catalysts MBPY

Article

Energy Efficient and Intermittently Variable
Ammonia Synthesis over Mesoporous
Carbon-Supported Cs-Ru Nanocatalysts

Masayasu Nishi *(/, Shih-Yuan Chen'® and Hideyuki Takagi

Energy Catalyst Technology Group, Research Institute of Energy Frontier (RIEF), Department of Energy and
Environment, National Institute of Advanced Industrial Science and Technology (AIST), 16-1 Onogawa,
Tsukuba, Ibaraki 305-8589, Japan; sy-chen@aist.go.jp (S.-Y.C.); hide-takagi@aist.go.jp (H.T.)

* Correspondence: m.nishi@aist.go.jp; Tel.: +81-29-861-8261

check for
Received: 9 April 2019; Accepted: 26 April 2019; Published: 30 April 2019 updates

Abstract: The Cs-promoted Ru nanocatalysts supported on mesoporous carbon materials (denoted as
Cs-Ru/MPC) and microporous activated carbon materials (denoted as Cs-Ru/AC) were prepared for
the sustainable synthesis of ammonia under mild reaction conditions (<500 °C, 1 MPa). Both Ru and
Cs species were homogeneously impregnated into the mesostructures of three commercial available
mesoporous carbon materials annealed at 1500, 1800 and 2100 °C (termed MPC-15, MPC-18 and
MPC-21, respectively), resulting in a series of Cs-Ru/MPC catalysts with Ru loadings of 2.5-10 wt %
and a fixed Cs loading of 33 wt %, corresponding to Cs/Ru molar ratios of 2.5-10. However, the Ru
and Cs species are larger than the pore mouths of microporous activated carbon (shortly termed
AC) and, as a consequence, were mostly aggregated on the outer surface of the Cs-Ru/AC catalysts.
The Cs-Ru/MPC catalysts are superior to the Cs-Ru/AC catalyst in catalysing mild ammonia synthesis,
especially for the 2.5Cs-10Ru/MPC-18 catalyst with a Ru loading of 10 wt % and a Cs/Ru ratio of 2.5,
which exhibited the highest activity across a wide SV range. It also showed an excellent response
and stability during cycling tests over a severe temperature jump in a short time, presumably due to
the open mesoporous carbon framework and suitable surface concentrations of CsOH and metallic
Ru species at the catalytically active sites. This 2.5Cs-10Ru/MPC-18 catalyst with high activity,
fast responsibility and good stability has potential application in intermittently variable ammonia
synthesis using CO;-free hydrogen derived from electrolysis of water using renewable energy with
fast variability.

Keywords: sustainable ammonia synthesis; ruthenium; caesium; porous carbons; renewable hydrogen

1. Introduction

The latest U.S. Energy Information Administration (EIA) report has projected that the world
energy consumption will grow by 28% between 2015 and 2040 due to a continuous increase in human
population and improvement in living standards [1]. Fossil fuels will contribute to more than 75% of
the energy required through 2040; the inevitable consequence is that large amounts of greenhouse
gases (GHGs), especially carbon dioxide (CO;) and particulate matter, would be produced, causing
global warming, air pollution and extreme climates. To create a sustainable society with a low carbon
economy for future generations, the Paris agreement was adopted in 2015. Its major objective is to limit
the increase of global temperature below 2 °C above the pre-industrial levels or if possible, to less than
1.5 °C [2]. Following up on the Paris agreement, Japan promised to reduce 26% of its CO, emissions by
2030 as compared to those in 2013 and further reduce them by 80% by 2050 as part of its long-term
plan [3]. This ambitious goal has motivated scientific research and industrial development in the fields
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of new energy resources, such as carbon dioxide (CO;)-free hydrogen and energy-effective processes to
build a low-carbon society [4]. CO,-free hydrogen can be synthesized by the electrolysis of water using
renewable electricity, decomposition of methane combined with carbon capture and storage (CCS)
techniques or other well-known methods [5,6]. However, hydrogen is difficult to store, transport and
utilize due to its very low boiling point (—252.8 °C), high flammability and price (particularly when
hydrogen is produced by renewable energy). These technical problems have hindered the extensive
use of hydrogen, especially renewable hydrogen, as a primary energy source.

The incorporation of hydrogen in chemical compounds that can be easily stored, transported and
utilized, the so-called hydrogen carriers, is an alternative method to preserve and utilize hydrogen
with a high level of safety and security. Ammonia of high hydrogen content (17.6 wt %) and a
relatively high boiling point (=33 °C at the standard condition) is a promising hydrogen carrier [7-10].
The ammonia industry, which had a production capacity of 140 million tons in 2018, is a mature
industry with vast infrastructure for the production, storage, transportation and utilization, especially
in agriculture and fine chemical chains [11]. However, ammonia is conventionally synthesized by the
Haber-Bosch process using Fe;04-K-Al,O3-based catalysts under severe reaction conditions (>450 °C
and 20 MPa), which consumes around 1%—2% of the global energy and releases a massive amount
of CO, (1.2 ton CO; per ton of NH3) [12-14]. Recent studies mainly aim at sustainable ammonia
synthesis, catalysed by novel nanostructured materials with enhanced energy efficiency and durability
and a reduced carbon footprint under mild conditions using renewable hydrogen as a feedstock.
Pioneering works by the Ozaki and Aika research groups and other renowned research groups
demonstrated that activated carbon-supported Ru catalysts were superior to conventional Fe-based
catalysts in catalysing ammonia synthesis, especially when mild reaction conditions were used [15-21].
An advanced ammonia synthesis reaction with enhanced energy efficient catalysed by a graphitized
carbon-supported Ru-based catalyst was commercialized by Kellogg Brown Root (KBR) in the 1990s;
this is the so-called Kellogg Advanced Ammonia Process (KAAP) [22]. The activity of Ru-based
catalysts for mild ammonia synthesis can be further improved by the addition of promoters, such as Ce
and Ba, or by using new supporting materials with tuneable electronic and structural properties such
as the oxides of alkaline, rare-earth elements and transition metals, novel electrolytes and mesoporous
carbons with open structures [23-32]. For example, Ru catalysts supported on PryO3 [23] and a
composite material of Lag5Cep50;1.75 [24] exhibited a higher activity for mild ammonia synthesis
than conventional Ru-based catalysts. Novel materials of 12Ca0O-7Al,03 and Ba-doped Ca(NH;),
could be used as supporting materials to fabricate next-generation Ru catalysts for mild ammonia
synthesis [25,26]. The recent study further demonstrated that the composite materials of K/Ru/TiO_,Hx
were effective in sustainable ammonia synthesis using a solar thermal approach under atmospheric
pressure [27]. On the other hand, Cs- and Ba-promoted Ru catalysts supported on microporous
carbons with enhanced activity have also been reported for the mild synthesis of ammonia [28-31].
The microporous carbon-supported Cs-promoted Ru catalysts might be suitable for sustainable
ammonia synthesis using a water-rich hydrogen feedstock derived from electrolysis of water powered
by renewable energy whereas the deactivation was observed for the Ba-promoted counterparts [32].
However, homogeneous impregnation of nanosized Ru particles into microporous carbons with small
pore mouths is a difficult task. The recent study found that the activated carbon-supported Ru catalyst
was deactivated seriously during ammonia synthesis due to the sintering of surface Ru particles [33].
This deactivation process can presumably be avoided by replacing activated carbon with mesoporous
carbon materials with an open-pore structure at the nanoscale; these mesopores are expected to firmly
confine nanosized Ru particles. In addition, mesoporous carbon materials are superior to the analogues
of silica and alumina in ammonia synthesis due to their higher electronic properties and structural
stability under the reaction conditions [34—43]. In this study, a series of mesoporous carbon-supported
Cs-Ru nanocatalysts with different pore structures and graphite crystallinities were prepared for
energy efficient and intermittently variable ammonia synthesis under mild conditions (280450 °C
and <1 MPa); their performance was contrasted with that of a microporous carbon-supported Cs-Ru
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catalyst. We paid special attention to the influence of the structures of mesoporous carbon supports
and the catalytically active sites on the performance of the prepared Cs-Ru catalysts with various Ru
loadings and Cs/Ru ratios for mild ammonia synthesis. In addition, ammonia synthesis with rapid
changes in the reaction conditions, such as reaction temperature and a wide space velocity (SV) range,
was analysed to evaluate the catalytic performance of the prepared Cs-Ru catalysts. Such study is
crucial for analysing their potential in intermittently variable ammonia synthesis, where CO,-free
hydrogen derived from water electrolysis powered by renewable energy can be used.

