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Chromium oxide nanocrystallites have been synthesized by thermal decomposition of solid precursors
and evaluated as catalysts for ammonia decomposition. The physical and chemical properties of Cr,03
catalysts are characterized by various techniques such as N, adsorption-desorption isotherms, XRD, TEM,
and XPS. The relationship between catalytic activities and physicochemical and electronic properties of
Cr, 05 catalysts is investigated. The Cr, 05 catalysts are active for ammonia decomposition and the activity
is structure-sensitive with a close relation to particle size. During the ammonia decomposition reaction,
N atoms are inserted into the Cr, 05 catalyst thus enhancing the activity of catalyst, due to the variation
in the physical, chemical and electronic structures of Cr,03 catalysts.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

With the extreme concerns over global warming and the deple-
tion of fossil fuels, development of sustainable, zero-emission
hydrogen technologies is the major challenge for on-board mobile
applications [1]. Catalytic ammonia decomposition has been con-
sidered as one of the potential hydrogen carriers to provide COx-free
hydrogen for fuel cells due to high energy density (3000 Wh/kg)
and hydrogen capacity (17.7%), as well as COx-free production [2].
Currently, various metals and alloys such as Fe [3,4], Ni [5,6], Ru
[7-10],Ir[11],Pt[12,13],Co [14],Rh [6,11,15] and Zr; _,TixM; M, (M1,
M, =Cr, Mn, Fe, Co, Ni; x=0-1) [16], and compounds of nitrides and
carbides including MoNy, VNy, VCx and MoC, [17-20] have been
tested for ammonia decomposition and Ru metal is regarded as the
most active metal catalyst. Previous studies on ammonia decompo-
sition over various supported metal catalysts suggested Ru catalysts
supported on different carbon materials (such as activated carbon,
carbon nanotubes (CNTs) and CNTs-MgO) showed the highest cat-
alytic activity for ammonia decomposition among supported metal
catalysts [21-23]. However, cracking ammonia to hydrogen over the
Ru-based catalysts usually begins at temperatures of 450-550°C,
which makes the carbon supports form methane under H, atmo-
sphere. The rate and extent of ammonia decomposition in this
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process are not satisfactory for practical fuel cell application. In
addition, high cost of Ru metal limits its practical usage in fuel cells.
Recently, researchers have made great efforts to seek inexpensive
alternatives, especially Ni, to Ru catalysts. Ganley et al. [6] investi-
gated the activity of ammonia decomposition on Ni/Al, 03 catalysts
and found that NH3 conversion of the Ni catalyst is only 39%. A sim-
ilar result was reported by Li et al. [24]; 7% Ni/SiO, catalyst only
exhibited 13% ammonia conversion at 550 °C. It is thus indicated
that the activity of ammonia decomposition on Ni catalysts is much
lower than that of Ru catalysts. It cannot be satisfactory for fuel cell
application even at high temperature. Moreover, metal catalysts
for ammonia decomposition may produce significant amounts of
hydrazine [25]. Therefore, it is important to find alternative active
catalysts for ammonia decomposition.

Chromium oxide and supported chromium oxide catalysts
have good performance in dehydrogenation and selective catalytic
reduction of NOy with ammonia. However, ammonia decomposi-
tion on Cr, 03 or supported Cr, 03 catalysts has never been reported
so far. In this paper, synthesis of chromium oxide (Cr,03) nanocrys-
tallites and their performance in ammonia decomposition are
reported. The correlation between the physicochemical and struc-
tural properties and catalytic activity of chromium oxide catalyst
was comprehensively analyzed. The electronic properties of fresh
and used Cr,03 catalysts were characterized by X-ray photoelec-
tron spectroscopy (XPS) technique and the reaction mechanism and
kinetics of ammonia decomposition over the Cr,03 catalyst were
also discussed.
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2. Experimental
2.1. Synthesis of chromium oxide

Chromium oxide catalysts were synthesized according to the
procedures as described by Li et al. [26]. In a typical synthesis,
Cr(NO3)3-9H,0 powders were fully mixed with cetyltrimethylam-
monium bromide (CTAB) surfactant. The mixture was transferred
into autoclaves and then put into the oven at 140-200°C for 24 h.
After heating, the obtained samples were washed with distilled
water and dried at room temperature. The chromium oxide samples
obtained at different decomposition temperatures were designated
as Cr-CTAB-T (T represents the decomposition temperature).

