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Abstract; Ru+Ba+K/AC catalysts with high turnover frequency were synthesized by co-impregnation

with Ba(NO, ), and the complex compound of glycerol and K,Ru0,. The turnover frequency of the pre-
pared catalysts is between 0.87 and 1.30 s™', which is 1. 26 to 1. 88 times higher than that of the Ru/AC

catalyst with RuCl; as a precursor for ammonia synthesis. The higher turnover frequency of the Ru+Ba+

K/AC catalysts than the Ru/AC catalyst could be attributed to the higher absorption and lower activation

energy of nitrogen on the Ru surface and the narrow-sized distribution of Ru nanocrystals at the reaction

temperature.
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Ruthenium catalysts have been used in various
catalytic reactions, such as in the isomerization of lino-
leic acid''’, the hydrogenolysis of glycerol > the
selective hydrogenation of benzene, and the Fischer-
Tropsch synthesis ">/ In the last decade, numerous
studies examined the types of supports, promoters, and
precursors of Ru compounds for ammonia synthe-
sis'* ! However, the broad application of Ru cata-
lysts is limited by their higher cost, more complex de-
chlorination preparation process, and poorer stability
compared with fused iron catalysts. The small particle
size and large specific surface area of the noble metal
have been proposed to increase the catalytic efficiency
of Ru catalysts. Heterogeneous catalysts without the

well-defined mixture of particle sizes and surface

shapes hamper the catalytic performance of Ru cata-
15-16 ]

lysts®
Among all precursors of Ru, Ru;(CO) , is better
than RuCl; based on high dispersion and security du-

ring ammonia synthesis. However, the high cost of the

Received date: 2013-10-07 ; Revised date: 2013-11-25.

Document code: A

Ru;( CO) ,, precursor obstructs the broad application of
Ru catalysts for ammonia synthesis. Hence, RuCl, is
widely used as a precursor of Ru because of its low

cost. However, chlorine ion is very poisonous and

needs to be removed through hydrogen reduction'”™"® |

hydrazine liquid reduction' "’

[20]

, or impregnation-preci-
pitation" . The first method involves the use of H,
and requires high temperature. This method usually re-
sults in uneven size, sintering of Ru nanoparticles
(NPs) , and methanation of carbon supports. The last
method mentioned was developed to avoid several of
the abovementioned adverse factors of hydrogen and
hydrazine liquid reduction. The activity of the catalysts
prepared through the impregnation-precipitation method
is considerably higher than that of the catalysts ob-
tained using the two other methods. The preparation
process involves the reduction or elimination of chlorine
ions, a substep in precursor impregnation, addition of
agents, and the uneven dispersion of Ru NPs on the

AC surface. These deficiencies could result in time-
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consuming and inefficient preparation, low thermal sta-
bility, low turnover frequency ( TOF), and potential
hazard of chlorine ion residue in the equipment.

In this study, we describe a novel and convenient
method to prepare a Ru+Ba+K/AC catalyst with high-
TOF as well as high catalytic activity for ammonia syn-
thesis. The catalyst was prepared by co-impregnating a
Ru precursor and additivies, such as Ba and K. The
Ru precursor was derived from the complexation of
glycerol and K,RuO,, and the relatively affordable
metal Ru powder and glycerol were used as the raw ma-
terials of the precursor. This process renders the de-
chlorination post-treatment, pre-reduction, substep im-
pregnation of the precursor, and addition of additives
unnecessary. Most Ru particles with well-defined facets
are 3 to 5 nm in size. Thus, lower cost, simplified
procedures for catalyst preparation, higher TOF, and
catalytic activity for ammonia synthesis may be simulta-

neously achieved.