2. Results and Discussion

2.1. Characterizations

Figures 1 and 2 show the X-ray diffraction (XRD) patterns and N; adsorption-desorption isotherms
of the carbon supports and prepared Cs-Ru catalysts, respectively. In the diffraction patterns of the
three MPC supports, several peaks were observed at 25.8°, 26.4°, 42.5°, 53.5° and 77.6°, corresponding
to graphite (PDF card number: 9008568). With an increase in annealing temperature, all the diffraction
peaks increased to higher values and that of the (002) plane split into two peaks at 25.8° and 26.4°, owing
to the growth and crystallization of the mesoporous carbon framework through the heterogeneous
graphitization of turbostratic and graphitic structures [44]. In contrast, the AC support exhibits no
diffraction peaks in the wide-angle region, suggesting that the carbon framework is amorphous in
nature. The N; physisorption data of the three MPC supports exhibit a classical type IV isotherm with
a wide hysteresis loop in a relatively large P/Pj range of 0.5-0.9, corresponding to large mesoporous
structures. Meanwhile, the AC support exhibits a classical type I isotherm with no hysteresis loop at
relatively high P/P regions, indicating the presence of microporous structures with pores smaller than
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Figure 1. Wide-angle X-ray diffraction (XRD) patterns of (A) carbon materials—(a) AC,
(b) MPC-15, (c) MPC-18 and (d) MPC-21 and (B) the prepared Cs-Ru catalysts—(e) 2.5Cs-10Ru/AC,
(f) 2.5Cs-10Ru/MPC-15, (g) 10Cs-2.5Ru/MPC-18, (h) 5Cs-5Ru/MPC-18, (i) 2.5Cs-10Ru/MPC-18 and (j)
2.5Cs-10Ru/MPC-21. The “asterisk” peaks are associated with the carbon materials. The peaks of
samples (d) and (j) are enlarged and inserted in Figure 1A,B, respectively.

In the case of the prepared Cs-Ru catalysts, the amount of nitrogen uptake decreased, and the
diffraction peaks associated with the graphite structure weakened, indicating that the mesoporous
carbon framework is slightly influenced by the thermal treatment used for impregnation. A series
of diffraction peaks gradually appear with an increase in the Ru loading, which is associated with
the formation of crystalline RuO, species (PDF card number: 1,000,058). However, no diffraction
signals corresponding to the Cs species can be found in the wide-angle XRD patterns. The size of the
RuO; crystallites is too small to be estimated from their diffraction peaks using Scherrer’s equation.



Catalysts 2019, 9, 406 4 of 21

This suggests that the Ru and Cs precursors thermally decomposed into nanosized RuO, particles
with low crystallinity (<ca. 5 nm) and amorphous Cs species, respectively, on the carbon materials.
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Figure 2. N, adsorption-desorption isotherms of (A) carbon materials—(a) AC, (b) MPC-15, (c) MPC-18
and (d) MPC-21 and (B) the prepared Cs-Ru catalysts—(e) 2.5Cs-10Ru/AC, (f) 2.5Cs-10Ru/MPC-15,
(g) 10Cs-2.5Ru/MPC-18, (h) 5Cs-5Ru/MPC-18, (i) 2.5Cs-10Ru/MPC-18 and (j) 2.5Cs-10Ru/MPC-21.

High-resolution transmission electron microscope (HRTEM) and high-angle annular dark-field
scanning transmission electron microscopy-scanning transmission electron microscopy (HAADF-STEM)
analyses were performed to understand the microstructure of the prepared Cs-Ru catalysts and the
sizes and size distributions of Ru and Cs species; the results are compared with those of carbon
materials. The MPC supports contain many graphite grains which aggregate to form mesoporous
carbon framework with open-pore structure, whereas the AC support contained large aggregates with
an amorphous structure and no visible mesopores (Figure S1, electronic supplementary information
(ESI)). In the case of the prepared Cs-Ru/MPC catalysts, the HRTEM images in Figure 3b—d show that
the dark spots of nanosized RuO; particles—ca. 2-3 nm in size—are uniformly impregnated into the
mesoporous carbon framework with open-pore structure and the influence of the impregnation is
hardly found. It should be noted that the dark spots observed in the HRTEM images are mostly Ru
particles as supported by the HAADF images (the bright spots in Figures 52-54, ESI). The size and size
distribution of nanosized RuO, particles increased slightly in the 2.5Cs-10Ru/MPC-21 catalyst, probably
due to the decrease in surface area and porosity at high annealing temperatures. The HAADF-STEM
images further show that the Cs species are also impregnated into the mesoporous carbon framework
and they are presumably accumulated near to nanosized Ru particles (Figures S2-54, ESI). Microporous
carbon-supported Cs-Ru catalysts also contain nanosized RuO; particles with a narrow size distribution;
these particles are surrounded by the Cs species (Figure 3a and Figure S5 (ESI)). However, the Ru
particles on the 2.5Cs-10Ru/AC catalyst are close to each other, suggesting that they are presumably
impregnated on the outer surface of the AC support.
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Table 1. Structural properties of carbon materials and the as-prepared Cs-Ru catalysts.

