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Abstract

The reaction of hydrogen with a series of polyvalent metal oxidegd5aV03, MoO;3, V205, SkpO3, PbG, Cr,03, NiO, CuO, CaOsy,
MnO,, PdO, AgO) was investigated at low temperatures (77—-320 K) and pressures (0.001-0.7 kPa). Pd-doped (0.1-0.5 wt.%) transition
metal oxides can be reduced by hydrogen at 77—-320 K whereas the onset of the reduction of the pure oxides occurs at temperatures highe
than 500-700 K. It is shown that oxides, possessing a low stability of the metal-oxygen bond, a significant oxygen-diffusion coefficient
from the oxide volume, and a large specific surface area are promising low-temperature vacuum hydrogen getters. Two temperature
regions with different kinetics have been found for the most active oxidesq;@€uO, MnQ): 77-210 and 220-320K. At 77-180K,
the chemical interaction between hydrogen and the Pd-doped oxides proceeds with an apparent zero activation energy according to the
equationP = Int. At 195-320K, a first-order reaction is found. XPS studies of the low-temperature reduction catalysts show Pd on
oxides. A possible reaction mechanism is discussed. It is supposed that proton spillover into the lattice is critical for the low-temperature
oxide reduction. A electron tunnel mechanism is probable too.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction to the corresponding monometallic catalysts. The present
paper describes studies concerning the effect of Pd on the
Effective hydrogen absorbers, operating under vacuum reduction of a number of metal oxides by hydrogen in the
and low-temperature conditions, are necessary in cryogenictemperature range of 77-320K. Possible mechanisms for
technology. Mainly systems based on Ag, Pd or Pt have beenthe process at 77-320K are discussed.
suggested as such getters. The use of transition metal oxides
is promising for these purposes.
It was observedl] that the chemical reaction of hydro- 5 Experiments
gen with pure and palladized @04 occurs at very low

_tem_peratures,_ (_jown to 77K. Palladized cobalt(ll, 11l) ox- Oxides were prepared by decomposition of the metal salt

ide is a promising low-temperature hydrogen absorber for ., o hrocedure that provides the oxide with a highly devel-

vacuum systems. oped energetic heterogeneous surface area. Pd was deposited
It has been shown that the presence of both Ptan®g£o . imnregnating the oxide with an aqueous solution of Pd

promotes the partial reduction of the transition metal oxide i ote which is subsequently decomposed upon heating
at temperatures hundreds degrees lower than in the absence Hydrogen adsorption was studied in a static vacuum

of Pt. Ip a<_jdition, cgtalysts consisting of Pt and Co oxide apparatus from the pressure drop in a known volume
are active in CO oxidatiofR] at temperatures much lower (0.300-0.900 1) with removal of the reaction product@)
than pure Pt or pure _Q@“ [3-5] In generg_l, mult|com-_ by freezing using a trap at 77 K. Hydrogen was purified by
ponent catalysts consisting of_both a tran5|t_|qn metal oxide passing through the walls of a hot nickel capillary. During
and a noble metal show an improved activity and selec- yhe course of the reduction the change of pressure was mea-
tivity in heterogeneous catalytic reactiof€s7], compared g o4 with a thermocouple gauge calibrated for hydrogen.
Hydrogen consumption was determined from the measured
* Corresponding author. Tel&38-44-444-25-20. decrease of the hydrogen pressure. Water released during
E-mail address: vasil@imp.kiev.ua (M.A. Vasylyev). the reaction was frozen in a liquid hydrogen trap.
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A series of polyvalent metal oxides were investigated oxides characterized by weak and rather strong oxygen-lattice
in the temperature range of 77-330K and pressures ofbonds, respectively. To the former class belongg@io
0.001-0.700kPa. All the samples were first evacuated atstudied previously(l]. Chosen as representatives of the
523K (393K for ApO) and a pressure of1 106 kPa for latter class Mo@, WOs, Cr0O3, Fe03, CuO, \»O0s,