1 Experiment

1.1 Catalysts preparation

RuCl,, KNO,, KOH

ruthenium  powder, ,
Ba(NO;), and glycerol were used as base materials.
Nitrate and glycerol were supplied by Sinopharm
Chemical Reagent Co, LTD. RuCl, and ruthenium
powder were supplied by Chenzhou Gaoxin Platinum
Industry Co, LTD. All chemicals used in these experi-
ments were of analytical reagent grade and were used
without further treatment. The graphited activated car-
bon (denoted AC) was sieved to 1.70 ~ 1. 18 mm par-
ticle size.

K,RuO, was prepared by melting the mixture of
ruthenium powder, KNO,, and KOH with a molar ratio
1:2:5 in a nickel crucible at 600 °C for 1 h.
K,Ru0, aqueous solution was then added into the gly-
cerol aqueous solution with stirring to obtain a stable
solution ( denoted as Ru-GLY-K) that contains the Ru
precursor ( denoted as Ru-GLY ). The molar ratio of
Ru and glycerol is 1 : 1. The concentration of Ru-GLY
aqueous is about 1.4% .

The graphited AC was impregnated with the mixed
solution of Ru-GLY-K, Ba(NO,), and HNO; at a pH

of 1.0. The nominal contents of Ru and KOH in the
AC were 4 and 16% , respectively. The nominal Ba
loadings in the AC were 6.0% , 8.0% , 10.0% , and
12.0%. The Ru+Bal0+K/AC catalysis prepared by
co-impregnating shows the contents of Ru, Ba and
KOH were 4.0% , 10.0% and 16.0% , respectively.
For comparison, the graphited activated carbon was im-
pregnated with RuCl; in an aqueous solution. The pro-
moters were introduced by impregnating a mixture solu-
tion of Ba(NO, ), and KNO, after reducing RuCl, with
hydrogen at 450 °C for 6 h and washing with deionized
water at 70 C . The sample is referred to as Ru-BalO-
K/AC due to successively impregnating of Ru and pro-
moters. The content of Ru, Ba and KOH were 4. 0% ,
10.0% and 16. 0% for the Ru-Bal0-K/AC catalyst,
respectively. The nominal contents of Ba and KOH
promoters were 4% and 16% , respectively. All sam-
ples were evaporated and dried with an infrared light.

1.2 Characterization of Catalysts

The morphologies and particle sizes of Ru were
studied using transmission electron microscopy (TEM,
Tecnai G2F20 S-TWIN). Chemisorption was carried
out using an Autochem 2 920 instrument ( Micromeri-
tics). Prior to measurement, the catalysts ( ca. 100
mg) were reduced in H, at 500 °C for 1.5 h, and then
flushed with helium for 2 h to remove H, that were ad-
sorbed on the catalyst surface, followed by cooling to
50 °C in a helium stream. CO chemisorption was per-
formed with pulse method by allowing CO to flow over
the sample at a controlled temperature of 50 °C. Ru
dispersion was calculated from the cumulative volume
of CO adsorbed during pulse, assuming a chemisorp-
tion stoichiometric ratio of CO/Ru = 1 : 1.

The temperature-programmed desorption studies of
pre-adsorbed nitrogen ( N,-TPD) and hydrogen ( H,-
TPD) were performed in a glass-flow setup. Each sam-
ple was reduced in flowing hydrogen (50 mL/min).
The sample was then flushed with argon at 500 C (50
ml/min, 120 min) to remove the pre-adsorbed hydro-
gen. The reactor was cooled in room temperature with a
cooling rate of 5 °C/min, and the argon was replaced
with hydrogen. Finally, the catalyst was flushed with
argon (50 mL/min, 30 min) , and the H,-TPD experi-
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ment was performed. The concentration of hydrogen
that desorbs to the Ar stream (50 mL/min) was moni-
tored by TCD signal when the reactor was heated with a
constant rate of 20 °C/min. For N,-TPD, the sample
was flushed with helium at 500 C (50 mL/min, 120
min) to remove the pre-adsorbed hydrogen. Helium
was replaced with nitrogen, and the reactor was cooled
in Toom temperature with a cooling rate of 5 °C/min.
Finally, the catalyst was flushed with helium (50 mL/
min, 30 min), and the N,-TPD experiment was per-
formed. The concentration of nitrogen that desorbs to
the He stream (50 ml/min) was monitored when the
reactor was heated with a constant rate of 20 °C/min.

