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ARTICLE INFO ABSTRACT

Keywords:
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Supported cluster catalyst exhibits significant superiority in catalytic performance, but the structure uniformity
and reactivity stability of the clusters under harsh conditions remains challenges. Here, we report the synthesis

Ceria of stable ruthenium (Ru) clusters (ca. 1.5 nm) by reducing Ru single atoms under ammonia atmosphere at 550

Ammonia decomposition
Hydrogen
Structure-activity relation

°C, where the Ru clusters are uniformly dispersed on the surface of ceria. The supported Ru cluster catalysts show
outstanding activity for decomposition of ammonia with an extremely high hydrogen yield of 9,924 mmolH,
gra~ » min~! at 450 °C. Such a value exhibits at least one-order enhancement on the hydrogen formation yield

compared to the previously reported results. Through comprehensive in-situ characterizations and temperature
programmed desorption by NH3 techniques, we clearly explored the structure-function relation of the Ru/CeO,
catalyst that ceria support itself effectively adsorbed ammonia, meanwhile the Ru clusters stabilized by ceria
decomposed ammonia to produce hydrogen.

1. Introduction

Supported metal cluster catalysts have attracted much attention in
heterogeneous catalysis due to their unique features including high
active species efficiency, strong metal-support interaction and un-
saturated-coordination of active metal atoms [1-4]. While, a severe
issue concerned for cluster catalysts is its bad structure uniformity and
poor stability under harsh reaction conditions because of the sintering
of active metal species. In recent years, space-confined strategy has
been widely applied to stabilize the active species in the catalysts, such
as the spatially controlled channel encapsulation [5,6] and the core-
shell structure construction [7]. However, the synthesis of the en-
capsulated catalysts is generally complicated and the complex texture
of the catalyst inevitably presents mass transfer resistance. It still re-
mains a grand challenge to open new ways to design and prepare
uniform and highly stable supported cluster catalysts under practical
catalysis conditions.

Recently, single-atom catalysts become one of the hottest topics due
to its unique advantages, such as mechanism studies, cost reduction,
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maximum metal utilization, remarkable activity and selectivity [8,9].
Single-atom metal species can aggregate into clusters [10] or larger
nanoparticles [11] at elevated temperatures or under reductive atmo-
spheres, which is disadvantaged for their application. However, if using
a proper support that suitably interacts with metal species, it is possible
to tune the status of active metals from single atoms just into uniform
clusters, while not particles, under realistic reaction conditions [12,13].
Thus, it gives us an opportunity to develop a new approach to prepare
stable and uniform cluster catalysts with single atoms as precursors.
Supported Ru nanoparticles (> 2nm) catalysts have widely been
used in ammonia decomposition to produce high purity hydrogen for
proton exchange membrane fuel cells (PEMFC) [14,15]. They showed
the best catalytic activity among the intensively studied active catalysts
for ammonia decomposition [16-24]. However, the high loading
amount (> 4wt.%) of Ru [15,16,22] and elevated working tempera-
tures (> 450 °C) [15,17] largely limit its wide application. Stabilized
Ru clusters on supports could be a promising candidate to overcome the
above drawbacks due to the excellent features of cluster catalysts [1-4].
Among various common oxide supports, nanostructured ceria exhibits
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unique oxygen storage and release capacity [10,25-29], thus helps
tuning the interaction with the deposited metals to stabilize them as
ultra-fine clusters. However, depositing Ru clusters on CeO, for cata-
lytic decomposition of ammonia has been rarely explored [30].

In this study, we have firstly applied a modified colloidal deposition
method to prepare Ru single atoms with low loadings (0.3-1.0 wt.%)
anchored on CeO, nanorods. Then, very stable and uniform Ru clusters
(ca. 1.5nm) were successfully obtained by reducing atomically dis-
persed Ru atoms under ammonia atmosphere at 550 °C. The supported
Ru clusters showed excellent stability and extremely high catalytic ac-
tivity with at least one-order improvement on the hydrogen formation
yield at 450 °C compared with all the previously reported catalysts for
ammonia decomposition.