Samples CS/RH Molar Ratio Ru Loading (Wt o/o) SBET V":l;otal . V;V[icrg. \ V3I\/Ie5(i. \ Pore Size
(Expected) ! (Solid)2  (Expected)!  (Solid)2 (m*g™) (m’g™H)  (m’g™hH? (m’g™h (nm)

AC - - - - 1260 0.62 0.51 0.11 1.6
MPC-15 - - - - 1180 2.94 0.55 2.39 5.8
MPC-18 - - - - 930 2.29 0.37 1.92 5.1
MPC-21 - - - - 270 1.28 0.11 1.17 6.8
2.5Cs-10Ru/AC 25 1.3 10 13.4 580 0.30 0.24 0.06 1.6
2.5Cs-10Ru/MPC/15 25 1.1 10 13.7 680 1.81 0.27 1.54 5.8
2.5Cs-10Ru/MPC-18 25 1.1 10 13.8 430 1.33 0.17 1.16 5.8
5Cs-5Ru/MPC-18 5.0 2.1 5.0 8.1 440 1.40 0.18 1.22 5.8
10Cs-2.5Ru/MPC-18 10 3.7 25 48 500 1.52 0.20 1.32 5.8
2.5Cs/MPC-18 - -5 - - 580 1.71 0.23 1.48 5.8
10Ru/MPC-18 - - 10 11.3 800 1.84 0.32 1.52 5.1
2.5Cs-10Ru/MPC-21 2.5 1.1 10 13.4 110 0.58 0.04 0.54 7.3

50f21

! Theoretical Cs/Ru molar ratios and Ru loadings, which were based on the carbon content. 2 The Cs and Ru loadings in solids were measured by EA and XRF methods. 3 Microporous
pore volume (Vpicro) was calculated using the Dubinin-Astakhov (DA) plot and the «s-plot method. 4 Mesoporous pore volume (Vyfeso) Was calculated as Vrrotal = Viticro- 5 The Cs loading

was 32.4 wt % according to the EA and XRF method.
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The structural properties of the carbon materials and the corresponding Cs-Ru catalysts are listed
in Table 1. The AC support has a high surface area (Sger = 1260 m? g™!) and a moderate pore volume
(Votal = 0.62 cm?® g_l), which is mostly related to its microporous structure. In contrast, the MPC
supports with mesopores 5-7 nm in size have surface areas of 270-1180 m? g~! and pore volumes
of 1.28-2.94 cm® g™, respectively; such reduced values can be attributed to the growth of graphite
structures as the annealing temperature increased. In the prepared Cs-Ru/MPC catalysts, the overall
surface area and pore volume decreased upon impregnation; further, the size of the mesopores also
varied. In contrast, the pore sizes of AC and 2.5Cs-10Ru/AC are nearly unchanged, which suggests that
the Cs and Ru species are mainly impregnated on the outer surface of the AC support. The elemental
analysis of carbon, hydrogen and nitrogen (CHN) and the X-ray Fluorescence (XRF) data show that Cs
and Ru are indeed impregnated on the MPC and AC supports; however, the Ru loadings and Cs/Ru
molar ratios in the fresh samples are slightly different from those of the recipes. It indicates that the
compositions and chemical environments of the prepared Cs-Ru catalysts are presumably affected by
their nature upon impregnation; however, they are hardly estimated by conventional techniques of
CHN elemental and XRF analyses, which are similar to the literature reports [45,46].
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Figure 3. HRTEM images and Ru particle size distributions of freshly prepared catalysts. (a) 2.5Cs-10Ru/
AC, (b) 2.5Cs-10Ru/MPC-15, (c) 2.5Cs-10Ru/MPC-18 and (d) 2.5Cs-10Ru/MPC-21.

By analysing more than 100 particles in the HRTEM images, the RuO; size and size distribution
in 2.5Cs-10Ru/AC, 2.5Cs-10Ru/MPC-15, 2.5Cs-10Ru/MPC-18 and 2.5Cs-10Ru/MPC-21 were found to
be (1.6 £ 0.4) nm, (1.9 £ 0.6) nm, (2.1 + 0.4) nm and (3.2 + 0.8) nm, respectively; they were found to be
inversely proportional to the surface area of the carbon support and Ru loading (Table 2). The HRTEM
analysis is consistent with the XRD study, which previously indicated that the RuO, sizes of the
prepared Cs-Ru catalysts should be smaller than 5 nm. The prepared Cs-Ru catalysts with reduction
pre-treatment at 450 °C were further studied using the CO chemisorption and CO,-TPD methods.
Noted that the reduction pre-treatment was carried out by the same procedure as described in the mild
ammonia synthesis. The sizes of metallic Ru nanoparticles calculated by the CO chemisorption method
are similar to those by the HRTEM analysis, except the 2.5Cs-10Ru/AC catalyst. The uptakes of CO, over
the prepared Cs-Ru/MPC-18 catalysts are around 2.4-2.7 mmol g~!, which values are smaller than that
of the 2.5Cs/MPC-18 catalyst and larger than that of 2.5Cs-10Ru/AC catalyst. In combination with CO
chemisorption, CO,-TPD analysis and several characterizations as aforementioned, it can be suggested
that nanosized RuO; particles partially laid on the Cs species can be homogeneously impregnated
into the mesoporous carbon framework of MPC supports and they can be reduced to corresponding
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Ru metals with similar sizes after the reduction pre-treatment. In contrast, the sintering of Ru and
Cs species is presumably occurred for those supported on the AC support with microporous carbon
framework, suggesting that the Ru and Cs species in the 2.5Cs-10Ru/AC catalyst with microporous
carbon framework are relatively unstable.

2.2. Temperature-Programmed Studies

The TPR technique was employed to analyse the compositions and chemical environments of the
prepared Cs-Ru catalysts and their nature (i.e. reducibility, activation, stability, etc.) in the reduction
atmosphere at ambient pressure. The TPR profiles recorded by TCD are shown in Figure 4A and
those recorded by MS are shown in Figure 4B-F) and Figures 510 and S11 (ESI). The TPR profiles of
ruthenium oxide (RuO,), MPC-18, 10Ru/MPC-18 and 2.5Cs/MPC-18 as the reference materials were
also measured using the same procedures (Figures S6-59, ESI). No signals could be observed in the
MPC-18 sample, suggesting that the unimpregnated mesoporous carbon framework does not react in
the reduced environment [47]. A one-step reduction of RuO, to metallic Ru (Equation (1)) on the RuO,
standard and the 10Ru/MPC-18 sample was observed at temperature below 200 °C [19].
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Figure 4. (A) Temperature-programmed reduction equipped with a thermal conductivity detector
(TPR-TCD) and (B-F) temperature-programmed reduction equipped with a mass spectrometer
(TPR-MS) profiles of freshly prepared catalysts. (a) 2.5Cs-10Ru/AC, (b) 2.5Cs-10Ru/MPC-15,
(c) 2.5Cs-10Ru/MPC-18 and (d) 2.5Cs-10Ru/MPC-21.