4 h and were then kept at the same temperature in an oxy-MnO, have been selected. Reduction of the pure oxides
gen atmosphere (13.3kPa). The temperature of 523 K wasFe,03 and CpOs, starts at 470K and of Mog) WO3 and
selected in order to prevent sintering of the contact surfacesV,0s—at 700K. As follows fromTable 1 promotion by

and phase transformation that occur at higher temperatures0.3—-0.5wt.% Pd results in oxides whose initial hydrogen
The state of samples after such treatment was taken as oureduction temperature has been plummeted by hundreds
standard state and the degree of reduction of their surfacedegrees, and which are capable to react with hydrogen at
was assumed equal to zero. The amount of oxygen in the293 K (Table 1. Introduction of 0.5wt.% Pd leads to a
surface monolayer was determined on the basis that thegrowth of the hydrogen capacity by a factor of 15-100.
area, occupied by the oxygen atom, is equal to 783 A A correlation has been found between the hydrogen in-

The change in surface coverage with oxygen was calcu-teraction rates and the metal oxygen—oxide bond strength.
lated from the amount of unconsumed hydrogen, which was The most active oxides characterized by a low energy of the
measured additionally by quantitative determination of the surface oxygen bond, are €04, CuO, MnG, NiO. Com-
formed water from the increase in pressure in the systemmon regularities for hydrogen activation have been elicited
upon thawing out the trap. for all the Pd-doped transition metal oxides examined.

Since our specimens have a high specific surface area and The state of Pd on the surface of {Q has been inves-
mild conditions for the reaction were chosen, only 0.1% of tigated[1] by X-ray photoelectron spectroscopy (XPS) and
a monolayer of oxygen was removed during a single run. electron microscopy in conjunction with energy-dispersive
Therefore, the state of reduction has been determined whilespectroscopy. Pd on the surface of the oxides studied has
the surface remained almost unchanged. been found to be uniformly distributed in the form of clus-

ters smaller than 40 A in size. Using XPS it has been shown,

that in its initial state Pd is present as PdO (binding energy
3. Results and discussion 337.4eV)[1,9]. Upon exposure to hydrogen the binding

energy of Pd 3¢} shifts to 335.7 eV, which is higher than

In this research project, the role of Pd was investigated that for metallic Pd but lower than that for PdBased on
with respect to the reduction of two different classes of these data, the conclusion is drawn that the catalytically

Table 1

Hydrogen interaction with pure and Pd-doped metal oxides

Oxide Surface areaS( m2/g) The temperature of initial reductio,(K) Capacity H (cm3/g(PH2 = 0.700kPa)
FeO3 12,5 473 - -
Pd-FeOs 12 - 293 0.01
WO3 25 700 - -
Pd-WG; 25 - 293 0.01
MoO3 3 700 - -
Pd-MoG; 3 - 293 0.01
V205 11 693 - -
Pd-V,05 11 - 293 0.01
SkhOs 14 393 - -
Pd-ShO3 14 - 293 0.01
PbO 28 493 - -
Pd-PbQ 28 - 293 0.01
U30g 2.5 — - —
Pd-U;Og 25 - 293 0.01
Cr03 40 473 — -
Pd-CpO3 40 - 293 0.01
NiO + Ni2O3 170 330 - -
Pd (NiO + Ni2Os) 170 - 293 0.10
CuO 100 300 - 3
Pd-CuO 100 - 293 50
C0304 140 293 - 15
Pd-Cg04 135 - 293 180
MnO; 180 293 - 25
Pd-MnQ 180 - 293 286
PdO - - 293 110

Ag20 13 - 293 15
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Fig. 1. The decrease of the hydrogen pressure in coordimates(a) and In(P/Py)—t (b): 1, CgOq4; 2, CuO; 3, MnQ; 4, Ag;0; 5, NiO. T = 293K,
P =5x 107°kPa.

active form is an oxide cluster incorporating partially re- removed). This indicates a pronounced heterogeneity of the
duced Pd chemically bound to the oxide. During the initial copper oxide surface: evidently the data suggest that a stable
interaction of Pd-doped oxides and hydrogen partial reduc- operating CuO surface has an 0.08% degree of reduction.
tion of Pd occurs. It is in this form that an oxide Pd cluster =~ The adsorption capacities of pure oxides are not large
makes a catalyst. Measurements of the reduction rates ofeven for the most active getterfaple J). This can explain
oxides containing oxidized or reduced Pd clusters supportthe low fraction of reactive oxygen at low temperatures. In
this conclusion.