2. Experimental
2.1. Synthesis of catalysts

Ru colloidal solution was synthesized by a previously reported
procedure [31]. Typically, RuCl; (0.15 g; Sinopharm) was added into
ethylene glycol (CoHgO»,, 50mL; Sinopharm) under stirring. Then,
NaOH (0.16 g; Sinopharm) was added into the above solution and
continued stirring for 30 min. Subsequently, the salt solution was re-
fluxed at 160 °C for 3 h. After that, the dark brown solution containing
Ru colloids was formed and referred to as Ru colloidal solution.

CeO, nanorod (CeO,) was synthesized by a known hydrothermal
method [32]. Firstly, NaOH (14.40 g; Sinopharm) and Ce(NO3)56H>0
(1.30 g; kermel) were dissolved in deionized water (40 mL and 20 mL),
respectively. Subsequently, the two solutions were mixed into a 100-mL
Teflon bottle and kept stirring for 30 min. Finally, the Teflon bottle was
sealed into a stainless steel vessel autoclave tightly and heated at 100 °C
for 24 h. The resulting precipitates were collected and washed with
deionized water and anhydrous ethanol for several times, followed by
drying in an oven at 60 °C for 16 h to obtain the final CeO, support.

CeO, nanosphere (CeO,-NS) was synthesized by hydrothermal
method reported previously [28]. Typically, Ce(NO3)36H,0 (2.0 g) was
dissolved in Millipore water (18.25 MQ, 2mL). Then, acetic acid
(CoH405, 2mlL; Sinopharm) and glycol (CoHgO», 52 mL; Sinopharm)
were added into the above solution with vigorous stirring for 30 min.
The mixture was transferred to a 100-mL Teflon-lined stainless steel
autoclave and heated at 180 °C for 200 min. The obtained products
were separated and washed with Millipore water and ethanol several
times, followed by drying at 75 °C for 10h. Finally, the product was
calcined in air at 400 °C for 1 h.

MgO support was synthesized via thermal decomposition of
MgC,04-2H,0 according to the reference [33].

The mesoporous Al,O3 support was prepared according to a pre-
vious procedure [34]. Pluronic P123 (M., = 5800, EO,,PO,oEQ,,
4.0 g) was dissolved in ethanol (80 mL) at room temperature under
stirring. Then, citric acid (C¢HgO7, 3.4 g), AI(NO3)3-9H,0 (15.0 g) were
added into the above solution under vigorous stirring for another 5 h.
Subsequently, the mixture was dried at 60 °C for two days. After aging,
the as-obtained product was transferred into a tube furnace and cal-
cined in air at 400 °C for 4 h with a slow ramping rate of 1°C min~'.

A series of Ru/CeO, catalysts were synthesized according to a
modified colloid deposition method [31]. In a typical procedure, the
prepared CeO, supports (0.5g) were suspended in Millipore water
(12.5mL). Then, a certain volume of the Ru colloidal solution was
added into the above solution under vigorous stirring. After 48 h, the
desired samples were separated and washed several times with Milli-
pore water, followed by drying at 60 °C for 48 h. Then, the obtained
products were calcined in flowing air at 300 °C for 1h. Finally, the
samples were reduced under ammonia atmosphere at 550 °C. In this
work, the catalysts were denoted as xRu/CeO, (x = 0.3, 0.6, 1.0),
where x is the weight fraction of ruthenium in cerium oxide. In addi-
tion, Ru colloidal solution was also deposited on the other three
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supports (CeO5-NS, MgO, Al,03) using the same method. The obtained
samples were referred to as 1.0Ru/CeO,-NS and 1.0Ru/MgO, 1.0Ru/
A1203.

The 1.0Ru/CeO,-I samples were prepared by the conventional
wetness impregnation method. Typically, the prepared CeO, supports
(0.4 g) were suspended in Millipore water. Then, a certain volume of
the RuCl; aqueous solution was added into the above solution under
vigorous stirring. After 5h, the sample was collected by evaporation,
followed by drying at 60°C for 12h. Finally, the obtained products
were calcined in flowing air at 450 °C for 4 h.

2.2. Characterization of catalysts

Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
analysis of the ruthenium content was determined on an IRIS Intrepid II
XSP instrument (Thermo Electron Corporation).

The aberration-corrected high-angle annular dark-field scanning
transmission electron micrograph (HAADF-STEM) was obtained using a
JEOL ARM200 F microscope equipped with a probe-forming spherical-
aberration corrector. The semi-convergence angle is about 24 mrad, and
the inner and outer angles of the detector are 90 and 370 mrad, re-
spectively. The average size of Ru species was analyzed on the basis of
the statistics of over 100 clusters. The dispersion of Ru species (D) was
calculated according to the equation [29,35]: D = 1.29/d, where d is
the mean particle size (nm) of active metal.