The crystal structure was determined by powder
X-ray diffraction (XRD, Philips, X' Pert MPD, Co
Ko, A = 0.17889 nm). The component distribution
was studied by energy dispersive spectrometry ( EDS)
using scanning electron microscopy ( SEM, Hitachi
4800). X-ray photoelectron spectroscopy ( XPS)
equipped with monochromatized AlKa X-ray radiation
(hv = 1 486.6 e¢V) (Thermo Fisher Scientific Co.
ESCALAB 250, USA) was used to investigate the sur-
face properties. The binding energy was corrected using
the C 1s level at 284.6 €V as an internal standard.
1.3 Measurement of catalytic activity

Ammonia synthesis was carried out in a stainless
steel reactor. About 2 mL of the catalysts with particle
sizes of 1.70 ~ 1. 18 mm were activated in a stoichio-
metric H, and N, mixture (200, 300, 400, 450, and
500 °C for 2 h, respectively) before testing, and then
stabilized in the reaction conditions ( such as, 10
MPa, 400 °C, 10,000 h™', and H,/N,= 3 : 1) for
more than 2 h. The ammonia concentration in the efflu-

ent was determined by a chemical titration method ',

2 Results and discussion

2.1 Size of the ruthenium nanoparticles

The structures of the Ru nano Crystals ( NCs)
from the Ru+Ba6 +K/AC catalyst were confirmed by
selected-area electron diffraction ( SAED) and high-
resolution transmission electron microscopy ( HRTEM)
(Fig. 1). The TEM images show that most Ru particles

are 3 to 5 nm in diameter. Particles with diameters

higher than 5 nm were also observed because of parti-
cle aggregation at a high temperature of 500 °C. Some
of the NPs for the Ru/AC catalyst based on RuCl, pre-

cursor are less than 2 nm in size, which is a disadvan-

tage because supported Ru catalysts are structure sensi-
[12]

tive during ammonia synthesis

4.5+ 0.5 nm

Fig.1 (a) TEM images of Ru NPs from the Ru+Ba6+
K/AC catalyst. (b) Size histogram of Ru NCs.
(¢) SAED pattern. (d) HRTEM image.
Reduction conditions: 450 °C for 6 h

The TEM and HRTEM results show that the Ru
particles from the two precursors possess different size
distributions. The particles from the Ru-GLY precursor
have well-defined facets and are more uniform. The
HRTEM results show that Ru NPs predominantly ex-
pose the Ru atoms based on well-defined planes for the
Ru+Ba6+K/AC catalyst by co-impregnation and that
most NPs without well-defined planes are predominant-
ly exposed for the Ru-Ba6-K/AC catalyst ( Fig.2).
The reaction rate is remarkably sensitive to the catalyst

(22} surface structure

surface structure Therefore ,

could be a key factor affecting the efficient synthesis of

ammonia.

2. 2 Temperature-programmed desorption of hy-
drogen ( H,-TPD ) and temperature-pro-
grammed desorption of nitrogen (N,-TPD)

The thermal desorption curves of hydrogen from
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Fig.2 (a) TEM images and SAED pattern of the Ru-Ba6-K/AC catalyst based on the RuCl,

precursor. Reduction conditions: 450 °C for 6 h.

