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The activation of crystalline and amorphous chromia surfaces by thermal pretreatment in argon 
and oxygen adsorption at 473 K has been studied by diffuse reflectance FTIR and Raman spectros- 
copy. The formation of coordinatively unsaturated chromium sites during thermal activation is 
monitored by observing the evolution of C ~ O  stretching absorptions both in the fundamental and 
overtone regions of the FTIR spectrum. On c~-Cr203, labile surface oxygen species are largely 
removed at 498 K, whereas on the amorphous chromia surface, labile oxygen is more tightly bound. 
As a consequence, coordinatively unsaturated chromium sites are generated on amorphous chromia 
to a lesser extent than on ot-Cr203. Upon high-temperature oxygen treatment, 02 is dissociatively 
adsorbed. Coordinatively unsaturated sites are occupied by the added oxygen, as manifested by an 
increase in the number of Cr'~-~O oscillators. Fine structure in the C ~ O  absorptions of the 
amorphous chromia is observed for the first time, and is tentatively assigned to various types of 
surface sites. Raman spectroscopic characterization of the amorphous chromia surface reveals 
laser-induced dehydration and creation of coordinatively unsaturated surface C r = O  sites, accompa- 
nied by progressive crystallization of the amorphous substrate. Differences between crystalline and 
amorphous chromia with respect to their SCR activity are correlated with the higher density of 
labile oxygen species available on the surface of amorphous chromia under SCR reaction conditions 
(423-473 K). © 1992 Academic Press, Inc. 

1. INTRODUCTION 

In search for new catalysts for the selec- 
tive catalytic reduction (SCR) of  nitric oxide 
with ammonia, crystalline and supported 
chromia have been studied by several au- 
thors (1). The morphology of  the catalyst 
has a significant influence on the perfor- 
mance in the SCR reactions 

4NO + 4NH  3 + 0 2 ---> 4N 2 + 6H20 

and 

6NO + 4NH 3 ~ 5N 2 + 6H20 , 

I To whom correspondence should be addressed. 
2 Present address: School of Chemical Engineering 

and Industrial Chemistry, University of New South 
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as shown by a recent comparison (2) of  crys- 
talline and amorphous chromia with respect 
to their SCR activity and selectivity. Under 
the conditions specified in Ref. (2), com- 
plete conversion of  NO was achieved at 
155°C over amorphous chromia, whereas 
over crystalline chromia the conversion was 
only 15% at the same temperature. The spe- 
cific rate of  nitric oxide conversion referred 
to the BET area of  the amorphous sample 
was four times higher than that of  crystalline 
chromia (2). Noteworthy  differences exist 
in the selectivity patterns of  the two sam- 
ples. Amorphous chromia produces N 2 al- 
most exclusively at 155°C even at full con- 
version; in contrast, on crystalline chromia 
the N: selectivity only amounts to one-third, 
with the rest of  the nitrogen being released 
as N20.  
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This difference in performance must be 
related to the existence of morphological 
differences between crystalline and amor- 
phous chromia, as evidenced by the TPD 
experiments reported in part I of this study 
(3). To further elucidate these differences 
and to promote our understanding of the 
catalytic reaction mechanism, we have used 
diffuse reflectance FTIR (DRIFT) and Ra- 
man spectroscopy to study the thermal acti- 
vation of chromia surfaces, the binding of 
oxygen and ammonia, as well as the adsorp- 
tion of nitric oxides. In part II of this study, 
the influence of thermal pretreatment on the 
active sites present on the chromia surface 
is investigated, with special attention paid 
to labile oxygen species that are formed in 
the course of this process. Subsequently, 
oxygen is chemisorbed on the activated sur- 
face, and changes in the chromium-bound 
oxygen species present on the surface are 
monitored. Ammonia adsorption experi- 
ments on catalysts activated by this pre- 
treatment will be described in part III. 

1.1. Crystalline Chromia 

Bulk crystalline chromia (ol-Cr203) , as 
well as various types of supported chromia, 
have been studied using a variety of tech- 
niques (4). Special interest has been devoted 
to the detection and characterization of ac- 
tive sites that develop during catalyst pre- 
treatment. Burwell et al. (4) have proposed 
that these sites consist of coordinatively un- 
saturated Cr 3+ ions formed by loss of water. 
It is generally accepted (5) that the coordina- 
tively unsaturated centers, together with 
BrCnsted acidic sites, are important in a va- 
riety of catalytic reactions on chromia sur- 
faces (cf. (4), and references therein). 

Shchekochikhin et al. (6), as well as Da- 
vydov et al.(7), have used IR spectroscopy 
to study O2 adsorption onto o~-Cr203 pre- 
pared by thermal decomposition of 
(NH4)zCr207 . After thermal activation in air 
at 873 K for 2 h, no bands were detected in 
the range between 700 and 1200 cm 1, 
where characteristic absorptions due to 
Cr-O vibrations, with bond orders between 

1 and 2, are expected (8). Adsorption of 02 
at room temperature led to a broad and weak 
feature at 985 cm -j. Upon oxygen adsorp- 
tion at higher temperatures (523 K) intensive 
bands at 1015, 995, and 980 cm -l were 
formed, together with weaker broad fea- 
tures at 890 and 820 cm 1. Subsequent ther- 
mal treatment at 643 K caused the disap- 
pearance of all bands except the one at 1015 
cm-J; at 873 K no absorptions remained. 
The adsorption of ethanol and water at room 
temperature resulted in the disappearance 
of the high-frequency bands at 1015 and 995 
cm-~, while at 473 K and higher EtOH or 
H20 partial pressures all bands vanished. 