This result once again suggests that RuO; is formed over the 10Ru/MPC-18 sample by the thermal
decomposition of the Ru precursor in an N, atmosphere, which is consistent with the XRD and HRTEM
studies. It should also be noted that the reduction of RuO, over the 10Ru/MPC-18 sample was observed
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at relatively low temperatures (ca. 100 °C), suggesting that the nanosized RuO; species can be easily
dispersed on the MPC-18 support and its size is smaller than that of the bulk RuO, standard. On the
other hand, small amounts of CHs and H;O are gradually formed over the 10Ru/MPC-18 sample
in the temperature range of 200-700 °C; this is accompanied by a continuous consumption of small
amounts of hydrogen. This observation might be attributed to the methanation of surface oxygenated
groups, such as carboxylic acid (-COOH) or carbonyl (-CO) catalysed by the metallic Ru species in
the reduction atmosphere to form the clean surface of carbon materials (Equation (2)) [19]. Noted
that those superficial oxygenated compounds are presumably formed by surface reaction of nitrate
ions and carbon species during the impregnation of Ru(NO)(NOj3)3. These gas molecules were only
observed by reduction of freshly prepared Cs-Ru catalysts in our study and they were undetectable in
the subsequent ammonia synthesis, which will be discussed hereafter. In the industry, the Ru-based
catalysts are usually activated at 400-500 °C, which is close to the temperature region of the TPR
study as mentioned previously. It speculates that the activation of the Ru-based catalysts used in
the ammonia synthesis is not only to form metallic Ru species as the catalytically active sites but
also to make metallic Ru species contact with graphite structure of clean surface more. When the
temperature is higher than 600 °C, thermal decomposition of the mesoporous carbon framework occurs
over 10Ru/MPC-18 and consequently a large amount of CO is formed (Equation (3)) [48]. Similar
phenomena are observed for other Cs- and Ru-containing samples, suggesting that the stability of
carbon supports in the presences of Cs and Ru species is up to ca. 600 °C under a reduced atmosphere.

RuO,(s) + 2Hy(g) — Ru(s) + 2H,O(g) €))
C(s)-COOH + 4H;(g) — C(s)-H + CHy(s) + 2H,O(g) 2)
C(s)-C=0 + 0.5H;(g) — C(s)-H + CO(g) 3)

In the 2.5Cs/MPC-18 sample, desorption of physically adsorbed H,O and CO, was observed at ca.
100 and 160 °C, respectively. The decomposition of Cs;(CO3) in the presence of Hj to form CsOH and
CO; (Equation (4)) occurred at 350-550 °C [49]. When the temperature was higher than ca. 420 °C,
CO and H;O were formed accompanied by a continuous decrease in hydrogen; however, CH; was
not present. This result might be attributed to the decomposition of surface carboxylic groups on the
mesoporous carbon framework. The reaction is catalysed by CsOH species in the reduced atmosphere
(Equation (5)). It implies that the Cs species might take part in making clean surface of carbon supports,
which are able to contact firmly with metallic Ru species after the activation process as mentioned
above. Similarly, CO is formed due to the thermal decomposition of mesoporous carbon framework at
higher temperatures (Equation (3)).

Cs,(CO3)(s) + Ha(g) — 2CsOH(s) + COx(s) 4)

C(s)-COOH + Hj(g) — C(s)-H + CO(g) + H,O(g) 5)

The TPR-TCD and TPR-MS profiles of the prepared Cs-Ru catalysts can be divided into three
parts—a, p and y regions in the temperature ranges of 50-200 °C, 200-550 °C and 550-800 °C,
respectively. The positive TCD signal centred at ca. 120-130 °C is due to the reduction of RuO, to
metallic Ru species (Equation (1)); this observation is also supported by the MS signals (e in Figure 4B
and «g3 in Figure 4D corresponding to RuO;(s) + 2H(g) — Ru(s) + 2H,0O(g) (Equation (1), also see
Table S1, ESI)). Compared with the 10Ru/MPC-18 sample, the reduction temperatures of RuO, over the
prepared Cs-Ru catalysts shift to higher values, suggesting that the Ru and Cs species co-existed in the
mesoporous carbon framework are strongly interacted. Note that the baselines of the TPR-TCD profiles
in the « region are slightly different. The MS signals marked as &, (ca. 90 °C) in Figure 4D and oy
(120-160 °C) in Figure 4F indicate that the variation in baselines is due to the desorption of physically
adsorbed H,O and CO, from the prepared Cs-Ru catalysts, respectively (also see Table S1, ESI). On the
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other hand, CHy is visible in the case of the 2.5Cs-10Ru/MPC-15 and 2.5Cs-10Ru/MPC-18 catalysts with
relatively high surface area and porosity, presumably due to the decomposition of ethanol residues
trapped in the mesopores.

In the 3 region, S-shaped curves (Figure 4A,B), associated with a balance between several surface
reactions involving Hj production (3 in Figure 4B) and consumption (3, in Figure 4B), can be observed.
When the temperature is lower than ca. 420 °C, corresponding to a MS signal of H, production in
the 31 region, CH, (marked as (33 in Figure 4C), CO (marked as (35 in Figure 4E) and CO, (marked as
¢ in Figure 4F) are formed; at the same time, a small amount of H,O can be observed (Figure S11,
ESI). The increase in Hy concentration in the downstream is presumably due to the desorption of Hj
molecules previously adsorbed on metallic Ru particles during the TPR process (Equation (6)) [50].
A large amount of CHy is formed over the prepared Cs-Ru catalysts, indicating that the dissociation
of H, and subsequent methanation of surface oxygenated groups can be facilitated in the presences
of Cs and Ru species (Equation (2)). Similarly, CO is largely formed due to the decomposition of
surface carboxylic groups before methanation (Equation (5)). It is to be noted that the amounts of CHy
and CO decreased upon increasing the annealing temperature whereas their signals shift to higher
temperature regions, particularly for the 2.5Cs-10Ru/MPC-21 catalyst. It is a fact that the amount
of surface oxygenated groups on the MPC-21 support is low due to its high annealing temperature.
On the other hand, CO,, which is a co-product of the decomposition reaction of Cs,(CO3) to form
CsOH in the presence of H, (Equation (4)), gradually moved towards lower temperature regions for
the 2.5Cs-10Ru/MPC-18 and 2.5Cs-10Ru/MPC-21 catalysts. It is presumable that this reaction was
facilitated by the Cs and Ru species impregnated on mesoporous carbons with a highly crystalline
graphite structure. These observations further assume that the activation of the prepared Cs-Ru
catalysts in ammonia synthesis is associated with adsorption of Hy molecules on the metallic Ru
species, spillover to the interfaces of Ru, Cs and C species and consequently to form active phases of
metallic Ru species and CsOH species close to each other on the clean surface of graphite structure.
We are currently conducting more surface characterization research using the diffuse reflectance
infrared Fourier transform (DRIFT) and extended X-ray absorption fine structure (EXAFS) techniques
to prove this assumption and the results will be discussed in our future reports. On the other hand,
CH,4 (marked as 34 in Figure 4C), corresponding to the (3; region in Figure 4B gradually moved to
higher temperature regions upon increasing the annealing temperature, especially in the case of the
2.5Cs-10Ru/MPC-21 catalyst. This is another indication that the surface oxygenated groups on MPC-21
hardly converted to CHy due to the high annealing temperatures it is subjected to.

