation of the

(G**++0) and (He.-+0) ponds will result in a more strongly
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bound formatc species on the surface, so that there will be a
greater possibility of poisoning the surface with respect to
further reaction. It would appear, on the strength of the
present results, that the breskdown of this intermediate is
in fact the rate determining step in the decomposition. That
any number of the availaeble sodium vacancies msy be used to
form complexes of the above type has been demonstrated by
the existence of hydrogen tungsten bronzes with x values as

high as 0.5 (112).

Before forwarding arguéments, both for and against the
possible sites available for the dehydrogenation component of
the decomposition, it is imperitive to note the apparent ease
.of reaction, with the departure from zero order kinetics
occurring at a much later stage, when dehydrogenation is the
major contributor to the overall decomposition, i.e. when
x ¥0.60, The indications are therefore, that the dehydrogenation
mechanism involves a formate intermediate, less strongly bound

to the surface of the bronze,

That this component is unlikely to proceed om filled
sodium sites has been shown by Shabrowa (115), who demonstrated
that sodium carbonate does not catalyse the decomposition of

formic acid*owing to the formation of a stable sodium formate.

The most probable sites would appear to involve either the

adjacent tungsten and oxygen filled sites or isolated tungsten
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atoms, using the mechanism presented by Eucken and Heuer (116),
Eucken (117), and Wicke (118) or via the formation of a stable
salt respectively., Adsorption between tungsten atoms has been
ruled out owing to the great distance between adjacent tungsten

atoms within the lattice (~~3,86 4).

Eucken and Heuer (116), Eucken (117) and Vicke (118),
based their ideas on the mechanism of the analogous dehydrogenation
of alcohols on their observation that dehydrogenation takes place
in particular oﬁ oxidés with a large cation radius and a smaller
cation valency., &8 in sﬁéh oxides the cation can only be
incompletely surrounded, these authors supposed that the reaction
proceeds via hydrogen addition to metal ions present on the surface;
in analogy with this view, the dehydrogenation of formic acid

could be wvisualised as follows:-

HCOO%\\$ //)232 + CO,
ﬂ IOI |
T” \\? — gfff...,....g
W 0 e o

The high 002/ H2 ratios, however, would dbe inconsistent
with this approach which was postulated before the importance
of the formate and other ions as reaction intermecdlates was

knowmn,
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Whether the mechanism w111 involve the formatioﬁ.of a salt,
such as an oxalate or carbonate (93) will depend on, among other
things, the stabilities of the oxalate and carbonate, The sbsence
of any reliable data from the literature does in fact limit the
use of this approach. In general, however, the stabilities of
salts derived from dehydrogenating oxides appear to be of the

same order as those of the corresponding formates.

The more recent evidence for the bimolecular type of
mechanism, given by Hirota (95) and Lawson (97) and outlined in
the first chapter of this text; would it seem to offer a
realistic answer to this problem, In deriving the mechanisnm
involving the formation of the intermediate complex shown earlier
(page 15), they argued that strongly bound formate ions are sites
for adsorption of weakly bound formic acid molecules in the
presence of the gas phase, Decomposition of this intermediate
species could then occur according to reaction paths (a) and (b),

with (a) being'favoured by Lawson and (v) vy Hirota et. al,
HCOOH HCOU™ + Hads = 200, + 2H, : (a)
HCOOH HCOO™ + Hads = GO, + H, + HOOO™ + Hads (D)

Even allowing for the fact that these researches were carried

ocut on metal films, it may be that this approach is what is
required to explain the results for the dehydrogenation component

of the decomposition in the present study.
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For instance, it would not seem unfavourable to consider
the higher members of the series, i.e. where x 20.66;, as metals,
a consequence which in itself would point to a bimolecular type
mechanism, since recent studies (95,97) have indicated that a
mechanism of this type is the one consistent with the results
of the majority of workers (93). Although the larger degree of
adsorption of HCOOH for those bronzes with x%0.66 may also be
consistent with this picture of a double layer of HCOOH
molecules on the surface, it can also be seen to be in

agreement with a monomolecular type mechanism,

Whether or not a bimolecular type mechanism is in fact
in operation will, it would appear, remain a matter for :
speculation, as will any attempt, from the present study, to

explain the similarly high degree of adsorption observed for

W03.

