
EUEVIER Journal of Molecular Catalysis A: Chemical 105 (1996) 61-66 

JOURNAL OF 
MOLECULAR 
CAtALYSlS 
A: CHEMICAL 

The nature of hydrogen stabilization in the reduced copper 
chromites 

L.M. Plyasova *, L.P. Solovyeva, T.A. Krieger, O.V. Makarova, T.M. Yurieva 
Bore&u Institute of Catalysis, Novosibirsk 630090. Russia 

Received I5 May 1995; accepted I5 June 1995 

Abstract 

In situ pow*der X-ray and neutron diffraction showed that copper chromite retains its spine1 structure (space group Fd3m, 
a = 8.348(3) A) in hydrogen at 320°C. The spine1 has a copper ion deficiency and is stabilized by the dissolved hydrogen. 
Two hydrogen states are observed in the spine1 structure: as specific hydrogen species H (16~ interstitial position) and as OH 
groups with covalent bounding (32e crystallographic position). The hydrogen species bonded to the lattice oxygen is formed 
as a result of the exchange interaction between hydrogen atoms and Cu2+ . Ions. In this case a portion of copper ions are 
reduced to Cue as flat particles onto the surface; another portion is reduced to Cu’+ and transferred towards the 16c 
positions. 
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1. Introduction 

The goal of this work was the investigation 
of specific features of the reduced chromite 
structure, the dissolved hydrogen stabilization 
sites in the structure of the reduced chromite 
using X-ray and neutron diffraction. This state 
of catalyst became of great interest owing to the 
high catalytic activity of copper chromite for 
hydrogenation [ 1,2]. 

* Corresponding author. Fax: (+ 7-383)2355766; E-mail: 
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2. Experimental 

Copper chromite CuCr,O, was the material 
of our studies. The preparation procedure of the 
material and its structural properties were dis- 
cussed elsewhere [l]. The reduction af copper 
chromite was conducted at 320°C in hydrogen 
for 2 h. 

X-ray studies in CuK, radiation (a 
reflected-beam graphite monochromator) were 
carried out using a diffractometer D-500 pro- 
duced by Siemens. In situ experiments were 
conducted in a X-ray chamber reactor [3] linked 
to a controllable gas-supplying system. In order 
to avoid the influence of temperature on the 
diffraction peak intensities, the sample was 
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brought down to room temperature. Scanning 
was conducted within the 20 angle interval 
20-90” with 0.05” step, the background fluctua- 
tions were below 3% during the measurement 
time. 

Neutron diffraction of the samples were per- 
formed at the Berlin Neutron Scattering Centre, 
Germany. The sample to be studied was pre- 
pared by passing a hydrogen flow through a 
copper chromite-containing reactor at 32O”C, 
then it was sealed in a quartz ampoule out of 
contact with air. Scanning was conducted within 
the 20 angle interval 8-80“ with 0.1” step, 
h = 1.21 A. 

The obtained X-ray and neutronographic ex- 
perimental data were processed with the help of 
the program package POLIKRISTALL [4] 
adapted for IBM/PC. 

The structure of the cation-deficient spine1 
saturated with hydrogen was refined using inte- 
gral intensity of the peaks. In the case of super- 
position of peaks corresponding to copper 
chromite and copper metal, the contribution of 

the latter was subtracted from the total integral 
intensity [5]. 

3. Results and discussion 

X-ray patterns recorded for the initial copper 
chromite and for the sample after their exposi- 
tion to the hydrogen flow at 320°C during 2 h 
are shown in Fig. 1. In the patterns of the 
reduced samples the lines corresponding to cop- 
per metal and cubic spine1 are seen (the initial 
sample possesses the structure of the tetrago- 
nally spine1 [6]). XRD data show 42 at.% cop- 
per chromite reduced to Cu’. 