2.2. Catalytic testing

The reaction of ammonia decomposition was carried out in a
fixed-bed flow reactor [27]. A 0.2-g (60-80 mesh) catalyst was
placed in the central section of a reactor. Prior to the reaction, the
as-synthesized Cr,O3 samples were calcined at 600°C under air
flow for 5 h and then were purged with Ar flow (purity > 99.99%) for
1 h. The calcined samples were cooled down to the desired reaction
temperature in the range of 400-600 °C under Ar flow and then the
flow was changed to pure ammonia gas. The gas hourly space veloc-
ity (GHSVnp3) is 60000 ml/(h gcat). The calcined chromium oxide
catalysts were designated as Cr-CTAB-T-600.

The GC technique provided quantitative data for H, and N, com-
ponents. The NH3 conversion was calculated from the mole fraction
of Hy (yn, ) in the products according to the following equation:

2Yn,

— 1
372}/}_[2 ( )

XNH; =
These integral conversion results were then fit with polynomials
to generate equations that could be analytically differentiated to
obtain ammonia decomposition rates as a function of conversion
(and hence species partial pressures). According to Ref. [28], the
ammonia decomposition reaction is a first-ordered reaction and
the equation describing a rate of the ammonia decomposition is in
the following form:

r= I{CNH3 (2)

where k is the reaction rate constant, depending on the temper-
ature, and cny, is the concentration of ammonia. The apparent
activation energy (E;) can be determined by fitting the equation
to the conversion data as a function of reaction temperature with
the following equation:

E CRiu, XNH
r=Aexp (—ﬁ) CNH; = %3 (3)

2.3. Catalytic characterization

Powder X-ray diffraction (XRD) measurements were conducted
on a Bruker D8 advanced research XRD with Cu Ka radiation at
a scanning rate of 2°/min in the 260 range from 10° to 80°. The
Cr,03 samples after calcination were measured on a mini Rigaku
XRD with Co Ka radiation at a scanning rate of 2°/min in the 26
range from 10° to 80°. The average crystallite size, D¢, was calcu-
lated using the Scherrer equation D. =0.9)/( cos #), where A is the
wavelength of the Cu or Co Ka radiation, § is the peak full width
at half-maximum intensity of the most intense peak in the pattern,
corrected for instrumental broadening.

The BET surface areas and textural structure were measured
by nitrogen adsorption-desorption isotherms using an automated
adsorption analyzer (Autosorb-1C, Quantachrome, USA). Prior to
N, adsorption measurement, the samples were degassed at 200°C
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Fig. 1. The XRD patterns of as-synthesized Cr,03; samples at different decomposition
temperatures (A. Cr-CTAB-140; B. Cr-CTAB-160; C. Cr-CTAB-180; D. Cr-CTAB-200).

for 6 h. Surface areas of the samples (Sger) were obtained from the
BET equation, which was applied in relative pressure range from
0.05 to 0.25. The total pore volume was derived from the adsorp-
tion amount at a relative pressure of 0.98. The average particle size,
Dp, was estimated using the equation Dp =6/pSger, where Sggr is
the BET surface area of Cr,03 samples and p is the density of the
primary bulk phase (p=5.21g/cm3) [17-19].

The XPS measurements were conducted using a PHI-560 ESCA
system (Perkin-Elmer). All spectra were acquired at a basic pressure
2 x 10~7 Torr with Mg Ko excitation at 15kV and recorded in the
AE = constant mode, at pass energies of 50 and 100eV.