The nitrogen adsorption-desorption test was operated at —196 °C on
a Builder SSA-4200 unit. Prior to testing, each sample was degassed at
200 °C for 400 min under vacuum. The specific surface area (Sggt) was
calculated according to the Brunauer, Emmett and Teeler (BET)
method.

The powder X-ray diffraction (XRD) was carried out on a
PANalytical X’Pert® powder diffractometer performing in reflection
mode with Cu Ka radiation (A = 1.5418 A, 40KV, 40 mA).

The ex-situ Raman spectrum was acquired by excitation of the
sample at 473 nm using a Raman microscope system (HORIBA Jobin
Yvon, LabRAM HR800) in the spectral window with the scanning range
from 300 to 1000 ¢cm ™! (spectral resolution of 2cm™Y). The in-situ
Raman spectrum was obtained from the same instrument with an in-situ
reaction chamber. Samples were loaded and treated with various at-
mospheres during the heating and cooling process. Before the test, each
sample was pretreated in air (30 mL min~ 1Y) at 300 °C for 30 min. The
data were collected to analyze structure of samples with an acquisition
time of 15 min.

X-ray absorption fine structure (XAFS) spectrum at Ru K-edge
(Ep = 22117 eV) was performed at BL14W1 beamline [36] of Shanghai
Synchrotron Radiation Facility (SSRF) operated at 3.5 GeV under “top-
up” mode with a constant current of 220 mA. The XAFS data were re-
corded under fluorescence mode with standard Lytle ion chamber. The
absorption edges of Ru foil and RuO,, were used to calibrate the energy.
To avoid the reoxidation of the activated and used samples by exposed
to air, we tried to transfer these powders in glove box and sealed them
with Kapton films in Ar before the XAFS measurements. The data were
extracted and the profiles were fitted according to Athena and Artemis
codes. For the X-ray absorption near edge structure (XANES) part,
background subtraction and normalization procedures were used to
process the experimental absorption coefficients as function of energies
u(E), which was reported as “normalized absorption”. Based on the
normalized XANES profiles, the molar fraction of Ru**/Ru® can be
determined by the linear combination fit [37] with the help of various
references (Ru foil for Ru® and RuO, for Ru*™"). For the extended X-ray
absorption fine structure (EXAFS) part, the Fourier transformed (FT)
data in R space were analyzed by applying first shell approximation for
the Ru-O shell. The parameters describing the electronic properties
(e.g., correction to the photoelectron energy origin, Ep) and local
structure environment including bond distance (R), coordination
number (CN), and Debye Waller factor (0®) around the absorbing atom
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were allowed to vary during the fit process. The fitted ranges for k and
R spaces were selected to be k = 3-11A~" with R = 1.0-3.0A (&®
weighted). Since the coordination number (CN) is strongly correlated to
Debye-Waller factor in EXAFS fitting, we fixed the Debye-Waller factors
for Ru-O and Ru-Ru shells in order to obtain the relatively reliable
fitting results on CN. The fixed Debye-Waller factors for Ru-O and Ru-
Ru shells were originated from the fully reduced (Ru foil) and fully
oxidized references (RuO,), respectively.

X-ray photoelectron spectroscopy (XPS) was measured on an Axis
Ultra XPS spectrometer (Kratos, UK) with 225 W of Al Ka radiation. The
Cls signal at 284.6 eV was used to calibrate the binding energy of all
spectra.

Temperature programmed reduction by hydrogen (H,-TPR) was
conducted on a Builder PCSA-1000 instrument (Beijing, China) with a
thermal conductivity detector (TCD). Before the test, the as-prepared
sample (30 mg) was pretreated in pure O, (30 mL min~?!) at 300 °C for
30 min. Then, the catalyst was heated from room temperature to 400 °C
(5°C min™") in 5 % H,/Ar (30 mL min~ ') gas mixture. The hydrogen
consumption was estimated by TCD.