Metal-oxygen double bonds, M--O,  ab- 
sorb between 900 and 1200 cm -1 (8). The 
authors of studies (6, 7) therefore conclude 
that oxygen is dissociatively chemisorbed, 
and assign the bands at 1015, 995, and 980 
cm -1 to different types of C ~ O  groups 
with bond orders close to 2. The band at 890 
cm-~ is close in frequency to one of the 
absorptions of Cr(VI)oxide (970 and 893 
cm- 1), and is therefore assigned to a surface 
structure analogous to CrO 3 . The bands that 
exhibit the highest thermal stability (1015 
and 995 cm -I) are most  sensitive to EtOH 
and H20 adsorption, which was attributed 
to a higher degree of coordinative unsatura- 
tion with respect to oxygen, as compared to 
the less affected bands at 985,890, and 820 

1 cm 
Zecchina et al.(9) have studied O 2 adsorp- 

tion on a surface of o~-Cr203 that was com- 
pletely dehydroxylated by reduction at 673 
K in an excess of CO. Oxygen adsorption at 
room temperature produced three groups of 
IR absorptions at 1040-970, 900-880, and 
850-750 cm- J. The first group was most in- 
tensive at room temperature, and consisted 
of five components. The relative intensity 
of the highest frequency peaks was found to 
depend on the dehydration of the surface. 
This dependence was tested by rehydroxyl- 
ation, activation, and oxygen adsorption at 
different temperatures. As no 02 was 
evolved, Zecchina et al. (9) concluded that 
a surface rearrangement was taking place, 
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during which selected species were trans- 
formed into others of a higher stability. Indi- 
vidual C ~ O  stretching frequencies were 
interpreted in terms of a scheme presented 
below in Section 2. Bands in the range be- 
tween 900 and 880 cm-1 were attributed to 
normal modes of M - - O - - M  groups present 
in (CrOn)X--type polymeric structures, 
formed by surface rearrangements at higher 
temperatures. 

Carrot and Sheppard (10) have reinvesti- 
gated the activation of crystalline chromia 
described in Ref. (9). Upon oxygen adsorp- 
tion at room temperature they observed 
bands at 1023, 1015, 995(s), 986, and 980 
cm -~, in close agreement with Zecchina et 
al. (9). Studies involving t60 and 180 iso- 
topes led to the conclusion that the bands in 
the 1030 to 940 cm-~ range can be assigned 
to mono-oxygen C ~ O  surface species. 

1.2. Amorphous  Chromia 

Upon slow precipitation from Cr 3+ solu- 
tions a green gel (Cr(OH)3(H20)3) x is formed 
(11). Drying of the gel and calcination in 
inert atmosphere between 473 and 673 K 
results in the removal of water and the for- 
mation of a black X-ray amorphous mate- 
rial, according to 

2Cr(OH)3(H20)3 
Cr203 • xH20 + (9 - x)H20. 

The amorphous chromia is structurally simi- 
lar to chromium-trihydroxide-trihydrate, 
with some H20 ligands replaced by bridging 
02- or OH- ligands. In the trihydrate the 
coordination number of the Cr 3+ is 6, 
whereas the coordination number of oxygen 
is unity. In crystalline chromia, on the other 
hand, the coordination number of Cr 3+ is 
6 as well, but the coordination number of 
oxygen rises to 4. Upon drying a hydrous 
chromium hydroxide gel, the oxygen coor- 
dination number successively rises from 1 
to 4 with increasing calcination temperature 
(4). 

Singh et al. (12) have studied the struc- 
tural evolution during calcination of amor- 
phous chromia. From EXAFS experiments 

the authors conclude that the first coordina- 
tion sphere of Cr 3+ consists of six oxygen 
ligands. Upon heating Cr--OH groups con- 
dense to form Cr- -O--Cr  bridges, without 
change of the chromium coordination num- 
ber. This dehydration process results in mi- 
crocrystalline oz-Cr203 particles. 

Temperature-programmed reaction and 
desorption (TPRD) experiments have been 
reported in part I of this study (3). Thermo- 
analytic measurements on amorphous Cr203 
have been performed by Singh et al. (12) 
and Ratnasamy and Leonard (13). An endo- 
thermic DSC peak at 423 K accompanied by 
a weight loss of 3-4% was attributed to the 
desorption of loosely bound water mole- 
cules. An additional weak endothermic fea- 
ture around 523 K was attributed to a loss of 
water by condensation of surface hydroxyl 
groups (cf. Section 2). Finally, crystalliza- 
tion at 683 K yielding o~-Cr203 is accompa- 
nied by a weight loss of 5-6% due to desorp- 
tion of crystal water. 

Infrared spectroscopic studies have been 
performed by Zecchina et al. (9), Singh et 
al. (12), and Ratnasamy and Leonard (13). 
Broad absorptions in the 1000-700 cm -I 
range have been partly attributed (9) to the 
bending modes of surface hydroxyl groups. 

2. MODEL FOR THE CHROMIA SURFACE 

To interpret the spectroscopic results pre- 
sented below, a model for the chromia sur- 
face based on the proposal of Burwell et al. 
(4) will be used. According to Scarno et al. 
(14), as well as other authors (9, 15), the 
(001) face is the most abundant on ~-Cr203 . 
We therefore confine the discussion to this 
surface; other crystallographic faces have 
been considered by Burwell et al. (4). 

The crystal structure of a-Cr203 corre- 
sponds to a hexagonal close-packed lattice 
of oxide ions, with two-thirds of the octahe- 
dral holes occupied by Cr 3+ ions. Consider 
an (001) cleavage parallel to a closely packed 
plane of the crystal, and distribute oxygen 
ions in the surface layer in such number that 
charge neutrality is preserved. Then every 
Cr 3+ ion in the layer underneath these oxide 
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FIG. 1. Model for the generation of coordinatively unsaturated sites on a (001) surface o f C r 2 0 3  . (a) In 
hydrous atmosphere, the chromia surface is saturated with hydroxyl groups (large bold circles). (b) A 
coordinatively unsaturated site with an adjacent 02- ion (shaded circles) is formed after a water 
molecule desorbs from the surface. (c) Several types of chromium surface sites are created by sequential 
steps of water desorption (top to bottom). 

ions will be fivefold coordinated.  When at- 
mospher ic  water  is admitted to this hypo- 
thetical cleavage plane, each Cr 3+ ion will 
achieve coordinative saturation by ad- 
sorbing one H20 molecule,  followed by pro- 
ton t ransfer  f rom the water  molecule to  an 
adjacent  oxide ion. As a consequence,  the 
outer  surface consists of  a closely packed 
layer of  hydroxide ions, as shown in Fig. 1 a. 
Eve ry  Cr 3+ ion in the top layer is coordi- 
nated by three oxide ions f rom the bulk and 
three hydroxide ions on the surface. 