various samples are presented in Fig. 3 to understand
the effect of preparation methods and different precur-
sors on catalytic performance. The catalytic activity in-
creases as the maximum peak temperature of H,-TPD
decreases. A low-temperature desorption peak for the
Ru/AC catalysts is shown in Fig. 3. However, the no-
vel desorption peak at a high temperature would in-
crease because of the action of promoters. The desorp-
tion quantity of the Ru/AC catalysts promoted with Ba
and K increases at low temperatures; thus, Ba and K
are suggested to increase the adsorption of H,. An in-
crease in H, adsorption at low and high temperatures
may be attributed to the enhanced electron density of
Ru because of the charge transfer from Ba and K ">,
H, desorption at a temperature significantly higher than
400 C could be unfavorable for the catalytic activity
tested at 400 °C during ammonia synthesis. As shown
in Fig.3, H, desorption is easier for the Ru+Bal0+K/
AC catalyst at either low or high desorption tempera-
ture. A lower desorption temperature leads to a higher
catalytic activity during ammonia synthesis. This fin-
ding is consistent with related conclusions about the in-
fluence of H, chemisorption on the activity of ammonia
synthesis '**'. The desorption peaks of the Ru+Bal0+
K/AC and Ru-Bal0-K/AC catalysts are reached at 421
and 450 °C, respectively. More adsorbed hydrogen
molecules would occupy the active sites of the Ru sur-
face and would inhibit the adsorption of nitrogen at the

reaction condition for the Ru-Bal0-K/AC catalyst.

TCD Singal

200

300 400 500

Temperature/°C
Fig.3 H,-TPD profiles of the catalysts
a. Ru/AC based on RuCl; precursor, b. Ru /AC based on
Ru-GLY precursor, c¢. Ru-Bal0-K/AC, d. Ru+Bal0+K/AC

N, desorption is the inverse reaction of the rate-
determining step of ammonia synthesis "> >’ There-
fore, the efficient dissociation of N, at the reaction con-
ditions should be favorable during ammonia synthesis.
As shown in Figs. 3 and 4, the nitrogen desorption of
the catalysts prepared by the RuCl, precursor is weaker
than that of the catalysts prepared by the Ru-GLY pre-
cursor at low temperatures. This result suggests that the
nitrogen desorption of the Ru-BalO-K/AC catalyst is
signifiantly stronger at low temperatures. According to
the results of N,-TPD, the N, desorption quantity of
the Ru-Bal0-K/AC catalyst is almost the same as that
of the Ru+Bal0O+K/AC catalyst at high temperatures.
However, according to the results of H,-TPD, hydro-
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gen would occupy less adsorption sites at the reaction
temperature for the Ru+Bal0+K/AC catalyst. These
results suggest that more nitrogen molecules would be

adsorbed on the Ru surface for the Ru+Bal0+K/AC

catalyst at the reaction temperature.

TCD Singal

0 100 200 300 400 500

Temperature/°C
Fig. 4 N,-TPD profiles of the catalysts
a. Ru/AC based on RuCl, precursor, b. Ru/AC based on
Ru-GLY precursor, ¢. Ru-Bal0-K/AC, d. Ru+Bal0+K/AC

Conversely, the second desorption peak tempera-
tures of N, are 466, 456, 458, and 453 °C for the Ru/
AC catalyst based on the RuCl, precursor, Ru/AC ca-
talyst based on the Ru-GLY precursor, Ru-BalO-K/
AC catalyst, and Ru+Bal0+K/AC catalyst, respec-
tively. The desorption peak temperature of the Ru/AC
catalyst based on the Ru-GLY precursor is lower than
that of the the Ru/AC catalyst based on the RuCl; pre-
cursor. Nitrogen could be activated much easier for the
catalyst via co-impregnation at the reaction temperature.
The desorption peak temperature is also lower after load-
ing the promoters with Ba and K for the Ru+Bal0+K/
AC catalyst compared with the Ru-Bal0-K/AC catalyst.
This result reveals that the novel approach decreases the
activation energy of nitrogen desorption. The variation
tendency of the activation energy of reaction and desorp-
tion is consistent. The decrease in activation energy in-
dicates that the reaction rate of ammonia synthesis could
be higher at the reaction conditions '*™ %/,