The morphology and particle size of Cr,03 catalysts were deter-
mined by transmission electron microscopy in JEOL-1010 electron
microscope at 200 keV. Before the TEM measurements, the speci-
mens were ground in ethanol and supported on holey carbon films
located on Cu grids.

3. Results
3.1. The characterization of Cr;03 nanocrystallites

The XRD patterns of Cr, O3 samples obtained at different decom-
position temperatures are shown in Fig. 1. All of the as-synthesized
Cr,03 samples have rhombohedral structure and are presented

as a-phase, which belongs to the R3c space group with lattice
parameters a=4.958 A and c=13.594A, as reported in our pre-
vious work [29]. The crystallite sizes (D.) of these samples are
around 10-15 nm, suggesting that the inorganic framework consists
of Cr,03 nanocrystallites. This rhombohedral unit cell contains six
Cr,03 molecules close-packed in a hexagonal pattern with alternate
layers of chromium and oxygen atoms in planes perpendicular to
the z direction, generating oxygen defect structure. Both chromium
and oxygen species tend to acquire the highest possible coordina-
tion numbers during the reaction process. Accordingly, the a-Cr03
rhombohedral structure is very important in catalysis.

Nitrogen adsorption-desorption isotherms of synthesized
Cr,03 samples in Fig. 2 exhibited type-IV isotherms with H3
hysteresis loops, indicating that the Cr,03 samples possess slit
mesopores. More quantitative results are presented in Table 1. The

Table 1

Textural properties of Cr,03 samples at different temperatures.

Sample Sper (M?/g) Vior (cm?[g) Pore size (nm) Dy (nm)
Cr-CTAB-140 138 0.131 3.8 83
Cr-CTAB-160 125 0.267 8.6 9.2
Cr-CTAB-180 142 0.265 7.5 8.1
Cr-CTAB-200 143 0.268 7.5 8.1
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Fig.2. The nitrogen adsorption-desorption isotherms of Cr, O3 samples (A. Cr-CTAB-
140; B. Cr-CTAB-160; C. Cr-CTAB-180; D. Cr-CTAB-200).

Table 2
Physical properties of Cr,03 samples after calcination.

Sample Sger (M?/g)  Vior (cm>/g) Pore size (nm) Dy (nm) D¢ (nm)
Cr-CTAB-140-600 44 0.384 34.9 26.2 28.8
Cr-CTAB-160-600 43 0.368 339 26.5 21.8
Cr-CTAB-180-600 39 0.230 27.6 293 31.0
Cr-CTAB-200-600 34 0.260 30.6 34.1 343

synthesized Cr,03 samples have large BET surface areas in the range
of 125-143 m2/g and pore volume in the range of 0.131-0.268 m3/g,
which are much larger than those of bulk Cr,03 (20-27 m?/g)
[30,31]. These short channels, large pore volume and nanocrys-
tallite size may be conducive to high activity and conductivity in
catalytic and electromagnetic materials, respectively, because of
less resistance to mass transport and charge-transfer process.

Fig. 3 shows the XRD patterns of Cr,0O3 catalysts calcined at
600°C for 5 h (Co Ko radiation). As seen from the XRD patterns, the
particle sizes of Cr,03 catalysts increased after calcination, sug-
gesting the particle aggregation of nanosized Cr,03 catalysts and
structural shrink during calcining process. The crystallite sizes (D)
of Cr,03 catalysts after calcination are around 20-35nm as listed
in Table 2. A comparison of the crystallite size with the particle size
of Cr, 03 catalyst shows that the Cr,03 particle is composed of the
Cr, 03 crystal, as demonstrated by the TEM image of Cr,03-CTAB-
200-600 catalyst shown in Fig. 4.
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Fig. 3. The XRD patterns of Cr,03 catalysts after calcination (A. Cr-CTAB-140-600;
B. Cr-CTAB-160-600; C. Cr-CTAB-180-600; D. Cr-CTAB-200-600).

Fig. 4. TEM image of Cr-CTAB-200-600 catalyst.