Adoption of a bimolecular mechanism to explain the
observed results would necessarily require that a slight
modification be made to the picture outlined above in order to
explain the high 002/ H2 ratios., It may be for cexample, that all
hydrogen atoms are initially adsorbed prior to desorption as

molecular hydrogen,

The correspondence between this higher degree of adsorption
of HCOOH and the increased extent of zero order kinetics

observed for those members with x 20,66, may slso be explained
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from a consideration of simple Langmuir Adsorption.

An adequate explanation of the increassed extent of zero
order kinetics at x )0.66, may be obtained from a consideration
of the work by Jones and Loebt® (85). On the basis of their
results, the necessary prerequisite for a high percentage of
dehydrogenation would apparently be attainment of a certain
eritical high conductivity, providing the necessary high
quota of electrons to ensurc a rapid adsorption together with
desorption of hydrogen to and from the surface. An explanstion
along these lines may also account for the increasing
002/ co ratio with percentage decomposition for a given set
of reaction conditions. If, as was thought possible by these
workers, the diffusion of hydrogen atoms is a contributing
factor to the behaviour of the surface to further reaction,
then it would seem likely theat some of the hydrogen atoms
would occupy vacant sodium sites, with the result that these
would remain essentizlly poisoned to further reaction, This
type of process would explain the almost complete absence of
hydrogen in the reaction system with the lower bronzes, there
being a greater number of thesec sodium vacancles availeble for
hydrogen occupation, and also apparently (112) no limit as to
the emount tzken up. Degassing procedure indicated that this
hydrogen was easily removed, in accord with the réady
reﬁroducibility of rate measurements,

Finally, the presence of a compensation effect (93) has

been shown in graph 11,
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Summary

From a consideration of the various argucments, presented
‘in this chapter, it would appear that the sodium dbronzes conform
with the electronic theory of catalysis with fespect to the
formic acid decomposition reaction. The 002/ ¢co ratio would
appear, however, fo be édverned b& the numbér 6f dccupied sodium
sites present on the surface of the bronze, it being assumed, on
the hasis of donductivity, mass spectrometric and e.s.r. work,
that the oxygen vacancies remain essentially constant for the
bronzes, with the exception of WO3. This necessarily invoked the
use of an approach based on the ﬁnltiplet theory to present
suitable mechanisms for the dehydrogenation and dehydration
component reactions, consistent with the results, The close
parallel between the decrease in the extent of dehydration and
the decrease in adjacent sodium and oxygen vacancies in ascending
the series has led to a mechanism in which use is made of these
vacancies to explain the dehydration component of the
decomposition . The insufficient number of such vacancies,
together with the apparent higher degree of adsorption of HCOOH
for those members with x )>0.66, has necessarily led tb a different
approach. Here, in fofmuléting a mechanism for the dehydrogenation
component, analogy has been drawn between these higher bronzes
and the decomposition of formic acid on metals. In addition,
arguements have been directed in support of a bimolecular and

a monomolecular process for the dehydrogenation and dehydration
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component reactions resyecotively.

It would appear that there is a critical value of x where
the preference for dehydration is superceded by one for
dehydrogenation. T he fine dividing line at which this occurs
would, from the observed resﬁlts,'seem to be associated with
that value of x at which each sodium has at ieast another
sodium atom as nearest neighbour, leading to an unlimited sphere
of movement for any one arbitrarily chosen conduction electron.
At this point, for example, one may envisage a 'free run' for
adsorbed hydrogen atoms in any direction, and so making it
possible for favourable sites to undergo further reaction.

