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Barium-promoted cobalt catalysts supported on carbon
exhibit higher ammonia activities at synthesis temperatures
than the commercial, multipromoted iron catalyst and also a
lower ammonia inhibition.

Without ammonia produced in the industrial process only 60%
of the current global population could be nourished.1 Ammonia
synthesis over commercial, multipromoted iron-based catalysts
is strongly inhibited by the reaction product leading to
significantly decreased reaction rates at higher NH3 concentra-
tions.2 About a decade ago, a promoted ruthenium catalyst
supported on graphitized carbon3 was introduced as an
alternative ammonia catalyst in the Kellogg Advanced Ammo-
nia Process (KAAP).4 However, high catalyst costs combined
with further disadvantages such as methanization of the carbon
support at industrially preferred reaction conditions have
stimulated the search for alternative, low-cost catalyst materials
with high activities and a low NH3 inhibition.5 Recently, it has
been shown that it is possible to rationalize the activities of
known unpromoted and promoted ammonia synthesis catalysts
through density functional theory calculations and microkinetic
modelling.6 From these investigations it appears that improved
ammonia synthesis catalysts should result either from alloys or
from the use of more efficient promoters. Previously, it has been
found that cobalt-based catalysts exhibit low activity in
ammonia synthesis.7 Here, we report how very high activities
can be achieved by promoting cobalt catalysts with barium.
Interestingly, there are no previous reports on the use of barium
as a promoter for cobalt-based ammonia synthesis catalysts,
although barium has been found to be a useful promoter for
ruthenium catalysts.3–5

Vulcan XC-72 (174 m2 g21, cleaned by heating in N2+H2 =
9+1 at 1373 K for 48 h) was used as the carbon support material.
Co(NO3)2 and Ba(O2CCH3)2 were added separately by incipi-
ent wetness impregnation. The impregnated material was dried
at 333 K for 6 h and then at 393 K for 18 h after each addition.
The Co content determined by AAS was 8 wt% and the Ba+Co
atomic ratio (optimised through a series of experiments) was
0.87. The catalyst precursor was pressed into tablets, crushed
and sieved to particles of size 0.35–0.71 mm. This material was
transferred into a glass-lined stainless steel micro reactor (i.d. =
3 mm) and activated with a stoichiometric N2+H2 mixture at 1.3
bar. It was found to be essential that the barium-promoted Co
catalyst was activated at high pressures (10 bar) and at low
flows (total flow of 40 ml min21 (STP)) to obtain the highest
possible catalytic activities. The published data for the commer-
cial catalyst (KM1) consisting of 94% Fe, 2.8% CaO, 2.5%
Al2O3 and 0.6% K2O was used for comparison.8 Activity
measurements were performed at temperatures between
320–440 °C, at pressures between 2–50 bar and at total flow
rates between 40–267 ml min21 (STP) , and by using different
N2+H2 ratios. Power law kinetics is applied to determine the
apparent activation energies (EA) as well as the apparent
reaction orders a, b and g in rate eqn. (1):

r k E RT p p pANH NH N H3 3 2 2
= -exp( / ) a b g

(1)

X-Ray powder diffraction (XRPD) data were recorded on
samples in sealed capillaries (sample was passivated with ca.
0.1% O2 in Ar at 20 °C prior to the measurements) using a
Huber G670 diffractometer at MAX-lab synchrotron in Lund (l
= 1.4788 Å).9 In situ XRPD was performed as described
previously.9

The catalytic activities of the Ba–Co/C catalyst are shown in
Fig. 1 at various temperatures and NH3 outlet concentrations.
By comparing these data with results obtained from the
commercial catalyst KM1,8 three conclusions can be drawn: (1)
at a pressure of 10 bar, equal NH3 outlet concentrations and
temperatures higher than 400 °C, the Ba–Co/C catalyst shows
higher activity than KM1, e.g., at 440 °C the activity per mass
of catalyst is almost twice as high for the Co catalyst,10 (2) the
activity of the Ba–Co/C catalyst increases more rapidly with
increasing temperature than that of KM1, and (3) at tem-
peratures between 320 and 400 °C, the measured activities for
the Co catalyst do not decline as rapidly with increasing NH3
outlet concentrations as is observed for KM1. The calculated a-
coefficients (Ba–Co/C; KM1: 320 °C: 20.81; 21.48, 360 °C:
20.82; 21.57, 400 °C: 21.07; 21.53) are significantly less
negative for the Co-catalysts. The a-coefficients cannot be
compared in a meaningful way at T = 440 °C because the
equilibrium concentration (c(NH2) = 2.3%) is almost reached
under these conditions and influences the reaction rate strongly.
Therefore, eqn. (1) should only be used at relatively low
conversions.