During activation at increasing tempera-  
tures a loss o fphys i sorbed  water  is expected 
first, which will be complete  at about  473 K. 
Subsequent ly,  further  water  molecules are 
desorbed by condensat ion of  surface O H -  
groups: 

2 O H - ~ O  2 + H20. 

This process  generates coordinatively un- 
saturated Cr 3+ surface species, as shown 
in Fig. lb.  The unsaturated Cr 3+ ions are 
character ized by  a high Lewis acidity. In 

this process ,  coordinat ively unsaturated 
surface O 2- ions are formed as well, which 
act as strong Lewis bases.  

The condensat ion of two O H -  ions cre- 
ates a defect,  as shown in Fig. lb. The re- 
sulting Cr 3+ species are shown in Fig. lc 
(second row), i.e., two onefold coordina- 
tively unsaturated Cr ions surrounded by 
O H -  ions and one saturated Cr ion with 
one unsaturated 02 ligand. Starting f rom 
species I1 and I l l  formed in this manner ,  
the same sequence of  reactions is possible 
again. The desorption of  water  f rom two 
adjacent O H -  ions generates  a vacancy  and 
a coordinat ively unsaturated 0 2. ion (spe- 
cies IV, V, and VI in the third row of  Fig. 
lc). I f  the condensat ion process  of  surface 
hydroxyls  is repeated for a third time, spe- 
cies VI I I  and IX  are generated.  The forma-  
tion of threefold coordinat ively unsaturated 
Cr 3+ ions (by dehydrat ion of species IV) is 
unlikely on a (001) surface for energetical  
reasons.  

To summarize ,  the model  predicts (4) that 



CRYSTALLINE AND AMORPHOUS CHROMIA CATALYSTS, II 419 

thermal activation of  crystalline chromia 
will result in a surface featuring both coordi- 
nation and ligand heterogeneity.  Surface 
chromia species will differ in their coordina- 
tion numbers (6, 5, or 4), and in the combina- 
tion of  O H -  or 02 -  ligands. 

3. E X P E R I M E N T A L  

The preparation of crystalline and amor- 
phous chromia samples used in this study 
has been reported in detail in part I of  this 
study (3), and in Ref. (16). 

FTIR experiments  have been performed 
in a diffuse reflectance cell (Spectra-Tech 
Model 30-033)equipped with a temperature- 
controlled environmental  chamber  (Spec- 
tra-Tech Model 30-100); NaC1 windows 
have been used. The crystalline and amor- 
phous Cr203 were crushed and diluted with 
equal amounts  of  KBr.  

In a first series of  experiments,  the influ- 
ence of  a thermal treatment on  the catalyst 
surface was investigated on a Digilab instru- 
ment (Model FTS 80, run at 4 cm-1 resolu- 
tion). The environmental  chamber  was con-  
stantly purged with a small flow of argon, 
from which oxygen had been carefully re- 
moved by passing it through a column filled 
with a Cr(II)/SiO2 catalyst. The sample was 
slowly heated to 473 K under argon. Spectra 
were recorded at the temperatures indi- 
cated, allowing for an equilibration time of 
3 min after each temperature step. 

Adsorpt ion and desorption experiments 
of  O2 and NH3 were  performed on a Per- 
k in -E lmer  instrument (Model 1710, run at 4 
c m -  ~ resolution). Data handling and temper- 
ature program were controlled by a com- 
puter (Nixdorf,  AT 386). The gas dosing sys- 
tem was designed to introduce three gases 
independently into the reaction chamber.  
Gas flows were adjusted to the desired level 
using volume flow controllers (Rota). Nitro- 
gen (Linde, 99.999%) as the carrier gas, as 
well as oxygen (Linde, 99.999%) and ammo- 
nia (Linde, 99.999%), were used without 
further purification. 

Diffuse reflectance spectra are usually 
presented as reflectivity changes R/R o or 
are reduced  to the Kube lka -Munk  function 

(17) f(R/Ro) = [1 - (R/Ro)]2/[2(R/Ro)], 
which is proportional to the absorption of 
the powder  sample, This representat ion 
tends to emphasize intense features.  To ana- 
lyze relative intensity changes in a qualita- 
tive manner,  we have plotted "pseudo-ab-  
sorbance"  spectra, - log(R/Ro). 

Raman spectra were excited with the 
514.5-nm line of an Argon ion laser (Spectra 
Physics Model 2025). For  recording the Ra- 
man spectrum of  crystalline chromia the la- 
ser power was adjusted to 50 mW. Laser- 
induced crystallization of amorphous 
chromia was studied by varying the laser 
power from 3 to 100 mW. The scattered 
radiation was dispersed in a triple spectro- 
graph (SPEX triplemate Model 1877A), and 
registered with a multichannel detector  
based on a photodiode array and a cooled 
image intensifier previously described (18). 
T h e  slit width was adjusted to correspond 
to a spectral resolution o f - 5  cm -~. 

4. R ESULTS 

4.1. Thermal Treatment of c~-Cr203 
At room temperature,  a broad and inten- 

sive band centered at 3450 c m -  J and a peak 
at 3695 c m -  1 are observed in the OH stretch- 
ing region of the DRIFT spectrum for o~- 
Cr203 (Fig. 2, top). Upon rise of the temper- 
ature by 100°C, the intensity of  the broad 
structure is strongly decreased,  two maxima 
become visible at 3425 and 3300 cm -~, and 
the peak at high f requency has been shifted 
to 3625 cm -1. These trends are continued 
when the temperature is raised to 498 K: the 
maximum of  the broad band is now found at 
3450 cm -1. When the sample is cooled to 
room remperature after t reatment  at 498 K 
for I h, the spectrum (Fig. 2, bottom) exhib- 
its peaks at 3470 (broad), 3570 (weak), and 
3610 cm -1, as well as a shoulder at 3650 
c m -  t. 