This diffusion of hydrogen atoms has algo been used to explain
the shift towards higher COZ/ go ratlos during the reaction,
these atoms occupying and essentially poisoning the sodium

vacancies with respect to further reaction
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The sodium tungsten bronzes, With the general formula, NaxW03,
where x varies from 0 toﬁ\o 8 form a series of nonrstoichiometric

compounds with semiconductor (x(.O 25) or metallic (i) 0. 25)
properties. The 'free electron concentration varies over a wide
range with only very small changes in lattice parameters. They
constitute, therefore, a system for which the connection.between
concentration and mobility on one hand and catalytic activity on the
other can be conveniently studied ,- ' /

In the present study, the sodium bronzes were prepared
chemically by the solid state reaction. After leaching out unreacted
tungsten powder, sodium tungstate and tungstic oxide, catalysts were

: analysed for sodiumrcontent using an Eel flame photometer. The
surface area of the bronzes was measured by krypton adsorption at
-196°c, X-ray diffraction, magnetic susceptibility and electron spin
resonance measurements were carried out on the bronzes. From these
results and by comparison with those in the 1iterature, it Would
appear that the earlier view, that non-st01chiometric oxides contained
mixtures of several oxidation states has now been superceded in these
compounds, by replacing the hypothetical pentavalent tungsten 1n -

A@ﬁN‘Mg303 by a degenerate electron gas ' formed from the
valence electrons of 1onlsed sodium atoms in NaXWVIO5. Results from
5conductivity measurements carried out on the bronzes, indicated that
oxygen deficiences were introduced by vacuum heat treatment This
effect leads to a rapid increase in conduct1v1ty, with the final
attainment of a 'Quasi metallic' state, so that it would appear that

under vacuum conditions, a changeover from metallic-semiconductor

properties, earlier thought to take place at x2o, 25, may now occur at

_Ee olie‘t side if necessary.
much lower values of x, or indeed may never occur a



¢

The test reaction adopted in this study was the formic acid
— .

decomébéition reaction, This is especially suited to a study of the
electronic factor in that it involves only one molecular species, the
rate of decomposition being followed easily by pressure measurgments,
and since it is catalysed by a wide range of oxides. Formic acid may
decompose either by dehydrafion to yield carbon monoxide and water or.
by dehydrogenation to yield carbon dioxide and hydrogen. On some
catalysts both reactions occur. The decomposition was studied between
130-23000, at pressures of w25mm Hg, All catalysts underwent an
activation process in formic acid, the activity, initially Ibw,'
increased to a étable maximum after agbout two decomposipion runs.,
Product analyses by pressure measurements were carried out to supplement
mass spectrometric analyses. COp/ go were found to be independent of
temperature for a given catalyst at a given percentage decomposition.
They were, however, found to be dependent on percentage reaction and

for a given set of conditions, varied from one catalyst to another.

In the majority of cases am increase in 002/ co ratio with extent of
reaction was observed., 002/ Hy ratios were found to be very much greater
than unity, indicating that varying quantities of hydrogen are

retained by the catalysts in accord with the observations of other
workers,

The very simiiar activities are as would be_expected from the
very similar low resistances observed for all catalysts studied, and are,
therefore, in keeping with the electronic factor theory. To explain the
individual contributions of the dehydration and dehydrogenation
reactions to the overall activity, use has been made of the Multiplet
theory, to describe the configuration of the formate ion species,
present on the surface. The decrease in the dehydration component in
ascending the series has been related to the decrease in the mumber of
adjacent sodium and oxygen vacancies, present on the surface; whereas
the increase in dehydrogenation in ascending the series has been
explained by analogy with the results of the formic acid decomposition on
metals, obtained by other workers. Argufﬁents have been forwarded in
support of separate bimolecular and monomolecular processes, to eXplain
the mechanism of the dehydrogenation and dehydration component reactions

respectively,