Combined with the H,-TPD results, the increase
in TOF may remarkably derive the alteration of adsorp-
tion and dissociation of H, and N, at the reaction tem-

perature. The high TOF of ammonia synthesis could be

a synergism of more adsorbance and lower activation
energy of nitrogen at the reaction temperature for the
Ru+Bal0+K/AC catalyst.
2.3 XRD

Figure 5 shows XRD patterns of the reduced cata-
lysts. The main crystal phase is BaCO, ( JCPDS 05-
0378 ) without the diffraction maximum of Ru and
K,CO, for the Ru-Bal0-K/AC and Ru+Bal0O+K/AC
catalysts from different precursors and preparation
methods. The BaCO, is a product of BaO or Ba(OH),
and CO, after the reduced catalysts exposed in air. The
results show that the difference of small crystallites of
Ba promoter is inapparent for the catalysts prepared by
different methods. The grain size of Ba species is not

the key factors influencing the catalyst performance.

o O BaCO; A AC
Vo O OO0  Ru-Bal0-K/AC
5
=
&
g
2
E
Ru+Bal0+K/AC
| 1 1 1
20 40 60 80
20/(° )
Fig.5 XRD patterns of the catalysts
2.4 SEM-EDS

Figure 6 is EDS mapping of the reduced catalysts.
These results show that the difference of distribution for
ruthenium and the promoters on surface of two kinds of
catalysts is little. This could be a result that most Ru
and promoters enter into the pore canal of micropore
and mesoporous. The distribution of Ru and promoters
on the AC surface could be correlation with the surface
groups of AC. The different of element distribition is
indistinctive for the catalysts from different preparation
methods based on the same support.

2.5 XPS

Figure 7 shows the XPS spectra of the Ru-BalO-
K/AC and Ru+Bal0+K/AC catalysts. In the Ru 3d
XPS spectra, the Ba-K-Ru/AC catalyst presented one
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Fig. 6 EDS mapping of the catalysts after reducing with hydrogen
(a)(c)(e): Ru-Bal0-K/AC, (b)(d) (f): Ru+Bal0+K/AC;
(a)(b): Ru; (¢)(d): Ba; (e)(f): K
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strong peak at the binding energy of 281.7 eV, which
*J. In the Ba 3d XPS spec-
tra, two peaks at ~777 and 780 eV were observed on
the Ba-K-Ru/AC and La-Ba-K-Ru/AC catalysts. ac-
cording to the literature [31— 32], the peak at ~780

corresponds to Ru” 3d;,'

eV can be attributed to Ba™ 3d,,,, whereas the peak at
~777 eV may be assigned to low-valence Ba species.
The presence of two states of Ba species is consistent
with the literature[ 33—34]. It has been reported that a
part of Ba can be reduced to BaOx with a low valence
and then transferred onto the surface of Ru particles

(31 More low

under the ammonia synthesis reaction
valence BaO, in the Ru-BalO-K/AC catalyst suggest
that the reduction degree of Ba is higher for the cata-
lysts with the normal preparation method. However,
more low valence BaO, with a low melting point in

catalyst is unfavorable to the stability of the catalyst.

(b) Ba3d

780.2 eV

776
Binding energy /eV

Fig. 7 XPS spectra of the catalysts

2.6 TOF

Two methods were used to prove the effect of
preparation routes. The effects of different precursors
on the properties of the catalysts are listed in Table 1.
The particle size based on the TEM results is inconsis-
tent with that based on the CO chemisorption results.
This inconsistency can be ascribed to the partial cove-
rage of the Ru surface by the additives. The Ru sur-
faces covered by promoters resulted in a lower Ru dis-
persion based on a lower CO absorbance. Compared
with the catalyst prepared by the Ru-GLY precursor,
the CO absorbance of the Ru/AC catalyst prepared