The calculations show that for the cubic 
chromite there is an essential difference be- 
tween experimental patterns and calculated one. 
The removal of ca. 50% copper from the lattice 
results in much more similarity between them 
(the uncertainty factor R = 0.08). A further de- 
crease in the R factor was achieved with the 
model in which part of the rest copper ions were 
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Fig. 1. X-ray patterns of copper chromite: I - the starting sample; 2 - the sample after 2 h in hydrogen at 320°C 
standard, the remaining peaks: CuCr,O,. 

(X) Cu’, (0) Si 
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Table I 
Coordinates, isotropic parameters of atoms, position occupations 
for the model of reduced copper chromite (from X-ray diffraction) 

Atom Position Occupation x y z B(isot) 

Cu, 8a 0.379 0.125 0.125 0.125 2.07 
cu, 16c 0.086 0 0 0 1.3 
Cr 16d 1 0.5 0.5 0.5 0.24 
0 32e 1 0.254 0.254 0.254 1.75 

moved from 8a to 16~. None of other possible 
positions was found to lower the R factor. The 
cationic coordinates and isotropic atomic pa- 
rameters for model with R = 0.038 are summa- 
rized in Table 1. The refinement was made 
iomplying the space group Fd3m, a = 8.348(3) 
A. The experimental and calculated X-ray pat- 
terns are shown in Fig. 2. Phase composition of 
the sample corresponds to the formula: 

I 

37230 

28958 

20683 

1241C 

where [ p ‘, d are the crystallographic positions 
of the ions in the spine1 structure. 

Apparently, protons compensate the stoi- 
chiometry violation in the spinel. The dissolved 
hydrogen species and their arrangement in the 
reduced chromite structure were identified using 
the neutronodiagrams. R factor equal to 0.42 
for the neutronodiagram was calculated accord- 
ing to the model developed from the XRD data 
without considering the dissolved hydrogen. 

A significant lowering of R factor (R = 
0.093) was found for only two of the hydrogen 
positions: position 32e - tetrahedrons whose 
centers were occupied by copper ions before the 
reduction, and position 16c - centers of the 
empty octahedrons. Table 2 presents the coordi- 
nates of hydrogen atoms, the occupation degree 
of the crystallographic positions, and isotropic 
heat parameters (R = 0.056). The correlation 
between the experimental neutronodiagram and 
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Fig. 2. Experimental X-ray diffraction pattern of the reduced copper chromite and the pattern calculated for the suggested model. (. . ) 
experimental. (-_) theoretical. 0 in degrees. 
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Table 2 
Coordinates, isotropic parameters of atoms, position occupations 
for the model of reduced copper chromite (from neutron diffrac- 
tion) 

Atom Position Occupation x y t B(isot) 

Cu, 8a 0.322 0.125 0.125 0.125 1.49 
cu, 16c 0.073 0 0 0 1 
Cr 16d 1 0.5 0.5 0.5 0.23 
0 32e 1 0.255 0.255 0.255 1.74 
HI 32e 0.310 0.187 0.187 0.187 1.03 
H, 16c 0.379 0 0 0 0.70 

the pattern calculated using this model is shown 
in Table 3. 

Some difference in the number of copper 
atoms in various positions, found from X-ray 
diffractograms and neutronograms, can be at- 
tributed to some difference in the degree of 
reduction of the samples in the camera reactor 
and in chemical reactor. But this difference is 
not principal. In what follows we discuss the 
neutron diffraction analysis data. 

As seen from analysis of interatomic dis- 
tances, the hydrogen at 32e position (x = 
0.1875) is shifted from the tetrahedron center 
towards its apex so that one 0 * . . H distance 

Table 3 
The experimental and the theoretical neutronodiagrams for the 
reduced copper chromite 

hkl 20, deg I (exp) I (theor.) 20, deg 

111 14.44 31 32 14.44 
220 23.68 2 0 23.68 
311 27.86 12 14 27.84 
222 29.11 45 46 29.1 1 
400 33.74 80 81 33.74 
331 36.87 2 0 36.87 
422 0 2 41.63 