The Cr-~-~O stretching region around 1000 
c m -  J is shown in Fig. 3b. At room tempera- 
ture only a weak and broad maximum cen- 
tered around 975 cm -~ is observed (top). 
After raising the temperature  to 498 K a 
broad hump with a maximum at 980 c m - '  
and a broad structure around 900 cm J ap- 
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Fro. 2. Thermal treatment of an c~-Cr203 surface. The 
OH stretching region of the DRIFT spectrum (R) 
is monitored as the temperature is raised. The bottom 
spectrum is observed after cooling to room tempera- 
ture. KBr (Merck, spectroscopy grade) has been used 
to record the reference spectrum, R 0. Experimental 
details are indicated in the text. 

pear  in the spectrum. This spectrum evolves 
with time as shown in Fig. 3b. After 30 rain, 
two separate absorption maxima at 995 and 
960 cm-1 have developed;  a further broad 
band at 880 c m -  1 is discerned. After 60- and 
90-min peaks at 1004 cm -1 (m), 992 cm-J 
(m), 964 cm i (strong, with shoulders on 
both sides), and 931 cm -l  are seen in the 
spectrum. The lower-frequency band also 
features three peaks at 885, 875, and 865 
cm -~. Note  that the relative intensities of 
the bands in the 1025-920 cm -~ region 
change upon holding the sample at 498 K. 
Zecchina et al. (9) have also observed this 
behavior  and have attributed it to the mobil- 
ity of chemisorbed oxygen at higher temper- 
atures. Upon cooling the sample to room 
temperature  (Fig. 3b, bottom), all peaks ap- 
pear shifted to higher frequencies by 10 
cm - l ,  with the overall appearance of the 
spectrum unchanged. Positions of  all the 
bands observed in this spectrum are summa- 
rized in Table 1 ; they are correlated with the 
results of  Zecchina et al. (9) and of  Carrot 

and Sheppard (10), who studied oxygen ad- 
sorption on reduced oL-Cr203. 

The over tone region corresponding to 
C ~ O  stretches is shown in Fig. 3a. At 
room temperature no absorptions are de- 
tected. After heating to 498 K a weak band 
at 1955 cm -~ is formed. Upon holding the 
sample at this temperature,  the band in- 
creases in intensity, and the maximum shifts 
to 1965 cm -  J. After cooling to room temper- 
ature a prominent band at 1975 cm -1, a 
shoulder at 2015 cm ~, and a weak broad 
structure at 1890 cm-~ are discerned. 

4.2. Oxygen Adsorption onto e~-Cr203 

When oxygen is adsorbed on the surface 
of crystalline Cr203 at 473 K and a partial 
pressure of 100 mbar, changes in the C ~ O  
stretching region are observed,  as shown in 
Fig. 4b. The bottom trace represents,  as a 
reference point, the spectrum recorded at 
room temperature subsequent to the ther- 
mal treatment described in the previous sec- 
tion, but performed at a higher temperature,  
623 K (compare with Fig. 3). Broad bands 
below 900 c m -  i have been assigned to com- 
binations and overtones of  lower f requency 
fundamentals modes (19, 20). The middle 
spectrum of Fig. 4b was observed at room 
temperature after 473 K oxygen treatment 
for 1 h. Changes are judged most easily from 
the difference spectrum plotted on a four 
times expanded scale (top trace). The ab- 
sorption due to C ~ O  stretching modes at 
1015 and 998 cm J has been reduced (posi- 
tive peaks in the difference spectrum), 
whereas absorption has increased at 980 and 
960 cm -  1. 

The changes discussed for the C ~ O  fun- 
damental vibrations are confirmed by moni- 
toring the over tone region (Fig. 4a). The 
dominant over tone band at 1994 cm-J (bot- 
tom) looses intensity after oxygen exposure 
(middle) and is slightly shifted to lower fre- 
quencies by 2 cm i. A weak feature visible 
at 2020 cm -  1 in the thermally pretreated cat- 
alyst disappears upon 02 adsorption, 
whereas a broad absorptive feature is 
formed around 1960 cm - l .  These changes 
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Fro. 3. Thermal treatment of an ~-Cr203 surface. Changes in the C ~ O  stretching region (b) and in 
the overtone region (a) are monitored as a function of time while the sample is held at 498 K. The final 
state after cooling to room temperature is shown in the bottom spectrum. 

are judged most easily from the difference 
spectrum (top). 

4.3. Thermal Treatment of 
Amorphous Cry03 

At room temperature, the OH stretching 
region of the untreated amorphous chromia 
surface (Fig. 5) exhibits a broad band at 3475 
cm-I and a shoulder at 3685 cm-l.  When 
the temperature is raised to 398 and 498 K, 
the intensity of the broad structure is 
strongly decreased. A resolved band at 3645 
cm-~ becomes visible, which shifts to 3635 
cm ~ after cooling to room temperature. 

Temperature-dependent changes in the 
C ~ O  stretching region are presented in 
Fig. 6. Band intensities in the 1000 cm -I 
range (Fig. 6b) are much weaker than those 
for a-Cr203 under all conditions. At room 
temperature, a weak absorption around 930 
cm-I is detected (Fig. 6b, top). After ther- 
mal treatment at 498 K for 1 h, a broad band 

with maxima around 975 and 996 cm -~ is 
observed (Fig. 6b, bottom). In the overtone 
region (Fig. 6a), a broad band extending 
from 1910 to 2040 cm -~, with a maximum at 
1960 cm-1, is discerned after 1 h at 498 K. 

4.4. Oxygen Adsorption onto 
Amorphous Cr203 

Results of thermal treatment and oxygen 
adsorption onto amorphous chromia are 
shown in Fig. 7. The spectrum of amorphous 
chromia diluted with KBr, recorded at room 
temperature (Fig. 7) contains a very broad, 
structureless band centered around 560 
cm-~ and a superimposed weaker absorp- 
tion at 930 cm 1. Two weak features at 1560 
and 1430 cm-J are assigned to surface bound 
carbonates; the presence of undissociated 
water is clearly recognized from the band at 
1625 cm-1. The diffuse reflectance spectrum 
of an undiluted amorphous chromia sample 
is shown in the second trace. The principal 



422 SCHRAML-MARTH ET AL. 

TABLE 1 

C1~O Stretching Vibrations Observed on oL-Cr203 

ReL(9) a Ref. (4) a ReL (10)  a This work b 

1024 (sh) 
1015 (s) 1016 (s) 

995 (s) 995 (s) 
986 (m) 

980 (s) 980 (m) 

890 (m,b) 886 (m,b) 

1023 (m,sh) t023 (m,sh) 
1015 (s) 1013 (s) 
1003 (w,sh) 1004 (w) 
995 (s} 995 (st 
986 (m) 
980 (m,sh) 980 (s,sh) 
970 (m) 970 (s) 
960 (m) 960 (m) 
950 (w) 940 (w) 

890 (m,b) 

N o t e .  (s) Strong; (m) medium; (w) weak; (sh) shoulder. 
a Subsequent to 02 adsorption. 
b Subsequent to thermal treatment in argon. 