The typical kinetic curves, at 293 K for MgQ@epresented
in Fig. 1ado not show a S-shape typical of very low degree
of reduction (5x 10~%g O,/1g oxide), in the absence of
autocatalysis. Hydrogen adsorption kinetics on the oxides
studied in the range of 230-330K obeys a first-order equa-
tion in hydrogen—dP/dr = KP, which fact is supported
by the rectification of a IlP—t plot (Figs. 1b and 2 Mag-
nitudes of rate constant of hydrogen interaction with oxides
were calculated from the tangent of the angle of the straight
line In(P/Po).

It is known that at high temperatures the bond energy of Q°
surface oxygen increases with an increase in degree of ox- E
ide reduction and the rate of its removal decreases. Ourdata £ 0.5
obtained for CuO, shows that analogous regularities are also
observed at low temperatures and pressures. As is seen from
Fig. 3, the rate of hydrogen reaction with oxide depends sig-
nificantly on the oxygen content in the surface layer: removal
of 0.02% of a monolayer from the CuO surface at room
temperature lowers the specific reaction rate constant by a
factor of 2. The activation energy of the reaction increases
from 31kJmotl?! for the oxidized sample to 47 kJ mdi
upon removal of 0.08% of an oxygen monolayer. A value of
Eact, equal_ to 60kJmot', is obtained for a staple operating (P/ Po)—t for MnO; (1 and 2) and Pd-Mn©(0.5wt.% Pd) (3 and 4)
copper oxide surface and a value of 72 kJmidb obtained evacuated at different temperatures (1 and 3: in oxygen at 523K, 2 and
for a partially reduced surface (1% of the monolayer was a: after sevacuation at 523K).
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Fig. 2. The decrease of the hydrogen pressure at 293K in coordinate
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Fig. 3. Dependence of the raté/( (1, 300K; 2, 325K) of the reduction
on the amount of oxygerx) removed from the surface CuO.

fact, only 8% of surface oxygen enters into reaction with
hydrogen at 293 K and 26% reacts onz0Og.
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Table 2
Kinetics of the reaction of hydrogen with @04 and Pd-CgO4 for
different initial states (reduction of the surface)

T (K) Ks (x10*sIm2)

Co304 Pd-CQO4

X=0 X =10 X=0 X =10
195 4.1 - 0.8 10.9
255 7.3 0.1 1.4 13.2
274 13.0 0.5 4.0 21.0
293 20.0 1.2 16.0 25.3

to a value of 25 x 10~°. Evidently, this effect is associated
with filling of oxygen vacancies on the surface as a result
of diffusion of dissolved oxygen, the calculated diffusion
coefficient of lattice oxygen for CuO at 293K is negligibly
small.

For CaO4 the activation energy increases, which is due
to the non-uniformity of the surface oxygen energy and the
bond of the oxygen to be removed becoming increasingly
stronger as the oxide is reduced. For P&Q.0 when 6—8%
of the oxygen monolayer is removed the reaction rate con-
stant doubles, with the activation energy falling from 39 to
8 kJ/mol. Such reduction process of Pd-doped oxides indi-
cates the catalytic character of the action Pd exerts in the
range of 230-330 Krig. 4 (Table 2. A similar effect was