Temperature programmed surface reaction (TPSR) measurement of
sample was performed at a mass spectrometer (TILON GRP TECHNO-
LOGY LIMITED, LC-D200 M). Before measurement, the fresh sample
(50 mg, 20 —40 mesh) was pretreated in pure NH3 (19 mL min~?') at
550 °C for 1h. After cooling down, the measured sample was heated
from 100 °C to 300 °C with a step of 50 °C in continuous pure NH; flow.
The signals of NH3 (m/z = 17), H, (m/z = 2) and N, (m/z = 28) were
tracked during the investigation.

Temperature programmed desorption by ammonia (NH3-TPD) of
the samples was performed at the same mass spectrometer (TILON GRP
TECHNOLOGY LIMITED, LC-D200 M). Before each measurement, the
fresh sample (300 mg, 20 —40 mesh) was pretreated in 10 % NHs/Ar
(30 mL min™ 1) gas mixture at 550 °C for 30 min. After cooling down,
the measured sample was purged with 10 % NHs/Ar (30 mL min ™) gas
mixture at room temperature for 50 min to obtain saturated adsorption.
Subsequently, the feed gas was switched to pure He (30 mL min~ ')
until the stabilization of baseline. Finally, the sample was heated from
room temperature to 600 °C (10 °C min~!) in pure He (30 mL min~1')
and the corresponding TPD curve was recorded.

In-situ diffuse reflectance infrared Fourier transform spectroscopy
(In-situ DRIFTS) was carried out in the reaction cell (Harrick) equipped
with CaF, windows on a Bruker Vertex 70 FTIR spectrometer with a
mercury-cadmium-telluride (MCT) detector. DRIFTS tests probed by
NH; were conducted at a temperature range between 50 and 300 °C
with steady-state mode in this work. Prior to test, the fresh samples
were subjected to 5 % Hy/Ar treatment at 550 °C for 1 h. For a typical
steady-state mode, the sample was treated in the reaction cell with 5 %
Ho/Ar at 300 °C. Then, the gas mixture (10 % NHj; in Ar) was prepared
with 10 mL min~"! passing through the catalyst bed for 20 min from
50 °C to 300 °C with a step of 50 °C. The raw spectra were recorded with
an acquisition time of 30s at a resolution of 4 cm™ . In-situ DRIFTS
measurement probed by CO was conducted at 20 °C with steady-state
mode. The used samples were subjected to NH; treatment in the reac-
tion cell at 300 °C. Subsequently, the sample was purged with helium
for 50 min at 300 °C. After cooling down to 20 °C, the gas mixture (2 %
CO in Ar) was prepared with 30 mL min ™' passing through the catalyst
bed for 30 min. The spectra were recorded with an acquisition time of
305 at a resolution of 4 cm ™ *.

Calculations methods. Spin polarized calculations were carried out
using the Vienna Ab initio Simulation Package [38-41]. The geometric
structures were optimized within the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional as well as the Projector Augmented-
Wave (PAW) pseudopotentials [41-43]. Cut-off energy for plane wave
basis was 400eV. The convergence threshold of the electronic self-
consistency was specified to 0.01 meV, and the total energy change
between two ionic relaxation steps was designated 0.02 eV. The cleaved
CeO5 (111) surface was comprised of a six-layer slab (Ce 2 layers and O
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4 layers) as well as a vacuum layer of 15 A. In order to accurately de-
scribe the Ce 4f orbitals, a Hubbard U term (DFT + U) was involved in
the first-principle computations, and the value of U was scaled to 4.5 eV
in accordance with previous research [44-46]. The Brillouin zone of the
constructed (3 x 3x1) supercell was sampled with the k-points
(2 X 2 X 1). The interaction between ceria and Ru was simulated with
Rug (two layers) lying on the CeO, (111) supercell.

2.3. Catalytic tests

The catalyst was loaded in a quartz tube fixed-bed reactor with an
inner diameter of 6 mm and pure gaseous NH3 was introduced into the
catalyst bed at atmospheric pressure. In order to eliminate the tem-
perature and concentration gradient, 50 mg of the catalyst (20-40
mesh) was mixed with 0.6 g of inert quartz sand (20-40 mesh) and then
packed into the reactor. Prior to the catalytic test, the catalyst was
activated by pure NH; at 550 °C. For the temperature-dependent con-
version tests of ammonia decomposition, the reactor temperature was
increased from 300 to 550 °C with a step of 50 °C. The concentrations of
outlet gases (N, and NH3) were analyzed by an online gas chromato-
graph (Ouhua GC 9160). To assess the long-term stability of the cata-
lyst, the reaction temperature was maintained at 450 °C for 48 h and
168 h, respectively. The apparent activation energy for ammonia de-
composition was determined with an equal conversion of 12.5 % by
tuning the flow rate and temperature.