% 

7 

298 

b 

reflectance minimum appears shifted (21, 
22) to 790 cm -1. The absence of other strong 
bands (as observed for crystalline chromia) 
demonstrate the amorphous character of the 
sample. 

Upon heating to 423 K in argon a very 

3750 3500 3250 3000 

uavenumber / cn - 1  

FIG. 5. Thermal treatment of an amorphous chromia 
surface. Changes in the OH stretching region of the 
DRIFT spectrum are monitored as the temperature is 
raised. The bottom spectrum is recorded after cooling 
to room temperature. 

a 

[ i i i i 
2 0 5 0  20 0 1 9 5 0  1 9 0 0  1 8 5 0  1 0 0 0  9 0 0  8 0 0  7 0 0  

Wavenumber / em -1  

FIG. 4. Oxygen adsorption onto a-Cr203 , as monitored in the Cr~---O stretching (b) and overtone regions 
(a) of the DRIFT spectrum. All spectra have been recorded at room temperature. Bottom spectra 
represent the surfaces subsequent to thermal treatment at 623 K. The second spectrum from the bottom 
shows the state of the surface after oxygen adsorption at 473 K for 1 h. The difference of spectra (after 
and before oxygen adsorption) is shown in the top trace on a four times expanded scale. 
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FIG. 6. Thermal treatment of an amorphous chromia surface. Changes in the Cr-=O stretching region 
(b) and in the overtone region (a) are monitored as a function of time while the sample is held at 
498 K. 

intense absorption appears at 1625 cm -j .  It 
corresponds to the bending motion of ad- 
sorbed undissociated water molecules. The 
feature at 930 cm -~ looses intensity. Zec- 
china et al.(9) also observed a feature at 950 
c m -  ~ that disappeared upon increase of  the 
evacuation temperature,  which they attrib- 
uted to the bending mode of surface hy- 
droxyl groups. The spectrum resulting after 
thermal treatment at 623 K in argon for 1 h 
is shown in the fourth trace from bottom. 
The bending mode of  water at 1625 c m -  
and the band at 930 c m -  1 have disappeared. 

After exposure to oxygen at 473 K for 1 h, 
the spectrum (Fig. 7, top) develops a sharp 
band around 1000 c m -  l and weak shoulders 
around 670 cm i and 900 cm-~. The struc- 
ture of  the band around 1000 cm -~ is of 
special interest because in previous investi- 
gations of  amorphous chromia (7, 9, 10), 
only a broad and structureless absorption 
has been observed.  The band is structured 
with reflectance minima at 1030, 1015, 1004, 
and 982 cm-~ and a shoulder toward lower 
frequencies (inset in Fig. 7). 

4.5. Raman  Investigations 

The Raman spectrum of  crystalline 
chromia is shown in the bottom trace of  Fig. 
8. Raman bands are observed at 616, 553, 
349, and 293 cm-1, in agreement with the 
literature (23). The spectrum of amorphous 
chromia recorded at a very low laser power  
(-<5 roW) shows a broad structure extending 
from 500 to 900 cm-1, with a maximum at 
720 c m -  1 and weak features at 550 and 1000 
c m -  1 (Fig. 8). A gradual increase of  the laser 
power  from 5 to 50 mW results in prominent  
changes: a sharp band at 550 c m -  1 develops, 
the broad structure around 720 cm -] de- 
creases, and a broad shoulder at --~820 cm-1 
and two new bands at 338 and 303 cm -1 
appear. The Raman spectrum of  our crystal- 
line sample (Fig. 8, top) resembles that of  
the commercial  sample (bottom). From the 
spectra in Fig. 8 it appears that gradual crys- 
tallization of  the amorphous sample is in- 
duced by laser heating of  a small area (3 × 
0.1 mm 2) at powers exceeding 10 mW (~ = 
514.5 nm). As an indicator for this process,  
the band at 553 c m -  ~ may be used. Ofpart ic-  
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after 02 
adsorption 

after thermal 
activation 

~. 423 K 

undiluted 
298 K 

diluted 
with KBr 
298 K 

500 1000 1500 

W a v e n u m b e r  / c m  - 1  

FIG. 7. Thermal  activation (at 623 K) and oxygen 
adsorpt ion on amorphous  chromia.  The fine s tructure 
of  the C r = O  absorpt ion band around 1000 cm -t is 
shown as an  insert.  

ular interest in the Raman studies is the 
Cr~-~O stretching region from 900 to 1050 
cm -~ shown in detail in Fig. 9, which is 
discussed below. 

5. DISCUSSION 

5.1. Crystalline Chromia 

An inspection of the IR spectrum of crys- 
talline chromia in the 3800-3000 cm- i range 
after activation for 1 h at 473 K (bottom 
trace in Fig. 2) clearly demonstrates that 
the surface is still partially hydroxylated. 
Morishige et al. (24) have assigned IR ab- 
sorption bands at 3590 and at 3420 cm 
to the OH-stretching vibration of residual 
surface hydroxyls, after activation of a- 

Cr203 at 773 K in an inert atmosphere. Ac- 
cording to Fig. 1 there are several species (I 
to VI) with an OH- ligand in their coordina- 
tion sphere, which can contribute to the dis- 
tinct bands at 3610, 3570, and 3470 cm -~. 
The large width of the latter band is caused 
by hydrogen bonding. Hadjiivanov et al. 
(25) have recently pointed out that replace- 
ment o f a n O  2- ligand by OH , i.e., attach- 
ment of an electron-withdrawing proton in 
the second coordination sphere, tends to in- 
crease the Lewis acidity of the central metal 
ion. Thus the presence of surface hydroxyl 
groups may be correlated with sites of 
strong Lewis acidity, to be discussed in part 
III of this study. 