The observed “relaxation” effect for certain getters should observed recently for Mn®and Pd-MnQ (Fig. 5) [8].
be noted: cessation of hydrogen introduction and exposure A sample of initial CeOg4, heated at 670 K with according
of the getter under vacuum conditions without evacuation to [1], a more ordered surface structure witlh = 67 n¥/g,
for several hours lead to an increase in hydrogen-adsorptionwas also investigated. The physical adsorption of hydro-

rate. Thus, while the rate constant falls fromx5L0~° to
0.5x10~°s~1 m~2 on copper oxide after removal of 0.1% of

gen, which occurs at 120-125K and lower temperatures,
was considered during the determination of the rate of the

the oxygen monolayer, after 10 h of “relaxation” it increases chemical reaction of hydrogen with @04, MnO,, CuO. It
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Fig. 4. Dependence of the rate constants (293 K) (a) and activation energy (b) of the reaction between hydrogen and surface oxygen on the amount c
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oxygen removed from the surface for £ (1) and Pd-CgO4 (0.5wt.% Pd) (2).
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Fig. 5. Dependence of the rate constants (1) (293K) and activation energies (2) of the amount of oxygen removed from the surfage(&ravidO
Pd-MnQ, (0.5wt.% Pd) (b).

is believed that no reduction reaction occurs at low temper- reaction rate does not decrease in the second region with
atures on commercial GO4. The low-temperature depen- decreasing temperature, but remains constaigt (7). The
dence of the rate of reduction of pure and palladized cobalt character of changes in the rate of hydrogen adsorption is
monoxide-oxide with hydrogen is presentedFig. 6a and similar for pure and palladized G04. However, the rate on

b. Two regions are clearly traced in the studied temperature the palladized sample is four to five times higher than on the
range with different dependence of the reaction rate on pure sample. It should be noted that palladized@g kept
temperature: a normal Arrhenius dependence in the regionin oxygen at 520K, has a lower rate of hydrogen adsorp-
230-330K and an anomalous dependence at 77-220 K. Theion, practically coinciding with the rate obtained on pure
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Fig. 6. (a) Dependence of the reaction between hydrogen and surface oxygen on the hydrogen pressure #0; F@l83et.% Pd) in co-ordinate

In P—t: 1, 325K; 2, 295K; 3, 273K; 4, 257K; 5, 248K; 6, 208K; 7, 163 K. (b) Kinetics of the reaction of hydrogen with pd,G06.5wt.% Pd) at
various temperatures: 1, 248K; 2, 163K; 3, 208 K.
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Table 3
201 715 Rate constants and activation energies of the reaction between hydrogen
and surface oxygen at 295-277X = 100% Pd-MnQ
T (K) Ks (x10°s1m~2) Activation energy
15+ 110 (E, kImot1)
295 290 15
- . 273 206 -
2 A 206 148 _
== ZAN +4 163 58 1-0.5
+4 101 15 w 77 36 -
14 Ig
g 1 o
O o the limits of the experimental accuracy of this quantity. Such
5T 0 a dependence has also been observed on puw@®~Agon
reduction to a degree = 1.5mass%, while on palladized
3 oxide it is observed up to a degree of reduction greater than
ok i 20% (almost to formation of CoO). A similar effect was
— also found for Pd-Mn@ for X (reduction steps)} 100%
v . (Table 3.