Ru-* + H, &5 2Ru-H 6)

In the y region, an intense MS signal corresponding to CO could only be observed up to ca. 800 °C
(Figure 4E), which temperature shifts to higher regions by increasing the annealing temperatures
of MPC samples. This is another indication that the mesoporous carbon framework with its higher
annealing temperature contain relatively low amounts of surface oxygenated groups and thus it is
highly stable when subjected to thermal treatment in the reduced atmosphere [48].

Ammonia synthesis over the prepared Cs-Ru catalysts was further examined by the
temperature-programmed method at ambient pressure. A mixed gas of N, and Hy (H,/N, ratio = 3,
flow rate = 30 mL min~') was used as a feedstock. The ramp rate was kept at 5 °C min™! up
to 800 °C. Prior to the temperature-programmed measurement, freshly prepared samples (around
50 mg) were reduced by a H; flow (50 mL min~1) at 450 °C, followed by cooling to 100 °C under
an atmosphere of Ar (50 mL min~!). The results are shown in Figure 5, in comparison to those of
the 10Ru/MPC-18 and 2.5Cs/MPC-18 catalysts. For the Cs-Ru/MPC catalysts, ammonia could be
synthesized in the temperature range of 300-500 °C with maxima MS signals at around 380-390 °C
and methane was formed at the higher temperature region (>540 °C). The other gases, such as H,O,
CO and CO,, were not detectable under N, and H; atmosphere using in the temperature-programmed
measurement. In contrast, ammonia synthesis over the 10Ru/MPC-18 catalyst was observed at high
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temperature region (>450 °C) whereas no ammonia was detectable for the 2.5Cs/MPC-18 catalyst.
The results speculate that nanosized Ru metals impregnated in the mesoporous carbon materials
are active in ammonia synthesis and the addition of Cs as the promoter was necessary to carry out
mild ammonia synthesis. The 2.5Cs-10Ru/AC catalyst could only catalyse ammonia synthesis at high
temperature region (350-550 °C) and the signal of ammonia was significantly weakened, indicating
that the 2.5Cs-10Ru/AC catalyst with microporous carbon framework was inefficient in mild ammonia
synthesis. Besides, methane over the 2.5Cs-10Ru/AC catalyst was formed at relatively low temperature
region (<390 °C), suggesting that ammonia synthesis and methane formation over the 2.5Cs-10Ru/AC

catalyst compete each other.
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Figure 5. (A) TPR-TCD profile, (B) TPR-MS profile recorded by a m/z ratio of 13, and (C) TPR-MS
profile recorded by a m/z ratio of 17 for the ammonia synthesis over freshly prepared catalysts.
(@) 2.5Cs-10Ru/AC, (b) 2.5Cs-10Ru/MPC-15, (c) 2.5Cs-10Ru/MPC-18, (d) 2.5Cs-10Ru/MPC-21, (e) 10Ru/

MPC-18 and (f) 2.5Cs/MPC-18.
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2.3. Mild Ammonia Synthesis

Ammonia synthesis on the prepared 2.5Cs-10Ru catalysts with different porosities and
graphite-structure crystallinities was carried out in a stainless-steel fixed-bed reactor under mild
conditions (280450 °C and <1 MPa) at an SV value of 9000 h~!. The Ru loading and Cs/Ru molar ratio
were kept at 10 wt % and 2.5, respectively. The downstream flow was analysed using an online GC-TCD
instrument after a specific reaction time, where ammonia as a product was detected in addition to Np
and H; molecules. Noted that the prepared Cs-Ru catalysts were reduced at 450 °C for 2 h at an SV
value of 10,000 h~! using a pure H, flow prior to the ammonia synthesis. Similar to the TPR study,
several gas molecules (H,O, CO, CO,, CH,4) were present in the downstream of the catalyst bed during
this activation process but they were undetectable during the ammonia synthesis. It suggests once
again that the activation process is to produce metallic Ru and CsOH species as the catalytically active
sites on the clean surface of carbon supports, which should be stable under the reaction conditions as
aforementioned, through several surface reactions as discussed in the TPR study. Figure 6 shows that
the rate of ammonia synthesis over the Cs-Ru catalysts was influenced by the reaction temperature
and the type of carbon material used as the supporting material. The rates of ammonia synthesis
over 2.5Cs-10Ru/AC, 2.5Cs-10Ru/MPC-15, 2.5Cs-10Ru/MPC-18 and 2.5Cs-10Ru/MPC-21 reached their
maximum values of 2.2 mmol g_1 h~! at 400 °C, 8.1 mmol g_l h~! at 370 °C, 10.2 mmol g_l h~! at
360 °C and 7.3 mmol g~! h~! at 360 °C, respectively; however, the rates decreased beyond these
temperatures as the reverse reaction of ammonia decomposition can occur rapidly [51]. The three
mesoporous 2.5Cs-10Ru/MPC catalysts yielded higher rates for ammonia synthesis at lower reaction
temperatures, in comparison to the microporous 2.5Cs-10Ru/AC catalyst. The HRTEM images show
that the Ru particle sizes and size distributions in the used 2.5Cs-10Ru/MPC catalysts are akin to those
of fresh samples, whereas the 2.5Cs-10Ru/AC catalyst is unstable and large Ru crystallites (>10 nm) can
be seen (Figure S12, ESI), which is consistent with the study of CO chemisorption. Previous studies
demonstrated that Ru clusters, 1.8-3.5 nm in diameter, are rich in surface steps or B5 sites, which are
defined as highly active structures for ammonia synthesis [52]. Moreover, the promoter of Cs preferable
in the form of the CsOH species, is presumably present at the vicinity of the Ru surface, at which the
N, dissociation as the rate determining step of ammonia synthesis can be facilitated [53]. The present
study further demonstrates that mesoporous carbon materials are suitable supporting materials for the
homogeneous dispersion of nanosized Cs and Ru species, which give strong synergetic properties
and stability in ammonia synthesis and the molecular diffusion through these open mesoporous
structures can be facilitated. In contrast, sintering of Ru particles over the 2.5Cs-10Ru/AC catalyst is
observed (Figures S5 and 512), indicating that the Cs and Ru species are too big to be impregnated
inside the microporous framework and their synergetic effect is suppressed due to serious deactivation
by aggregation. This result is supported by the XRD pattern, which shows that large Ru® particles
(ca. 20 nm) were formed in the used 2.5Cs-10Ru/AC catalyst (Figure S13).

The influence of Ru loading (2.5-10 wt %) on the activity of the prepared Cs-Ru/MPC-18 catalysts
with a Cs loading of 33 wt % and Cs/Ru molar ratio in the range of 2.5-10 during ammonia synthesis
was studied. The reaction conditions were 280450 °C and 0.99 MPa at 9000 h~!. Figure 7 shows that the
rate of ammonia synthesis over Cs-Ru/MPC-18 catalyst is negatively related to the Ru loading whereas
the reverse is true for the corresponding reaction temperature. Once again, the 2.5Cs-10Ru/MPC-18
catalyst with a Ru particle size of 2.4 nm calculated by the CO chemisorption method results in
the highest activity. The other two catalysts, 5Cs-5Ru/MPC-18 and 10Cs-2.5Ru/MPC-18, with their
smaller Ru particles result in relatively low rates of ammonia synthesis at relatively high temperatures,
probably due to a decrease in the number of B5 sites when the Ru size is lower than 2 nm [54].
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Figure 6. Rate of ammonia synthesis as a function of reaction temperature over the prepared Cs-Ru
catalysts at an SV value of 9000 h™?.
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Figure 7. Rate of ammonia synthesis as a function of Ru loading over Cs-Ru/MPC-18 catalysts.