Spectra observed during thermal pretreat- 
merit of crystalline chromia (Fig. 3) show 
very good agreement with the work of Davy- 
dov et al. (7), Zecchina et al. (9), and Carrot 
and Sheppard (10), in particular in the 
C ~ O  stretching region (Table 1). Note that 
in our experiment no oxygen adsorption was 
involved, but the surface was activated in a 
continuous stream of purified argon. In the 
spectrum recorded at room temperature 
subsequent to activation (bottom trace in 
Fig. 3), the most intensive bands are found 
at 970 and 890 cm- ' .  The agreement with 
the literature suggests that the species cre- 
ated by reductive pretreatment followed by 
oxygen adsorption, as used in Refs. (9) and 
(10), and the surface structures resulting 
from the thermal treatment used in our work 
are qu~te similar. Both CO reduction and 
extensive thermal pretreatment will result 
in a dehydroxylated surface with coordina- 
tively unsaturated sites. Zaki and Kn6z- 
inger (15) state that the most abundant 
surface chromium species are singly unsatu- 
rated, but doubly and triply unsaturated 
sites are present as well. In terms of the 
model presented in Fig. 1, thermal treatment 
results in the exposure of species II, IV, 
V, VIII, and IX. The formation of twofold 
coordinatively unsaturated centers (species 
IV and VIII) appears less likely in view of 
the moderate temperatures used (473 K). 

The observation of several bands in the 
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7 
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(this work) 

50 mW 

20 mW 

I0 mW 

5 mW 

a-Cr203 
(commercial) 

1000  800 600  4 0 0  

Raman shift / cm -I 

FIG. 8. Raman spectra from the surface of an amor- 
phous chromia sample recorded at increasing laser 
powers. The bottom spectrum was obtained from com- 
mercial a-Cr203 . The following traces represent spec- 
tra of amorphous chromia excited with the powers indi- 
cated. The top spectrum corresponds to crystalline 
chromia prepared as described in the experimental 
section. 

1025-940 cm -j interval after thermal pre- 
treatment supports the conclusion (8) that 
several types of C ~ O  bonds with bond 
order near 2 are present on the surface. As 
in our previous studies of supported VzO s 
catalysts (22), the overtone region confirms 
this assignment. For thermally pretreated a- 
Cr203, the overtone region (Fig. 3a) also 
reveals several absorptions in agreement 
with the fundamental region (Fig. 3b). No 
overtones are observed at room tempera- 
ture where the surface is fully hydroxylated. 

Oxygen is dissociatively chemisorbed on 
a surface pretreated in this manner (9, 10). 
This process adds an additional oxygen li- 
gand to the previously unsaturated sites. 

Thus, after oxygen adsorption we expect to 
observe species II1 and VI and perhaps the 
singly unsaturated species V and IX of Fig. 
1. Species X, which was postulated by Zec- 
china et al.(9), would involve a formal oxi- 
dation state of chromium in excess of 6 and 
is therefore not considered in our mech- 
anism. 

Factors that are influencing the C ~ O  
bond order, and hence the oscillation fre- 
quency, are addressed next. A survey of 
spectroscopic data shows that a decrease 
in coordination number always leads to an 
increase in M--O vibrational frequency. As 
pointed out in Refs. (5) and (9), this "coordi- 
nation heterogeneity" is the most important 
factor in an energetic differentiation of the 
various sites. "Ligand heterogeneity" (i.e., 
exchange of OH- by 02- or H20) causes a 
further minor differentiation. 

d 

I 

2 

1050 1000 950 900 

Raman  sh i f t  / cm -1  

FIG. 9. Changes in the Cr'~-~O stretching region ob- 
served during laser-induced crystallization of amor- 
phous chromia. Spectra were recorded in the sequence 
from bottom to top as the laser power was increased 
from 10 to 100 mW. 
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From these results the following band 
classification is proposed. Twolbld coordi- 
natively unsaturated chromium ions (site 
VIII in Fig. 1) absorb at the highest fre- 
quency, i.e., 1023-1025 cm-~. This feature 
is recognized only as a shoulder in Fig. 3b, 
as the formation of sites with two coordina- 
tive vacancies is infrequent during mild ther- 
mal treatment. Bands at 1015 and 998 cm-1 
are attributed to chromium ions with one 
unoccupied coordination site (species V and 
IX in Fig. 1), which differ in one of their 
ligands (OH- and O 2-, respectively). The 
most stable sites are those with no coordina- 
tive unsaturation, i.e., species III and VI 
in Fig. 1; the intensive signals at 986 cm 
(shoulder) and 980 cm-l (absorption maxi- 
mum) observed in Fig. 3b are assigned to 
these species, which again are differentiated 
in frequency by ligand heterogeneity. The 
same bands have also been observed in 
Refs. (7, 9, 10). 

We consider these assignments as tenta- 
tive. They are supported by the observation 
that bands at 1015 and 995 cm- ~ persist up to 
high temperatures and are greatly reduced in 
intensity by ethanol or water adsorption (6, 
7). These bands must therefore correspond 
to chromium ions with at least one vacant 
coordination site. In contrast, bands around 
980 cm-~ showed no sensitivity to the ad- 
sorption of Lewis bases and are therefore 
assigned to coordinatively saturated surface 
species. 

The intensity increase around 890 cm 
seen in Fig. 3b has also been observed by 
Zecchina et al. (9). These authors have ar- 
gued that upon prolonged thermal pretreat- 
ment between 473 and 673 K, surface re- 
arrangements are taking place due to the 
onset of surface mobility of the OH- and 
02 ligands. It is conceivable that during 
this process, monomeric and polymeric 
structures are generated in which the chro- 
mium ions are tetrahedrally coordinated and 
are found in an oxidation state higher than 
+ 3. Such species would be characterized 
by bands at 890 and 970 cm-i (8). (For an 
assignment of these vibrations, the spec- 

trum of C r O  3 c a n  be used as a reference 
(27). C r O  3 consists of chains of distorted 
tetrahedral C r O  4 coordination units. A 
strong band of C r O  3 observed at 980 cm- 1 
is attributed to the stretching vibration of 
the two free Cr-m-~O groups, while a much 
broader band at 893 cm -1 is assigned to 
stretching modes of the Cr- -O--Cr  chains 
(8).) In our experiments the temperature 
was kept near the lower limit of the tempera- 
ture interval where surface rearrangements 
are observed. In any case, the observation 
of two major absorptions at 980 a n d  890 
cm ~ in our spectra clearly proves the exis- 
tence of C ~ O  double bonds, as well as the 
presence of oxygen ions in bridging posi- 
tions between two chromium centers. 