The presence of a low-temperature limit of the rate of
5 reaction of hydrogen with pure and palladized cobalt oxide
107T may indicate a tunnel mechanism of this reaction in the
Fig. 7. Dependence of the rate of the reaction between hydrogen and range _Of 777200 K. The low-temperature limit of the rate of
surface oxygen on the temperature and method preparedzD,Gin this reduction with hydrogen has not been observed ogdzo
paper); 2, Pd-Cg04 (0.5wt.% Pd); 3, CgOy4 (were evacuated at 670K).  heated at 670 K and Mnf3-523 K (Figs. 2 and Y.
The two regions, for which different temperature de-
pendences of the reaction rate are observed, also corre-
Co304. A similar effect was observed for MnOand  gpondingly differ in character of the kinetics of the reaction
Pd-MnQ; (Fig. 8). of hydrogen with the oxide. In the temperature range of
The activation energy for reduction of the pure cobalt(ll, 230-330K, the kinetics of reaction of hydrogen with both
[Il) oxide in the range of 230—-330 K amounts to 12-18kJ pure and palladized G® and MnQ are described by a
mol~1, while it is 8-10kJ mot? for the palladized sample;  first-order equation with respect to hydrogen iz = KP,
in the range of 77-230K zero or even an apparent negativeyhich is confirmed by the clear linearization of the depen-
activation energy is observed on both samples, its value is indence of hydrogen pressure on time in( /Y Po)—t coor-
dinates Figs. 1 and 2 However, already at a temperature
5 of 263-273 K and below the form of kinetics changes. At a
sufficiently low temperature (77-210 K) the change in pres-
sure with time occurs according to the ldv= A In r. This
dependence is presentedHigs. 6b and 8n a time interval,
that makes up 2 orders of magnitude of the quantity. The ob-
served kinetics of the process in the low-temperature region
is characteristic for processes, occurring by a tunnel mech-
anism[9-12], and confirms the above drawn conclusion.
Regularities of low-temperature (430-600K) reduction of
pure and platinized transition metal oxides with hydrogen
were studied. It was determingt, 8] that reduction of pure
and palladized cobalt(ll, IIl), Mn@ oxide is achieved in
the same way also in the temperature region of 250-430K.
It was establishefll] that Pd oxide clusters, containing par-
tially reduced Pd ions, significantly accelerate the process
and act as catalysts of @04 reduction.
The data obtained in this research show that a funda-
%% 1'_5 ' 2'_0 ' 2'_5 ' 3'_0 ' 3'.5 ' 4'_0 mentally different reduction mechanism is realized in the
gt low-temperature region of 77-220K. According to data
[8-12], the presence of a low-temperature limit of the oxide
Fig. 8. The change in the hydrogen pressure in coordina@ent in reduction rate and kinetics, characteristic for tunnel reac-
the reduction of Pd-doped. tions in condensed media, may indicate that the reaction

0 2 4 6 8 10 12 14 16

P, Pa




V.M. Belousov et al./Chemical Engineering Journal 91 (2003) 143-150 149

occurs via a quantum tunnel mechanism of transfer of an Table 4

electron or proton or of hydrogen atoms. The reduction of Pd-doped cobalt oxides by lnd D> at different
The possibility of CgO4 activationless reduction of  emperatures

cobalt(ll, Ill) oxide, synthesized by the method described in Temperature (K) Rate of reduction Kinetic isotope effect

[1], in our opinion, is due to the structure of its surface. Such (W, x10*cm’ m~2s1)

Co304 surface contains a large excess of nonstoichiometric Hz D2

oxygen as coordinately unsaturated Genters and cationic  pg-doped CgO4

vacancies in the cobalt sublattice. Using preparations, sub- 295 13.2 8.1 1.6

ject to a thermal treatment, results in healing of defects 273 104 5.9 18

and loss of active oxygen and the concentration of these ig; ?'2 g; ;i

centres becomes insignificant. As a result low-temperature 8.6 43 50

reduction of the oxide does not occur on these samples

(Figs. 2 and y. (235;%504 7.4 3.6 2.0
Adsorption of hydrogen on the synthesizedzOg can 273 3.4 16 51

occur on O defects, cationic vacancies, or geometrically 77 1.4 0.8 1.8

corresponding C&—O~ centres. The presence ob+D,
exchange on Gy, at 789 K[13] makes it possible to sug-
gest adsorption of hydrogen not only in a molecular but also
an atomic form. In the case of hydrogen adsorption on O
or cationic vacancies reduction of the oxide is determined by
electron transfer from OHto Co**. During adsorption on
the Ct—O~ pair transfer of hydrogen from the €oion

to the lattice oxygen and transfer of an electron to a meta
ion are necessary. Tunneling of proton or a hydrogen atom "0!€ [16]. _ _ _