3. Results and discussion

The aberration-corrected high-angle annular dark-field scanning
transmission electron micrograph (HAADF-STEM) images show that the
obtained Ru colloid possesses two types of Ru species: atomically dis-
persed species and clusters ca. 1.2nm (Figure S1). The obtained Ru
colloid was deposited on CeO, nanorods support. Subsequently, the
samples underwent calcination at 300 °C in flowing air to disperse the
Ru species [47] (named as 1.0Ru/CeO,-Fresh, Table S1). The HAADF-
STEM images demonstrate that no Ru clusters or particles was ob-
served, indicating the presence of only atomically dispersed Ru species
on the surface of ceria nanorods for the fresh sample (Fig. 1a and Figure
S2a, c). Notably, some darker spots can be observed within the ceria
nanorods, which results from vacancy of ceria [48]. Very high disper-
sion of Ru on CeO, support is also evidenced by the absence of any Ru-
containing phases in X-ray diffraction (XRD, Figure S3). Guided by ex-
situ X-ray absorption near edge spectroscopy (ex-situ XANES) profiles of
Ru K-edge result (Fig. 1c), the edge configuration of fresh 1.0Ru/CeO,
is identical to that of RuO,, suggesting its oxidized Ru(IV) nature. This
is also confirmed by the X-ray photoelectron spectroscopy (XPS) result
(Figure S4a). The corresponding ex-situ extended X-ray absorption fine
structure (ex-situ EXAFS) data in R space determines the only Ru-O shell
at ~2A (Fig. 1d, Table 1), indicating the sole existence of isolated Ru
single atoms, which is well in consistent with the HAADF-STEM result.

As an attractive storage media for hydrogen, ammonia has received
extraordinary interest [49] due to the safe storage and transportation.
The catalytic decomposition of NH; to produce H, is very attractive for
applications of hydrogen on line [14,15]. Here, the fresh catalyst was
activated by pure NH; at 550 °C before the catalytic test (named as
1.0Ru/CeO,-Activation). Unexpectedly, we obtained uniform and
thermally stable Ru clusters supported on CeO,. The Ru clusters about
1.5nm were directly observed in the HAADF-STEM images (Fig. 1b,
Figure S2b, d and Figure S5), suggesting that atomically dispersed Ru
species were transformed into uniform clusters after NH; activation.
Notably, the contrast of Ru species is very weak and no lattice fringes
were observed in the HAADF-STEM images. The edge jump and profile
configuration of ex-situ XANES are between Ru foil and RuO, reference,
revealing the reduction from Ru(IV) to Ru(0) during NHj3 activation
(Fig. 1c). The spectra at the K-edge of Ru in k-space where the fitted
ranges were selected to be k =3 — 11 A1 &3 weighted) show that
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Fig. 1. The aberration-corrected HAADF-STEM images of the 1.0Ru/CeO, catalysts: (a) fresh; (b) after NH; activation. Green circles: typical Ru clusters. Schematic
description of Ru single atoms and Ru clusters as inset. (c) ex-situ XANES profiles and (d) ex-situ EXAFS spectra of the 1.0Ru/CeO,, catalysts.

1.0Ru/CeO,-Activation is different to that of 1.0Ru/CeO,-Fresh (Figure
S6). Meanwhile, obvious contribution in ex-situ EXAFS spectrum for
1.0Ru/CeO,-Activation appears as Ru-Ru metallic bond at ca. 2.7 A
(Fig. 1d, Table 1), which well correlates the XPS results (Figure S4a). It
is worth noting that the Ru-O shell still remained, which is caused by
the oxidation of Ru clusters by air. However, due to the low con-
centration of Ru and the severe obstruction from fluorescence of
cerium, as well as the form of loose powders under in-situ experiment
further decreased the Ru signal-to-noise level, the in-situ X-ray ab-
sorption fine structure (XAFS) measurements cannot provide reliable
structural evolution during ammonia decomposition in this work.