511 

333) 
44.29 26 

29 

0) 
44.29 

440 48.45 100 102 48.46 
531 50.83 10 9 50.83 
442 51.60 2 2 51.60 
620 54.62 5 3 54.62 
533 56.81 12 13 56.81 
622 57.53 34 35 57.53 
444 60.34 28 28 60.34 

711 

551) 
62.40 7 62.41 

642 65.76 4 2 65.76 

equals 0.96 A, and the other three equal 2.33 A. 
The distance 0.96 A argues in favor of the 
formation of a covalent bond 0 * - * H, like in a 
water molecule [7]. The chemical interaction 
indicates that prior to the interaction the hydro- 
gen in a tetrahedron resembles a proton. 

Tht hydrogen at 16c is at the same distances 
2.12 A from all six oxygen atoms. The coordi- 
nation and the value of O-H distance indicate 
that this hydrogen cannot be considered as the 
well-known species of such types as OH-, 
H,O+, H,O, etc. [7,11-131. It is probably a 
mobile uncharged species H. A similar state of 
hydrogen has been suggested by other authors 
DOI. 

The cation distribution in the copper chromite 
reduced under the conditions of neutron diffrac- 
tion experiments (see Table 2) shows that in the 
formula unit 0.322 Cu2+ ions are held un- 
changed in their tetrahedral positions, 0.532 
copper ions are reduced to Cue and move onto 
the spine1 crystal surface, and 0.146 copper ions 
(probably Cu’+) transfer to the 16c positions. 
Cr3+ ions are held unchanged in the 16d posi- 
tions. 

We assume that hydrogen atoms generated at 
the partially reduced chromite surface [8] pene- 
trate into the spine1 structure. There are possible 
two types of dissolved hydrogen interaction with 
copper ions in the tetrahedrons. Two hydrogen 
atoms react with a copper ion to form a copper 
atom which is released on the chromite surface 
and two hydroxyl species. Single hydrogen atom 
reduces a copper ion to Cui + and forms one 
hydroxyl group in the structure, the Cui + ion 
transfers to 16c. The occurrence of Cu+ ions in 
the reduced chromite was reported in [9,10]. 

Taking into account the Cue atoms released 
at the chromite surface and the dissolved hydro- 
gen, the reduced copper chromite can be pre- 
sented as follows: 

The data obtained allow the conclusion that 



Fig. 3. The scheme of the reversible reduction of copper chromite. Triangles indicate (a) tetrahedral positions; squares indicate (d) 
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octahedral positions; hatched areas indicate (c) octahedral positions. 

hydrogen is dissolved indeed in the reduced 
chromite. There are two states of the dissolved 
hydrogen: ( 1) the unusual hydrogen atomic 
species inserted into the spine1 interstices; and 
(2) protons at tetrahedrons, which form the co- 
valent bond 0 . . . H with the lattice oxygen. 

Even if the concentration and the cation dis- 
tribution in the reduced chromite differ essen- 
tially from those in the stoichiometric spinel, its 
structure is held due to occupation the tetrahe- 
drons by protons and stability in Cr3+ positions. 
This is why the chromite can regain its initial 
state with the structure of the stoichiometric 
spine1 upon removal of the hydrogen. 

The reduction process of copper chromite is 
represented schematically in Fig. 3. 

Authors of Ref. [ 101 using different physico- 
chemical (but non-structural) methods proposed 
the formula units of the reduced Cu-Cr cata- 
lysts including hydrogen as OH- groups and 
H*; the latter seems likely to be uncharged 

hydrogen species. Our data obtained by meth- 
ods of structural analysis for well-crystallized 
samples of the stoichiometric composition sup- 
port the conclusions of the previous study [lOI 
and also enable the determination of the sites of 
localisation of H+ and H (H * in terms of Ref. 
[lo]) in the bulk of the reduced chromite. This 
is of great importance for understanding the 
mechanism of the catalyst activation and perfor- 
mance. 
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