The correlation between the Ru size, the rate of ammonia synthesis and the TOF value as a function
of surface Ru concentration over the prepared Cs-Ru/MPC catalysts is further discussed. The Ru sizes
in the metallic state were determined by the CO chemisorption method. Figure 8a shows that the Ru
sizes of the Cs-Ru/MPC catalysts are increased almost linearly from 1.3 nm to 2.5 nm by increasing the
surface Ru concentration to 3.2 pmol m~2 and slightly increased to 3.7 nm at a high Ru concentration
of 12 umol m~2. Nano-sized Ru particles in the 1-4 nm region can be easily impregnated on the
MPC supports in a wide range of surface Ru concentration and its sizes are highly associated with
the Ru loading and the structural property of mesoporous carbon framework. However, the surface
Cs concentration has no significant influence on the Ru sizes of prepared catalysts, particularly for
10Rw/MPC-18 and 2.5Cs-10Ru/MPC-18. The correlation between the rate of ammonia synthesis and
the surface Ru concentration forms a volcano-shape curve for the prepared Cs-Ru/MPC catalysts
(Figure 8b). The 2.5Cs-10Ru/MPC-18 catalyst with a surface Ru concentration of 3.2 pmol m~2 and a Ru
size of 2.4 nm gives the highest rate of ammonia synthesis, similar to the discussion aforementioned.
The rate of ammonia synthesis over the 10Ru/MPC-18 catalyst with a surface Ru concentration of
1.4 pmol m™2 and a Ru size of 2.1 nm is significantly reduced by ca. 80% and the 2.5Cs/MPC-18
catalyst is inactive in ammonia synthesis (Figure 514, ESI). It is another evidence that the co-existing Ru
and CsOH impregnated on the mesoporous carbon framework give the synergetic effect in ammonia
synthesis, which can be maximized by optimizing the structural parameters of surface Ru concentration
(~3.2 umol m~2), Ru size (2.4 nm) and surface Cs/Ru ratio (~1). Regarding to the other Cs-Ru/MPC
catalysts, the rates of ammonia synthesis are reduced, presumably due to an improper combination
of Ru size, surface Ru concentration and surface Cs/Ru ratio. Nevertheless, the TOF values over the
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prepared Cs-Ru/MPC catalysts remain nearly unchanged (Figure 8c), presuming that the B5 sites of
nanosized Ru particles impregnated on the CsOH-containing mesoporous carbon frameworks are
fully accessible. In contrast, the 2.5Cs-10Ru/AC catalyst gives a low rate of ammonia synthesis and a
small TOF value because the B5 sites were lost by the sintering of nanosized Ru particles on the outer
surface of CsOH-containing AC support and the molecular diffusion through the microporous carbon
framework is hindered.
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Figure 8. (a) The Ru size; (b) ammonia synthesis rate; and (c¢) TOF as a function of surface Ru
concentration over the prepared Cs-Ru/MPC catalysts, in comparison to those of 10Ru/MPC-18 and
2.5Cs-10Ru/AC catalysts.

For sustainable ammonia synthesis using CO;-free hydrogen as a feedstock, Ru-based catalysts
must be subjected to a short warm-up and shut-down period to cooperate with the variable production
rates of renewable hydrogen from electrolysis of water through intermittently available electricity,
such as wind and solar powers. The potential of the 2.5Cs-10Ru/MPC-18 catalyst for sustainable
ammonia synthesis was examined across a wide SV range and its performance was compared with
that of the 2.5Cs-10Ru/AC catalyst. Figure 9a shows that the rate of ammonia synthesis over the
2.5Cs-10Ru/MCP-18 catalyst was high and stable across an SV range of 3000-20,000 h~! and reaction
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temperatures in the range of 320-360 °C. Figure 10 further shows that the rate of ammonia synthesis over
the 2.5Cs-10Ru/MPC-18 catalyst can be quickly tuned within a short response time period (<30 min)
at a temperature jump of 60 °C for around 15 cycles. It can be said that the 2.5Cs-10Ru/MPC-18
catalyst has a high potential in sustainable ammonia synthesis using CO,-free hydrogen generated
from renewable energy resources. In comparison, the 2.5Cs-10Ru/AC catalyst exhibits lower activity
and leads to a larger variation in ammonia synthesis when the SV values change (Figure 9b). It also
suffers from a slow response time and low rate of ammonia synthesis when the reaction temperature is
quickly varied. The rate of ammonia synthesis varied after each temperature jump, implying that the
structure of the 2.5Cs-10Ru/AC catalyst might have changed during the reaction and it requires a long
activation time for ammonia synthesis.
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Figure 9. Rate of ammonia synthesis as a function of space velocity (SV) over the prepared Cs-Ru
catalysts: (a) 2.5Cs-10Ru/MPC-18 and (b) 2.5Cs-10Ru/AC.
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Figure 10. Intermittently variable ammonia synthesis over the prepared Ru-Cs catalysts: (a) 2.5Cs-10Ru/
MPC-18 and (b) 2.5Cs-10Ru/AC.



Catalysts 2019, 9, 406 15 of 21

Table 2. HRTEM image and gas chemisorption studied on the Ru and Cs species of the prepared Cs-Ru catalysts and their catalytic performances in ammonia synthesis.

Ru Size (nm) Ammonia Synthesis Activity
Samples Ru Conc. Cs Conc. CO, Uptake -

P (umol m~2) HRTEM 1 CO Chem. 2  (umol m-2) (mmol g-1) 3 Maximum Rate TOF

(mmol g1 h-1)4 (h—1)
2.5Cs-10Ru/AC 2.3 1.6+04 5.8 (16%) 3.0 1.6 2.2 (400) 10
2.5Cs-10Ru/MPC-15 2.0 19+0.6 2.5 (36%) 2.2 24 8.1 (370) 17
2.5Cs-10Ru/MPC-18 3.2 21+04 2.4 (40%) 3.5 24 10 (360) 19
5Cs-5Ru/MPC-18 1.8 1.6+0.3 1.6 (59%) 3.8 2.6 8.5 (380) 18
10Cs-2.5Ru/MPC-18 0.95 12+03 1.3 (79%) 35 2.5 6.2 (420) 17

2.5Cs/MPC-18 - - - 42 3.5 0 -

10Ru/MPC-18 14 21+06 2.1 (44%) - 0 2.0 (510) 4.0
2.5Cs-10Ru/MPC-21 12 32+08 3.7 (31%) 13 2.7 7.3 (360) 18