The measurements of NH3 outlet concentrations with varying
H2/(H2 + N2) ratios is shown in Fig. 2. The optimum ratio
decreases from the nearly stoichiometric value (0.75) at 440 °C

Fig. 1 Catalytic activities per mass of catalyst of Ba-promoted and carbon-
supported Co catalyst (filled symbols, 100 mg) and the commercial,
multipromoted Fe-catalyst (KM1, open symbols, 200 mg) at 10 bar, N2+H2

= 1+3 and temperatures of 320 °C (circles), 360 °C (triangles), 400 °C
(squares) and 440 °C (diamonds).
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(0.66) to ca. 0.4 at a temperature of 320 °C (see dashed line in
Fig. 2). Likewise, the g-coefficients obtained from independent
experiments decrease from +2.1 (440 °C) to +0.7 (320 °C). The
obvious conclusion is that the catalyst surface is covered with
increasing amounts of hydrogen at lower temperatures, leaving
less active sites available for dissociation of dinitrogen—the
rate limiting step in ammonia synthesis. The blocking of the
surface by hydrogen is even more pronounced for Ru-based
catalysts, where negative g-coefficients are often observed.3
The b-coefficients obtained at different temperatures are
between 0.8 and 0.9 suggesting that the dissociation of N2 at the
surface is the rate limiting step in the ammonia synthesis on Ba–
Co/C.

Carbon-supported nickel catalysts are also strongly promoted
by addition of Ba. The NH3 outlet concentration increases
nearly three orders of magnitude, from about 10 ppm to 0.8%
for the promoted sample (atomic ratio Ba+Ni = 0.8+1) under
the same reaction conditions (300 mg sample of 10% Ni/C,
440 °C, 10 bar, N2+H2 = 1+3, 40 ml min21 (STP) total flow).
As expected, the apparent activation energy is relatively high
(150 kJ mol21, see also Table 1 and Fig. 3) and the a-coefficient
is close to zero (a = 20.2 in the temperature range of 360–440
°C) indicating a weaker bonding of nitrogen species to the Ni
surface compared to Fe and Co. Although the overall activity of

Ni is significantly lower compared to the Ba–Co/C sample, to
our knowledge this is the first example where Ni has been
efficiently promoted as a catalyst for NH3 synthesis.11

XRPD patterns obtained at 25 °C from slightly passivated
samples by use of synchrotron radiation (Fig. 4) as well as in
situ XRPD measurements performed under NH3 synthesis
conditions reveal that Co can only be detected in its cubic form
(fcc). BaCO3, possibly formed by the thermal decomposition of
Ba(O2CCH3)2, is observed in the catalyst by in situ XRPD, but
the presence of BaO on the surface as has recently been
identified by in situ TEM on Ru catalysts12 can neither be
verified nor discounted. The presence of carbonates could also
be confirmed by XPS (shoulder at 287 eV).

Previously, cobalt and nickel have received little interest as
NH3 synthesis catalyst. However, promotion with barium and
using a carbon support results in catalysts that are surprisingly
active for the NH3 synthesis reaction. The NH3 inhibition is
lowered significantly compared to the commercial Fe-catalyst.
Apparently, the primary role of barium is to lower the activation
energy for dinitrogen dissociation.

We would like to thank A. M. Molenbroek for obtaining the
in situ XRPD patterns. This work has been supported by the
ICAT and the Danish Research Council.
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Fig. 2 NH3 outlet concentrations at different temperatures and varying
H2+N2 ratios (Ba–Co/C, 10 bar, 220 mg, total flow = 120 ml min21

(STP)).

Table 1 Selected properties of NH3 synthesis catalysts

Catalyst
Activitya/
mmol g21 s21

EA/
kJ mol21 a b g

Co/C 0.20 149 20.3 +0.8 20.4
Ba0.8Co1.0/C 12.0 103 21.1 +0.9 +1.5
Ni/C 0.0014b n.m.c ±0.0 n.m. n.m.
Ba0.8Ni1.0/C 0.31 150 20.2 +0.9 20.2
Fe (KM1) 7.36 70 21.5 +0.9 +2.2
a Activities determined for T = 400 °C, 10 bar and a total flow of 160 ml
min21 (STP), N2+H2 = 1+3. b Ni/C: 440 °C. c n.m.—not measured,
reaction rates too low.

Fig. 3 Arrhenius plot of selected catalysts.

Fig. 4 X-Ray powder diffraction pattern of passivated Ba–Co/C (synchro-
tron radiation, l = 1.4788 Å). Open circles: fcc-Co, closed circles: BaCO3

(assigned from in situ XRPD).
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