The ruthenium species investigated by both XAFS and HAADF-
STEM underwent a partial re-oxidation process after the NHs-activa-
tion. Thus, the 1.5 nm clusters observed in HAADF-STEM are actually
composed by a mixture of metallic Ru and ionic Ru®* species. We have
run linear combination fit on the corresponding XANES profile with the
aids of Ru foil and RuO, standards, and determined the average oxi-
dation state as +2.0 (50 % Ru and 50 % RuO»). If estimating from the
relationship between coordination number (CN) and the average size,
firstly, we need to adjust the contribution of Ru-Ru shell (fraction: 50
%; CN: 2.4), partial metallic Ru component, to a full metallic Ru

component (assuming 100 %, and thus CN is 4.8), which correlates an
average size as ~ 1 nm, on the basis of previous report on Pt metal [50],
considering the similar bond distance between Pt-Pt (2.76 1°\) and Ru-Ru
(2.70 A). However, since another 50 % fraction of ruthenium is con-
sisted by Ru*™ (RuOy)-like species, we further used a correction factor
of 1.6 (Ru metal: 14.0 A3/atomRu; RuO,: 31.4 As/atomgu; 50 % Ru
metal + 50 % RuO,) to calculate the average size of ruthenium species.
Therefore, according to the EXAFS fitting results, we have identified the
average size of our ruthenium clusters to be 1.6 nm, in good agreement
with the related HAADF-STEM data (1.5 + 0.3 nm). It indicates that no
significant fraction of isolated Ru species was found for the NH-acti-
vated sample.

To explore the transformation from Ru single atoms to metallic Ru
clusters, temperature programmed reduction by hydrogen (H.-TPR,
Fig. 2a) measurement for fresh sample was carried out. We found that
the atomically oxidized Ru species were completely reduced below
150 °C, accompanied by a large amount of H, consumption, corre-
sponding to the removal of surface oxygen in CeO, around Ru species
[35,51]. To detect the specific structure of Ru species, Raman technique
was used. The ex-situ Raman spectra (Fig. 2b) exhibit three new peaks at
830, 703 and 967 cm™! for fresh 1.0Ru/CeO, with pure CeO, as

Table 1
Ex-situ XANES analysis and ex-situ EXAFS fitting results.
Catalysts Ru-O Ru-Ru i (Az) AE, (eV)
RA) CN R (&) CN
1.0Ru/CeO, (Fresh) 1.99 + 0.02 4.1 = 0.4 — — 0.003 (0) 135 + 2.7
1.0Ru/CeO, (Activation) 2.05 = 0.02 23 = 04 2.70 = 0.02 2.4 = 0.4 0.006 (Ru) 12.1 = 2.6
1.0Ru/CeO, (Used) 2.03 = 0.02 23 =04 2.69 = 0.02 23 04 12.3 = 2.6

R: distance; CN: coordination number; 0®: Debye-Waller factor; AE,: correction to the photoelectron energy origin.
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Fig. 2. (a) Ho-TPR profile of the fresh 1.0Ru/CeO, catalyst. (b) Ex-situ Raman spectra of the 1.0Ru/CeO, catalyst before and after NH; activation. In-situ Raman
spectra of the fresh 1.0Ru/CeO, catalyst: (c) under the H,-TPR condition; (d) during the NHj3 activation.

reference, which are attributed to Ru(IV)O, peroxide species [51-53]
and Ru-O-Ce band resulting from the strong interaction between Ru
species and CeO, [25,35,51], respectively. However, after NH; activa-
tion, only the RuO,4 species were determined, which is due to the re-
oxidation of metallic Ru clusters by air. The Ru-O-Ce structure cannot
be recovered by exposing metallic Ru cluster to air at room tempera-
ture. To obtain deep insights into the transformation of Ru species
during the reduction process, in-situ Raman tests were performed
(Fig. 2c). First, after oxygen pre-treatment at 300 °C, both Ru-O-Ce
structure and RuO, species were observed. As 5 % H,/Ar was injected,
the Raman signals for RuO,4 rapidly vanished at 25 °C, indicating the
fast conversion between Ru(IV) and Ru(0). The signals for Ru-O-Ce
structure disappeared above 100 °C, in good accordance with the re-
duction of strongly bound Ru species in the H,-TPR test. Similarly, the
RuO, species and Ru-O-Ce structure were not detectable during the
ammonia activation (Fig. 2d). Once the air was injected at room tem-
perature, the RuO4 species were recovered immediately, confirming the
easy oxidation of Ru species in Ru/CeO, catalyst.