with RuCl; as precursor is smaller, and the size distri-

bution of Ru is more uneven. The activity of the cata-
lysts prepared by co-impregnation was remarkably high-
er than that of the catalysts prepared by hydrogen re-
duction. The dispersion of Ru initially increased and
then decreased with Ba content for the catalysts pre-
pared by co-impregnation. However, their TOF values
were almost the same at different Ru dispersions for the
Ru+Ba6 +K/AC and Ru+Ba8+K/AC catalysts. The
highest TOF of the Ru+Bal2+K/AC catalyst was 1.30
s, although the value from the Ru dispersion was al-
most the same as that of the Ru+Ba6+K/AC catalyst.
The catalyst with the highest activityis different
from the one with the highest TOF value. The perform-
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ance is closely related to the preparation methods and

the promoter content of the catalysts. Co-impregnation

remarkably improves the activity and TOF of the cata-

lysts compared with conventional impregnation.

Table 1 Effect of content of different precursors on the properties of catalysts

Dispersion/ % Diameter/nm NH, TOF
Catalyst »

dl d2 D1 D2 /(vol % )" /(S7)
Ru-Bal0-K/AC" 15.6 14.7 7.1 7.5 14.20 0.69
Ru+Ba6+K/AC 11.9 10.7 9.3 10.4 15.49 0.99
Ru+Ba8+K/AC 15.6 14.5 7.1 7.6 20.28 0.99
Ru+Bal0+K/AC 17.0 16.1 6.5 6.9 19.42 0.87
Ru+Bal2+K/AC 10.8 10.1 10.2 11.0 18.49 1.30

a. Measured at 10 MPa and 10,000 h™', H, : N,= 3 : 1;Experimental error of activity of ammonia synthesis is ca. 0.2 vol% ;

b. RuCl; as precursor;

dl, d2: Ru dispersion of catalysts prior and post the heat resistance, respectively;

D1, D2 Particle size of Ru based on CO chemisorption prior and post the heat resistance, respectively

2.7 Thermal stability of catalysts

The stability of the catalysts is crucial in applica-
tions. However, the methane produced during the re-
action could possibly alter the structure of the cata-
lysts, thereby decreasing the catalytic activity' * /.
Heat treatment under the conditions of 475 °C, 10,000
h™", and 10 MPa for 40 h can only slightly influence
the activity of both Ru-Bal0-K/AC and Ru+Ba+K/AC
catalysts (Table 2). This result can be related to infe-

rior treatment temperature and short processing time.

However, the activity of the Ru-Bal0-K/AC catalyst is

Table 2 Thermal stability of catalysts
Initial NH,

Terminational NH,*

Catalysts
/(vol %) /(vol %)
Ru-Bal0-K/AC" 14.20 14. 81
Ru+Ba6+K/AC 15.49 15.21
Ru+Ba8+K/AC 20.28 20.39
Ru+Bal0+K/AC 19.42 19. 64
Ru+Bal2+K/AC 18.49 18.93

a. Measured at 10 MPa and 10,000 h™', 400 °C, H, :
N,=3:1;

b. RuCl; as precursor;

c. Treatment conditions: 475 °C, 40 h, 10 000 h™",
10 MPa, H, : N,= 3 : 1;

d. Experimental error of activity of ammonia synthesis

is ca. 0.2 vol%.

lower than that of the Ru+Ba+K/AC, which is disad-
vantageous for industrial application. Therefore, the
co-impregnation of promoters and precursor in the Ru/
AC catalyst for ammonia synthesis is an attractive sub-
stitute for conventional impregnation. Future studies
should determine the difference in stability between the

two catalysts.

3 Conclusions

A co-impregnation method was used to prepare ef-
ficient catalysts for ammonia synthesis. Compared with
the Ru-Ba-K/AC catalysts, the TOF significantly in-
creased via co-impregnation. The catalysts prepared by
co-impregnation have higher absorbance and lower acti-
vation energy of nitrogen based on well-defined crystal
planes and the narrow size distribution of Ru NCs. The
method proposed in this study allows the facile prepara-
tion of Ru nanocatalysts with high catalytic activity and

high TOF based on the Ru powder predecessor.
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