Changes occurring upon oxygen adsorp- 
tion at 473 K onto the thermally pretreated 
surface can be assessed from the difference 
spectra presented in Fig. 4. Disappearing 
bands are discerned at 1015 and 998 cm -1 , as 
well as in the overtone region at 2022 and 1994 
cm 1. The evidence discussed above sug- 
gests that 02 is dissociatively chemisorbed 
on the coordinatively unsaturated chromium 
sites, thereby producing saturated species. 
According to the scheme in Fig. 1, oxygen 
adsorption onto sites II and V would produce 
species of types III and VI. This process 
should therefore be associated with an in- 
crease in absorption intensity around 980 
cm 1, which is observed. Our results are in 
agreement with the findings of other authors 
(6, 7, 9) who reported the disappearance of 
C ~ O  species absorbing at high frequencies 
and an absorption increase at lower frequen- 
cies, upon adsorption of Lewis bases like eth- 
anol, water (6, 7), and N20 (9). An intensity 
increase around 960 cm- 1 could again be due 
to the development of tetrahedrally coordi- 
nated chromium centers due to enhanced ox- 
ygen surface mobility. 

The intensity changes that we observe 
upon oxygen adsorption are weaker than 
those reported by other groups (9, lO). This 
is due to the fact that Zecchina et al. (9) 
performed their experiment on a surface 
that had been fully reduced, followed by 
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activation. In contrast, our catalysts had 
been pretreated by comparatively mild ther- 
mal activation in an atmosphere of oxygen- 
free argon prior to oxygen adsorption. 

5.2. Amorphous Chromia 

Results obtained in the 3800-3000 cm-l 
range (Fig. 5) are in good agreement with 
the work of Zecchina et al. (9). At room 
temperature (top trace) a broad band cen- 
tered at 3475 cm- ~ due to undissociated wa- 
ter dominates the spectrum. This assign- 
ment is confirmed by the observation of a 
broad and intensive bending mode around 
1620 cm -1 (Fig. 7, first and second trace 
from bottom). At 473 K this weakly bound 
water is progressively being desorbed, as 
evidenced also by thermal gravimetry and 
differential scanning calorimetry measure- 
ments (12, 13), and the stretching vibrations 
of surface hydroxyl groups at 3635 cm- 
become visible. 

In the range of substrate skeletal motions 
(Fig. 7), only broad features at 800,950, and 
-~ 1100 cm- 1 are observed at room tempera- 
ture. Zecchina et al. (9) have attributed a 
broad feature observed between 900 and 
1000 cm- 1 to bending modes of surface h y -  
droxyl groups. In agreement with Ref. (9), 
the 950 cm-l band disappears upon raising 
the temperature. 

To interpret the Raman spectrum of amor- 
phous chromia (Fig. 8), reference data from 
some Cr(VI) compounds (26, 27) can be 
used. Spectral data on Cr2072-, Cr3020, and 
Cr40~3 ions in solid potassium compounds 
are reproduced in Table 2. An inspection of 
Table 2 reveals that all vibrations of 
Cr - -O--Cr  bridges may contribute to the 
broad band at 720 cm-1. Laser heating of 
the sample causes further condensation of 
Cr--OH groups resulting in Cr- -O--Cr  
bridges and the formation of small crystal- 
line domains. Higher laser power (traces ob- 
served using 20 or 50 mW) promote fast 
crystallization of the amorphous sample. 
However, bands in the top spectrum are 
still broader than those in the crystalline 
reference compound (bottom trace). 

TABLE2 

Raman Band Assignments for Chromium(Vl) 
Oxyanions (Investigated as Solid Potassium Salts, from 
Refs. (26) and (27)) 

KaCr207  K2Cr3Oi0 K2Cr4OI3 Assignment 

980 982 va~ (CrO 2) 
945 957 v s (CrO 2) 

945 903 936 vas (CrO3) 
902 887, 872,818 v s (CrO~) 
770 818, 761 572 vas (CrOCr) 
560, 234 562, 5t8 518, 490 v~ (CrOCr) 
382, 370 378 380, 332 ~ (CrO 3) 
220 209 ~ (CrOCr) 

Signals observed with the laser-crystal- 
lized sample in the C ~ O  stretching region 
between 900 and 1050 cm ~ are of special 
interest. No signal in this region is observed 
with the commercial reference sample (Fig. 
8). The sequence of changes induced by la- 
ser heating of amorphous chromia is shown 
in detail in Fig. 9. In the bottom trace re- 
corded with 10 mW, one observes a struc- 
tured band with a maximum at 980 cm- ~ and 
a shoulder at 1005 cm J. When the laser 
power is increased to 20 mW, this shoulder 
develops into a pronounced peak. With fur- 
ther increase of the laser power to 50 and 
100 mW the latter band becomes the most 
intensive feature of the spectral region. 
These observations indicate that incipient 
laser heating causes the desorption of phy- 
sisorbed water and results in coordinatively 
saturated C ~ O  surface species, character- 
ized by a Raman band at 980 cm- J (IR: 985 
cm-J). Increasing the laser power produces 
onefold coordinatively unsaturated sites 
that give rise to Raman bands at 1005 cm-1 
and possibly at 990 cm- 1. In the IR spectra, 
the corresponding vibrations had been 
found at 1015 and 995 cm- ~. The generation 
of unsaturated chromia sites is paralleled by 
an increasing degree of crystallization of the 
amorphous chromia, as evident from Fig. 8. 

These Raman spectroscopic results are 
useful to interpret the wide IR feature at 
800 cm- i in Fig. 7. This absorption parallels 
the broad Raman band observed around 
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720 cm-1 and is assigned to the stretching 
modes of Cr- -O--Cr  bridges (cf. Table 2). 
After thermal treatment at 623 K for 1 h, 
weak peaks are discerned in the IR spectrum 
at 1220, 1330, 1445, and 1550 cm -1, as well 
as a shoulder at 1590 cm -1 (Fig. 7, fourth 
spectrum from bottom). In a study of CO2 
adsorption onto o~-Cr203 (9), bands at the 
same frequencies have been assigned (28) 
to carbonate surface species bound to coor- 
dinatively unsaturated surface chromium 
ions. Ratnasamy et al. (13) have observed a 
band at 1550 cm-J for a crystalline sample 
of Cr(OH)3(OH2) 3, which is characterized 
by short O- -H- -O bonds. The correspond- 
ing band in our spectrum may therefore be 
assigned to deformational motions of 
O- -H- -O  bridges in the amorphous hy- 
drous oxide. 