The textural and physical properties of the Cr,0s3 catalysts are
also listed in Table 2. One can see that calcination treatment at
600°C results in a significant decrease in surface area, due to the
collapse of small pore and the growth of Cr,03 nanocrystallites.
However, the Cr,03 catalysts after calcination have larger pore vol-
ume and pore size than the as-synthesized Cr,03 samples. This is
probably because of sintering and aggregation of the Cr, 03 particles
to form larger voids in the Cr,O3 samples. These larger pore vol-
ume and larger pores are beneficial to mass transport for catalytic
reaction.

3.2. Catalytic activities of NH3 decomposition on Cr,03 catalysts

Fig. 5 shows the catalytic activities of Cr,O3 catalysts on
NH3 decomposition at 600 °C (GHSVny, = 60, 000ml/(hg.,)). The
ammonia conversion on fresh Cr, 03 catalysts increases at the initial
stage and then becomes stable after 2 h reaction, which is ascribed
to a slow nitridization of the Cr,03 catalysts, confirmed by XPS
results shown later (see Figs. 11 and 12). Table 3 lists the activi-
ties of the Cr,03 catalysts after calcination at 600 °C. The ammonia
conversion over the CrO3 catalysts is 37.9-43.4% and the rate of
hydrogen generation is 11.6-13.3 mmol/min g¢,¢ at 600 °C, suggest-
ing that Cr, 03 catalysts are active for ammonia decomposition.

The catalytic performance of Cr,03 catalysts for ammonia
decomposition as a function of the reaction temperature is shown
in Fig. 6. The NH3 conversion on Cr-CTAB-200-600 catalyst remark-
ably increased as reaction temperature rose from 450 to 600°C, in

80.0%
i 60.0% | o
ke
[
o
2 40.0%
Q
(8]
Ll
T
Z 20.0%
0.0% . . . . . .
1 2 3 4 5 6 7
Time (h)

Fig. 5. NH; conversions versus time over different Cr,03 catalysts at 600 °C (A. Cr-
CTAB-180-600; B. Cr-CTAB-200-600) [GHSVnp, = 60, 000 ml/(hgg,)]-
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Table 3

NH3 conversion and H, formation rate over Cr; 03 catalysts at 600 °C.

Catalysts NH; conversion (%) H, formation rate Reference
(mmol/min gear)

Cr-CTAB-140-600 37.9% 11.6 This work

Cr-CTAB-160-600 43.4% 133 This work

Cr-CTAB-180-600 38.7% 11.9 This work

Cr-CTAB-200-600 42.6% 13.1 This work

10%Ni/SiO,-600 36.4% 1.4 [2]

5%Ru/Si0,-550 96.5% 323 [36]

accordance with endothermic process (AH =46 kJ/mol) of ammo-
nia decomposition reaction. As is known, ammonia decomposition
is the first-order reaction. As shown in Fig. 7, the apparent activa-
tion energy of 70.6 £+ 5 kJ/mol was estimated at 450-600 °C, in good
agreement with activation energies for metal catalysts [32]. Similar
activation energies indicate a similar rate-determining step of the
reaction on Cr, O3 catalysts and metal-based catalysts.

In addition, the stability of the Cr-CTAB-200-600 catalyst was
investigated at a space velocity of GHSVny, = 60,000ml/(hg.,)
within a 125-h period. The catalytic activity of ammonia decompo-
sition and H; rate formation (Fig. 8) remained relatively constant
at 600 °C until 90 h. The conversion shows a slower decrease rate
after 90 h, demonstrating that Cr, O3 catalyst is thermally stable.
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Fig. 6. NH3 conversions on the Cr-CTAB-200-600 catalyst at different reaction tem-
peratures.
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Fig. 7. The Arrhenius plots over Cr-CTAB-200-600 catalyst [GHSVng, =
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Fig. 8. Catalyst stability of Cr-CTAB-200-600 catalyst at 600°C [GHSVny, =
60,000 ml/(hg.)]-

4. Discussion
4.1. Structure-sensitivity

As shown in Fig. 9, the activities of Cr,03 catalysts for ammo-
nia decomposition increase with increasing grain size of Cr,03
nanocrystallite except Cr-CTAB-160-600 catalyst, indicating that
the ammonia conversion on Cr,0s3 catalysts is closely related to
the particle size of Cr,03 catalyst.