! Determined from the HRTEM images. 2 Determined from the CO chemisorption. The dispersion was shown in the parentheses. 3 Determined from the CO,-TPD measurement.
* The maximum rate of ammonia synthesis was determined from Figures 6 and 7. The corresponded temperature with a unit of Celsius degree (°C) was shown in the parentheses.
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3. Materials and Methods

3.1. Synthesis of Mesoporous Carbon Material-Supported Cs-Ru Catalysts

Mesoporous carbon materials (a series of commercial CNovel®P(3)010 products denoted as
MPC-xx) used in this study were prepared with a hard-template method at Toyo Tanso Co., Ltd., Osaka,
Japan and were used as received [55]. Here, “xx” represents the annealing temperature. In other
words, the notations MPC-15, MPC-18 and MPC-21 imply that their annealing temperatures were
1500, 1800 and 2100 °C, respectively. In a typical synthesis process, MPC-xx supports (1 g) were
dispersed in 70 mL of an ethanol solution (50%, v/v) containing 0.31 g of nitrosylruthenium(IIl) nitrate
(Ru(NO)(NO3)3), Ru assay = 31.4 wt %, Mitsuwa Chemicals Co., Ltd., Osaka, Japan) and slowly heated
to around 70-80 °C until the solvent evaporated completely. The resulting solids were calcined at
400 °C for 3hin N, at a ramp rate of 5 °C min~! to produce Ru-impregnated MPC-xx samples. Caesium
carbonate (Cs,(COs3), 0.40 g, Cs = 81.6 wt %, Alfa Aesar, Lancaster, UK) was then impregnated into the
Ru-impregnated MPC-xx samples by the same procedure as described above but without calcination.
Note that the Ru loading was varied at 2.5-10 wt % while the Cs loading was kept constant at 33 wt
% in the MPC-xx supports. The freshly prepared Cs-Ru catalysts were labelled as yCs-zRu/MPC-xx,
where y and z represent the Cs/Ru molar ratio and Ru loading, respectively. For example, the notation
2.5Cs-10Ru/MPC-18 signifies that mesoporous carbon material annealed at 1800 °C (namely MPC-18)
was impregnated with a Ru loading of 10 wt % at a Cs/Ru molar ratio of 2.5, corresponding to a Cs
loading of 33 wt % based on the carbon content.

3.2. Synthesis of Reference Catalysts

Microporous activated carbon (denoted as AC, product code HG15-119, Osaka Gas Chemical
Co., Ltd., Japan) was used as received and after mild thermal treatment at 500 °C for 3 h in an Hj
environment. Ru and Cs species were impregnated into the AC support using the same procedures
as described in the previous section. Thus, a 2.5Cs-10Ru/AC reference catalyst with a Ru loading of
10 wt % and a Cs/Ru molar ratio of 2.5 was prepared. Further, a 10Ru/MPC18 sample with a Ru loading
of 10 wt % and a 2.5Cs/MPC18 sample with a Cs loading of 33 wt % were also prepared for comparison.

3.3. Characterization

The specific surface area and porosity of the prepared catalysts were analysed by N, physisorption
on a BELSORP-max instrument (MicrotracBEL Corp., Osaka, Japan) at 77 K. The pore size distribution
(PSD) was calculated using the nonlinear density function theory (NLDFT) using a slit-pore model.
The crystallinity of the prepared catalysts was determined on a Rigaku MiniFlex600 diffractometer
(Tokyo, Japan) with Cu Ko radiation (A = 0.15418 nm) and operating at 40 kV and 15 mA. The Ru particle
size and size distribution were statistically analysed by high-resolution transmission electron microscopy
(HRTEM) on a TOPCON EMO002B instrument (Tokyo, Japan) operating at 120 kV. The microstructure
of the prepared Cs-Ru catalyst was captured and mapped using a FEI Tecnai Osiris instrument (Santa
Clara, CA, USA) equipped with an electron-dispersive X-ray spectroscopy (EDS) (Oregon, USA).
High-angle annular dark-field scanning transmission electron microscopy-scanning transmission
electron microscopy (HAADF-STEM) images were captured and analysed using the Bruker Esprit
software (Massachusetts, USA). Temperature-programmed reduction (TPR) measurements of the
prepared Cs-Ru catalysts were recorded on a BELCATII instrument equipped with a thermal conductive
detector (TCD) and a BELMass mass spectrometer (MS) (MicrotracBEL Corp., Osaka, Japan). Freshly
prepared samples were finely packed in a quartz tube and connected to the BELCATII instrument;
purging was carried out with a standard gas of 5% H, in Ar at a flow rate of 30 mL min~! until the
TCD signal was stable. The TPR-TCD and TPR-MS profiles were recorded without using a molecular
sieve at the downstream in the temperature range of 50 to 800 °C at a ramp rate of 5 °C min~.
The temperature-programmed desorption of carbon dioxide (CO,-TPD) of the prepared Cs-Ru catalysts
were also measured by a BELCATII instrument. Before the CO,-TPD measurement, freshly prepared
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samples were reduced at 450 °C for 2 h, followed by purging with an Ar flow (50 mL min~!) until the
temperature was decreased to 50 °C. The reduced samples were then treated by a mixed gas of 10%CO,
in Ar (50 mL min~!) at 50 °C for 30 min, followed by purging with an Ar flow (50 mL min~1) until the
TCD signal was stable. The uptakes of CO, over the reduced samples were calculated by the CO,-TPD
profiles recorded in the range of 50-800 °C at a ramp rate of 5 °C min~!. The pulse chemisorption
of carbon monoxide (CO) was determined by an Ohkura Riken R6015 instrument (Saitama, Japan).
For the pre-treatment, freshly prepared samples were reduced at 450 °C for 2 h, followed by purging
with an Ar flow (50 mL min~!) until the TCD signal was stable. After the pre-treatment, a sequential
pulse using a standard gas of 10%CO in He was injected to the reduced samples at 50 °C until no
CO was adsorbed. Carbon, hydrogen and nitrogen (CHN) elemental analysis was performed on a
PerkinElmer 240011 instrument (Massachusetts, USA). X-ray fluorescence (XRF) analysis was conducted
on a Rigaku EDXL300 instrument (Tokyo, Japan) to monitor the Ru and Cs contents in the prepared
and used Cs-Ru catalysts.