Signals in the Cr-~--~O stretching region ob- 
served after thermal activation of amor- 
phous chromia are much weaker than those 
observed with o~-Cr203. This is not a result 
of a lower density of chromium centers on 
the surface of amorphous chromia, which is 
more than compensated by its higher sur- 
face area. Rather it is due to the different 
bonding strength of labile oxygen. The re- 
suits reported in part I (3) indicate that de- 
gassing in argon at 473 K for 1 h is sufficient 
to remove a part of the labile oxygen from 
the surface of crystalline chromia, whereas 
on the amorphous sample the labile oxygen 
density is only weakly influenced at this 
temperature. 

It is interesting to correlate the Raman 
observations with the behavior of the two 
morphologies during thermal treatment. 
Thermal treatment of crystalline chromia at 
473 K results in a variety of coordinatively 
unsaturated chromium sites. In addition to 
the removal of adsorbed water, labile oxy- 
gen species can easily be desorbed from the 
surface of o~-Cr203. This process results in 
the well-resolved and strong IR bands 
shown in Fig. 3. In contrast, for amorphous 
chromia we observe only two weak and 
broad signals at 995 and 975 cm- 1 after ther- 
mal treatment. The 995 cm J absorption is 

tentatively assigned to a onefold coordin a- 
tively unsaturated site, whereas the lowei" 
frequency peak corresponds to a saturated 
surface species. The different response of 
amorphous chromia to thermal treatment 
again suggests that oxygen species are more 
tightly bound in comparison with a-Cr203. 

Changes occurring after oxygen adsorp- 
tion at 473 K for I h are shown in Fig. 7 (top). 
The broad absorption at 800 cm-r assigned 
above to stretching motions of Cr- -O--Cr  
bridges remains unaltered during 02 adsorp- 
tion. This is in agreement with thermochem- 
ical measurements (3, 4, 12, 13) which gave 
evidence for a high activation energy in the 
formation of these links. The appearance 
of a clear feature around 1000 cm -1 with 
resolved fine structure shows that with 
amorphous chromia as well, surface C ~ O  
groups are formed. It is important to men- 
tion that the sample was still X-ray amor- 
phous and the visual appearance remained 
black-green and unchanged. In agreement 
with Refs. (6) and (9), we conclude that dis- 
sociative oxygen adsorption is occurring on 
the surface of the amorphous chromia as 
well and that Cr~-~O groups are formed dur- 
ing this process. (Davydov et al. (29) have 
forwarded a different view from isotope la- 
beling experiments; these authors assigned 
their 985 cm- 1 feature to a dioxygen species, 
e.g., O 2- .) To our knowledge, this is the first 
observation of resolved Cr-~-~O stretching 
vibrations in the spectra of amorphous 
chromia. The relative intensities of the indi- 
vidual features depend on oxygen partial 
pressure and adsorption temperature. 

S U M M A R Y  A N D  C O N C L U S I O N S  

Coordinatively unsaturated sites and sur- 
face C ~ O  groups are generated by thermal 
treatment of chromia surfaces, for crystal- 
line as well as for amorphous Cr203. For 
c~-Cr203, the degree of coordinative unsatu- 
ration depends on the temperature and on 
the duration of the thermal treatment, and 
can be monitored by observing the fine 
structure of the CI~-~O fundamental stretch- 
ing region. Twofold coordinatively unsatu- 
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rated chromium sites are characterized by 
frequencies of --~ 1025 cm -~. The assignment 
of bands around 1000 cm -1 to C ~ O  
stretching vibrations is established unam- 
biguously from the observation of overtone 
absorptions in the 2000 cm-~ range. 

Upon O2 treatment at 473 K, the free sur- 
face coordination sites are occupied by the 
dissociative adsorption of oxygen. Coordi- 
native unsaturation is reduced during this 
process, as reflected by changes in the 
C ~ O  stretching region. After oxygen ad- 
sorption on crystalline chromia, the most 
intensive vibrations observed at 980 and 986 
cm -j are assigned to coordinatively satu- 
rated Cr(O)(OH) 2 and Cr(O)2(OH) surface 
species (lII and VI in Fig. lc). 

In comparison to o~-Cr203, amorphous 
chromia is characterized by an open and 
less compact structure. There are numerous 
residual Cr--OH groups, as well as charac- 
teristic bridges of the type O- -H- -O con- 
necting two Cr 3+ centers. Increasing the 
temperature results in condensation reac- 
tions of Cr--OH groups and the formation 
of weak Cr- -O--Cr  bridges. Desorption of 
water is observed in the course of this pro- 
cess. Thermal treatment at 473 K removes 
most of the labile oxygen on crystalline 
chromia, whereas these oxygen species are 
more tightly bound on the surface of amor- 
phous chromia. Fine structure in the Cr-m-~O 
stretching band upon oxygen adsorption 
provides information on the presence of dif- 
ferent types of coordinatively saturated and 
unsaturated surface sites on amorphous 
CF20 3 . 

Temperature-dependent changes in the 
surface structure of amorphous chromia 
have been studied by Raman spectroscopy. 
A very broad band centered around 720 
cm -1 is observed. During the progressive 
laser-induced crystallization, coordina- 
tively unsaturated surface Cr-~-~O sites are 
created, as identified from the development 
of narrow, well-resolved features in the 1000 
cm- 1 region. 

The importance of the chromia morphol- 
ogy with respect to the availability and 

strength of bonding of labile oxygen is ap- 
parent in view of the fact that SCR reactions 
on these catalysts are run in the temperature 
interval between 423 and 473 K. In this re- 
spect, the results from vibrational spec- 
troscopy fully support the conclusions 
reached from the TPD experiments reported 
in part I: under the reaction conditions 
amorphous chromia has a labile oxygen site 
density higher than that of crystalline 
chromia and consequently is more active for 
the reduction of nitric oxide. 
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