To further understand the particle-size effect on catalytic activi-
ties of Cr, 03 catalysts, the relationship between catalytic activities
and population of crystallographic surface sites (associated with
atoms at edges, kinks, and vertices) was investigated and shown
in Fig. 10. The catalytic activity normalized by the surface area
is inversely related to the grain boundary that is proportional to
Dp/(Dc)? (particle size Dp was obtained from the BET surface area
estimated by N, adsorption, and crystallite size D. was obtained
from the Scherrer equation in XRD). Alternatively, the activity nor-
malized by the surface area increases as the grain boundary length
decreases. Therefore, the active sites of Cr,03 catalysts are more
likely to reside on the more ordered Cr,03 particle surface instead
of defective particle surface.

We note that Cr-CTAB-160-600, which is not included in
Figs. 9 and 10, has the highest activity. It is also noted that the crys-
tallite size D, of this sample is the lowest. The correlation between
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Fig. 9. The catalytic activities of Cr-CTAB-T-600 catalysts with particle size (T= 140,
180 and 200°C).
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Fig. 10. The catalytic properties of the Cr-CTAB-T-600 catalysts with a derivation
between particle size and crystallite size (T=140, 180 and 200°C).

the high activity and the low D, value is not clear yet, and on-going
research is being carried out to clarify it.

4.2. Preliminary mechanism studies of ammonia decomposition
on Cry03 catalysts

In order to find out the relationship between catalytic activ-
ity and electronic structure of Cr,03 catalysts and the mechanism
of ammonia decomposition thereon, we investigated the surface
properties of Cr,03 catalysts by the XPS technique. Fig. 11 presents
the survey of fresh and used Cr, 05 catalysts. The N 1s peak appeared
in the used Cr,03 catalyst surface and the intensities of oxygen
species on the used Cr, 05 catalysts were lower than those on fresh
Cr, 03 catalysts, indicating that nitrogen atoms replace part of oxy-
gen atoms on the Cr, 05 lattice during the ammonia decomposition
reaction. This is also confirmed by the XPS spectra of N 1s and Cr
3d (shown in Fig. 12). As shown in Fig. 12a and b, the Cr 3d peak
of the fresh Cr,03 catalyst (576.1 eV) was split into two peaks for
the used Cr,05 catalyst. These two Cr 3d peaks are ascribed to the
Cr,03 phase (576.0eV) and the CryN phase (574.8 eV). Moreover,
the N 1s XPS spectra shown in Fig. 12c confirmed the existence
of the CryN phase (397.4eV) on the surface of the Cr,053 catalysts
used forammonia decomposition. The other N 1s peak at 399.5 eV is
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Fig. 11. The typical surveys of XPS spectra for fresh and used Cr-CTAB-200-600
catalysts (A. fresh Cr,03 catalyst; B. used Cr, 05 catalyst).
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Fig. 12. The XPS spectra of Cr 3d and N 1s for Cr-CTAB-200-600 catalyst. (a) Cr 3d
XPS spectra of fresh, (b) used Cr-CTAB-200-600 catalyst and (c) N 1s XPS spectra of
used Cr-CTAB-200-600 catalyst.

ascribed to a nitrogen ligand with metal. These results suggest that
nitrogen atoms are inserted into the crystal lattice of Cr,03 cata-
lysts to form the chromium nitride compounds, verifying the above
speculation of a slow nitridation during the ammonia decomposi-
tion process. The slow nitridation was also observed for V, W, and
Mo metals in catalytic reactions during nitriding [33-35].