3.4. Mild Ammonia Synthesis

Typically, ammonia synthesis over the prepared Cs-Ru catalysts was carried out on a fixed-bed
reactor at mild reaction conditions (280-450 °C, <1 MPa). It is specially noted that high pressure gas
safety act of Japan has defined that “high pressure gas” is the pressure of the compressed gas equal to
or higher than 1 MPa at 35 °C [56]. In this study, we specifically carried out mild ammonia synthesis at
the reaction pressure of lower than 1 MPa using G1 grade N, and H; standard gases as feedstocks.
The Hy/Nj ratio in the feed gas was kept at 3. Typically, for ammonia synthesis, the prepared Cs-Ru
catalysts sandwiched in between quartz woods were finely packed in a quartz inlet and inserted
into a stainless-steel cylindrical reactor controlled by an automatic reaction test system (Taiyo system
Corp., Kanagawa, Japan). Prior to the reaction, the prepared Cs-Ru catalysts were reduced on-line
at 450 °C for 2 h using a H, flow (SV = 10,000 h™!). To start ammonia synthesis, a mixed gas of
hydrogen and nitrogen (H,/Nj ratio = 3) was fed and the downstream was quantitatively analysed
with an online Shimadzu gas chromatograph (GC-2014) equipped with a TCD detector and a column
of Thermon-3000 + KOH (2 + 2)% Sunpak-N 60/100 mesh (2.1 m length and 3.2 mm internal diameter,
Shinwa Chemical Industries Ltd., Kyoto, Japan). For intermittently variable ammonia synthesis, the
influence of SV (3000-20,000 h~!) was studied. Further, cycling tests of a temperature jump (ca. 60 °C)
were conducted to monitor the activities of 2.5Cs-10Ru/MPC-18 and 2.5Cs-10Ru/AC for mild ammonia
synthesis. The procedures for pre-reduction treatment and downstream analysis were the same as
described earlier. The SV value was kept constant at 9000 h~! during these processes. The heating and

cooling rates were maintained at 5 °C min~!.

4. Conclusions

Nanostructured Cs-Ru catalysts supported on mesoporous carbon materials with different
porosities and crystallinities of the graphite structure were prepared by a wet impregnation method
and thermal treatment in an inert atmosphere. The studies of CO chemisorption and HRTEM-HAADF
images showed that the prepared Cs-Ru/MPC catalysts contained nanosized Ru particles (around
2-3 nm) close to the Cs species, which were homogeneously impregnated inside mesoporous carbon
materials of different degrees of crystallinity, which in turn were influenced by the annealing
temperature. TPR studies showed that nanosized RuO, particles were formed in the mesoporous
pores of the prepared Cs-Ru/MPC catalysts and they could be reduced to metallic Ru particles at
around 100-200 °C—this reduction temperature was higher than the pure RuO, particles due to the
strong interaction between Cs and Ru species. Moreover, gaseous CO,, CH4 and CO were observed at
200-500 °C, corresponding to the activation temperature region for ammonia synthesis, due to the
conversion of the Cs precursor to form CsOH species and methanation of surface oxygenated species
to form clean carbon surface. As a result, the metallic Ru and CsOH species close to each other as the
catalytically active sites for ammonia synthesis could be confined firmly inside the mesoporous carbon
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framework. At higher temperatures (>600 °C), CO gas was formed due to the thermal decomposition
of carbon materials; however, it could be reduced by increasing the annealing temperature of the carbon
materials. For ammonia synthesis, the prepared Cs-Ru/MPC catalysts exhibited high activity under
mild reaction conditions; in particular, the 2.5Cs-10Ru/MPC-18 catalyst with a proper size of metallic
Ru nanoparticles (2.4 nm), which were co-impregnated with CsOH species inside the mesoporous
carbon framework and surface Ru and Cs concentrations of ca. 3-4 pmol m~2 corresponding to a
surface Cs/Ru ratio of ca. 1 exhibited excellent activity at lower temperatures (7.3-10.2 mmol g~
h=! at 360-370 °C). Ru particle size and size distribution in the fresh and used 2.5Cs-10Ru/MPC-18
catalysts were similar, whereas those of the microporous catalyst (2.5Cs-10Ru/AC) changed significantly,
resulting in a low activity and stability for ammonia synthesis due to serious deactivation by Ru-particle
sintering. Moreover, the 2.5Cs-10Ru/MPC-18 catalyst with its mesoporous carbon framework and
small Ru size and narrow size distribution showed high responsibility and durability in intermittently
variable ammonia synthesis in a wide SV region and in cycling tests with a large temperature variation.
Therefore, we are demonstrating, for the first time, that sustainable ammonia synthesis can be carried
out by the nanostructured Cs-Ru catalysts under mild conditions using CO,-free hydrogen derived
from renewable energy with intermittent operation in Fukushima Renewable Energy Institute (FREA)
of AIST, Japan and the results will be reported in the near future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/5/406/s1,
The TPR analysis, electronic microscopy and supplementary of catalytic tests of prepared catalysts, in comparison
to those of reference catalysts. Table S1: TPR-MS data of the prepared Cs-Ru catalysts, Figure S1: HRTEM
images of carbon supports (a) AC, (b) MPC-15, (c) MPC-18 and (d) MPC-21, Figure S2: HAADF-STEM
images of 2.5Cs-10Ru/MPC-15 catalysts. (a) Fresh and (b) used samples, Figure S3: HAADF-STEM images
of 2.5Cs-10Ru/MPC-18 catalysts. (a) Fresh and (b) used samples, Figure S4: HAADF-STEM images of
2.5Cs-10Ru/MPC-21 catalysts. (a) Fresh and (b) used samples, Figure S5: HAADF-STEM images of 2.5Cs-10Ru/AC
catalysts. (a) Fresh and (b) used samples, Figure S6: TPR-TCD and TPR-MS profiles of RuO,, Figure S7: TPR-TCD
and TPR-MS profiles of MPC-18, Figure S8: TPR-TCD and TPR-MS profiles of 10Ru/MPC-18 obtained by the
dispersion of MPC-18 (1 g) in 70 mL of ethanol (50%, v/v) containing 0.31 g of nitrosylruthenium(IIl) nitrate
(Ru(NO)(NO3)3) and slowly heating to around 70-80 °C until the solvent completely evaporated. This was followed
by calcination at 400 °C for 3 h in N at a ramp rate of 5 °C min~!, Figure S9: TPR-TCD and TPR-MS profiles of
2.5Cs/MPC-18 obtained by the dispersion of MPC-18 (1 g) in 70 mL of ethanol (50%, v/v) containing a 0.40 g of caesium
carbonate (Cs,(CO3) and slowly heating to around 70-80 °C until the solvent completely evaporated, Figure S10:
TPR-MS profiles of freshly prepared catalysts (a) 2.5Cs-10Ru/AC, (b) 2.5Cs-10Ru/MPC-15, (c) 2.5Cs-10Ru/MPC-18
and (d) 2.5Cs-10Ru/MPC-21, Figure S11: TPR-MS profiles (m/z = 18) of freshly prepared Cs-Ru catalysts,
Figure S12: HRTEM images and Ru particle size distributions of the used catalysts. (a) 2.5Cs-10Ru/MPC-AC,
(b) 2.5Cs-10Ru/MPC-15, (c) 2.5Cs-10Ru/MPC-18 and (d) 2.5Cs-10Ru/MPC-21, Figure S13: Wide-angle XRD patterns
of used catalysts. (a) 2.5Cs-10Ru/AC, (b) 2.5Cs-10Ru/MPC-15, 2.5Cs-10Ru/MPC-18 and (d) 2.5Cs-10Ru/MPC-21,
Figure S14: Rate of ammonia synthesis as a function of reaction temperature over the 10Ru/MPC-18 and
2.5Cs/MPC-18 catalysts at an SV value of 9000 h~!.
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