is possible in this case. Thus, analysis of our experimental data and literature

On palladized CgO, and MnG samples the reaction rate data[9,14] indicatgs the occurrence of a Iow—temper_ature
in the region of reduction by a tunneling mechanism is four (77—220K) reduction of Pd-MeOby a tunnel mechanism
to five times greater than on the pure sample as a result ofof electron transfer. In our view this process can be seen as
facilitation of atomization of hydrogen on the partially re- fo!lo_ws: hyd_rogen actwaU_on occurs on the oxide cluster con-
duced Pd ions. This agrees with the fact that the reduction t&ining partially reduced ions of Pd-Pd - Pd"-O-Me':
rate is even slightly lower on a sample, containing oxidized = pgr—o—ert+
Pd cluster, than for the non-promoted oxide, since atom- H2 - 2H
ization of hyo!rogen occurs on reduced Pd ions. The nature0 +Pd" PP +HOH+e
of the tunneling particles (electron, proton, and hydrogen
atoms) can be determined from data on the kinetic isotopelt is this process that ensures further chemical interaction
effect (KIE). In the case of tunneling of a proton or hydro- of hydrogen and Pd-doped metal oxides at low temperature.
gen atom substitution of hydrogen by deuterium should lead Then, the proton passes via spillover to the oxide’s oxygen:
to a sharp decrease in the reduction rate and to an increas?_|+ 4+ 0> — OH-
in the KIE by several orders of magnitude.

Experiments, carried out with deuterium, showed that it H*+ + OH™ — H,0
reduced cobalt(l, II) oxide at low temperatures at a suffi-
ciently high rate. The KIE does not change significantly upon ~ Reduction of the oxide metal (M&) occurs during elec-
gong from high (270-330K) to low (77—220K) tempera- tron tunneling from Peito Me'*:
ture both for pure Cg04 and for the Pd-containing sample: PP + Me"t — PdrMe®—D+
Kp:Ky = 1.4:2.0 (Table 4. The same value of the KIE was
obtained in[13] during the study of the low-temperature The existence of such stage is supported by the fact (as has
chemisorption of hydrogen on @04. These data indicated been indicated by XPS) the complete reduction of an oxide
hydrogen adsorption onOor a cationic vacancy with sub-  cluster to PdO on the surface of transition metal oxides fails
sequent tunneling of an electron too The limiting stage to be accomplished. Electron transfer tunnel mechanism is
of the process is evidently penetration of an electron into attested to by the experimentally observed apparent zero
the surface-adjacent layer of cobalt cations through a bar-activation energy, logarithmic dependence of pressure on
rier, created by a layer of oxygen ions and hydroxyl groups, time and the invariability of KIE in a wide temperature range.
increasing the surface-adjacent space change and the work In all appearances, in the case of Pd-doped oxides, it
function of the oxide. The hypothesis concerning tunneling is electron tunneling that governs the reduction rate at
of an electron also agrees with the quite broad range of the77—220K; disruption of Pd—H linkage and spillover of hy-
tunnel effect (77—-220 K). The obtained data do not exclude drogen to the oxygen of the oxide probably play a minor

the possible spillover of hydrogen from Pd oxide clusters to
the oxyger{14,15] However, similar values of KIE for pure
and palladized CgD, indicate that in the case of palladized
oxide the reduction rate at 77-220K is determined by tun-
neling of namely an electron, while cleavage of the Pd-H
| bond in this temperature region probably plays a secondary
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role only in this temperature region. The systems surveyed [4] G.C. Bond, B.P. Tripathi, J. Chem. Soc., Faraday Trans. 72 (1976)
above, Pd-doped oxides CuO, 40n, MnO;, NiO are 933.

employed as chemical getters in cryogenic and electro- [5] M. Che, B. Canosa, A.R. Gonzalez-Elipe, J. Chem. Soc., Faraday
Trans. 78 (1982) 1043.

chemical practices. They can find application as baseline [6] B.E. Nieuwenhuys, Adv. Catal. 44 (1999) 259.
systems. [7] M.W. Roberts, R.St.C. Smart, J. Chem. Soc. Faraday. Trans. 1 (80)
(1984) 2957.
[8] V.M. Belousov, L.V. Lyashenko, I.V. Bacherikova, 1.V. Rozhkova,
Ukr. Chem. J. 60 (1994) 33 (Translation).
[9] Yu. Loginov, C. Spiridonov, X.K. Chokaev, U.H. Filimonov, J. Phys.
Chem. 62 (1988) 3235.
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