By comparing the XPS results and catalytic activities at differ-
ent reaction temperatures, it can be found that interstitial CrN,Oy
compounds formed in Cr,05 catalysts above 550 °C enhanced the
catalytic activities of ammonia decomposition, suggesting CrN,Oy
compounds are the active sites for ammonia decomposition. Inter-
stitial CrNxOy formation increased the metal oxide bond distance,
resulting in expansion of the Cr,0j3 lattice and variation in the elec-
tronic, physical and chemical properties of the host metal oxide. In
Cr, 03 bulks, nitrogen introduction caused the formation of oxygen-
deficient catalysts, resulting in geometrical irregularities such as
kinks, dislocations and vacancies in these catalysts. The existence
of deficiencies may cause improvement of catalytic activities. On
the other hand, since nitrogen is less electronegative than oxygen,
interstitial CrNxOy, compounds should be less acidic than the origi-
nal Cr, O3 catalysts, which would help the recombination of N atoms



76 L. Li et al. / Journal of Molecular Catalysis A: Chemical 304 (2009) 71-76

to N. Nitrogen introduction weakens the Cr-O bond and should be
beneficial for recombinative desorption of surface nitrogen atoms
on the Cr,03 surface, making their catalytic activities similar to
those of Pt and Ru.

Previous studies proposed that N-H bond cleavage and recombi-
native desorption of surface nitrogen atoms are slow steps in NH3
decomposition. In combination with the previous discussion and
XPS results, we conclude that when ammonia decomposition takes
place on the surface of Cr,03 catalysts, ammonia is activated to
break the N-H on the Cr, 03 surfaces. Subsequently, nitrogen atoms
on the active site are formed by consecutive reactions from dissocia-
tion of NH,. Finally, surface nitrogen atoms are recombined together
to form N, and part of nitrogen atoms enter into the Cr,03 lattice.

4.3. Comparison between catalytic properties of Cr;03 catalysts
and other systems

Table 3 shows that Cr,05 catalysts prepared in this study are
more active than 10% Ni/SiO, catalyst but much less active than
the Ru-based catalyst previously reported [2,36]. Cr,05 catalysts
have higher E; than the Ru/CNTs catalysts with the E; value of
69.4 k]/mol, thus resulting in lower catalytic activity. In addition,
recombination of nitrogen is inhibited on Cr,03 surface because
of the strong Cr-N bond formation when ammonia is adsorbed
on the Cr,03 surface. Therefore, addition of other components to
weaken the interaction of Cr-N in Cr,03 systems should improve
the catalytic activity of ammonia decomposition. Currently, many
investigations have found that addition of a promoter to the catalyst
systems significantly increases the activity. For Ru/C, Cs and Ba have
been reported to produce stronger promotion effect in ammonia
decomposition [37,38]. Au and coworkers [16] systematically inves-
tigated the effects of promoting cations such as rare earth, alkali,
and alkaline earth metal on the catalytic activity of Ru/CNTs and
found that alkali or alkali earth metal ions are efficient promoters
for supported Ru catalysts in the synthesis and decomposition of
NH3 and that K would be the best promoter. Thus, it would be pos-
sible to further enhance the catalytic activities of Cr, O3 catalysts by
modifying with various promoters and the research is being carried
out in our group.

5. Conclusion

Mesoporous Cr,05 catalysts were successfully synthesized by
solid thermal decomposition using CTAB surfactant and evalu-
ated for NH3 decomposition. It is found that the activities of NH3
decomposition on Cr,03 catalysts increases as the particle size
of Cr,03 catalysts increases, suggesting that NH3 decomposition
on Cr,03 catalysts is structure-sensitive and the most active cat-
alyst has a large particle size. XPS results indicate that nitrogen

atoms were introduced to the Cr, 03 lattice and formed interstitial
CrNxOy compounds, resulting in the changes in physical, chemi-
cal and electronic structures of Cr,03 catalysts. Interstitial CrN,Oy,
compounds are formed during the reaction and play as the active
sites for ammonia decomposition. Moreover, the catalysts exhibit
stable activity.
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