The catalytic performance of the pre-activated 1.0Ru/CeO, sample
was evaluated in NH3 decomposition. The catalyst shows outstanding
catalytic activity and excellent long-term stability (Fig. 3a, Table 2 and
Figure S7a). The H, formation yield reaches 9,924 mmolH,
gra -min~! at 450 °C, which is 15 and 33 times of those for well-
known active Ru/MgO [17] and Ru/CNTs [15], respectively (Fig. 3a).
Also, this value is more than an order of magnitude higher than any
other Ru- and transition metal-based catalysts ever reported (Table 2).
Especially, the H, formation yield for 1.0Ru/CeO, reaches about 814
mmolH, gz, 'min~! even at 350 °C, which is comparable to that of
the reported very active Ru/MgO catalyst at 450 °C (631 mmolH,
gRu_l min~!). It is noted that the mass transfer limitation was

eliminated at high GHSV values as shown in Figure S8. The supported
Ru cluster catalysts show much higher TOF value for decomposition of
ammonia compared with the previously reported results as well
(Table 2). In addition, NH3 conversion during a 168-h test displays
nearly constant values of ca. 70 % for NH; conversion at 450 °C
(Fig. 3a). Meanwhile, the xRu/CeO, catalysts with decreasing Ru con-
tents (x = 0.3, 0.6) also show prominent activity and stability (Fig. 4a
and Table S1). No deactivation is observed during a 48-h test at 450 °C
with a very high GHSV of 124,000 cm® g.,.~* h ™. In addition, for the
low loading samples, the induction period is much longer than that of
the high loading samples (Fig. 4a), due to the stronger interaction be-
tween Ru species and support. Besides, we have also prepared the
1.5Ru/CeO, catalyst as the theoretical loading of Ru is ca. 1.5wt.%
using the same colloidal deposition method. However, the actual Ru
content is ca. 1.09 wt.% (similar to that for the 1.0Ru/CeO, catalyst)
based on the ICP result (Table S1), lower than that of the theoretical
value. It might be attributed to that the surface state of the support has
changed during the deposition of the Ru colloid so that the ruthenium
loadings were limited, leading to some weight loss of the Ru species
with the higher Ru contents compared with the feed intake. The ap-
parent activation energy (E,) values for the xRu/CeO, catalysts are
almost equal (Fig. 4b), indicating that these catalysts provide the same
active sites and follow the similar reaction mechanism. The E, values
are ca. 150 kJ mol ~!, which is much higher than the literature data (ca.
70kJ mol™hH) reported for other Ru-based catalysts [15,17,22]. The
difference on E, values was mainly due to the different test methods
rather than the reaction conditions, the reaction pathways, particle size
or supports [15].

We further characterized the 1.0Ru/CeO, catalyst after the am-
monia decomposition reaction (named as 1.0Ru/CeO,-Used). The
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divergence in ex-situ XANES and ex-situ EXAFS characterizations both
1.0Ru/Ce0,-Used and 1.0Ru/CeO,-Activation is ignored (Fig. 3b, ¢ and
Figure S6, Table 1). Since the CN values of Ru-Ru, as well as the fraction
of metallic Ru, in both activated and used catalysts are almost identical
(2.4 vs 2.3; 50 % vs 50 %), the same situation appeared for the

estimation of cluster size for the sample after ammonia decomposition
reaction. In-situ DRIFTS spectrum of CO adsorption was used to probe
the surface structure of the used 1.0Ru/CeO, catalysts. As shown in
Figure S9, the bridge-bonded CO, [Ru3-(CO)] (1984 cm™ ') and linear
CO adsorption (Ru’-CO) (2055cm ™! and 2014cm™1) [54,55] were

Table 2
Comparison of catalytic activity over various catalysts from ammonia decomposition.
Catalysts Metal Temperature GHSV (NH3 cm3 Yield TOFy2 Reference
loading (9] 8ear—1h™ D) (mmolH, s H
(Wt.%) gry - min~ 1)
Ru/CeO, 1.0 450 228,000 9,924 - This study
Ru/CeO, 1.0 450 124,000 8,303 - This study
Ru/CeO, 1.0 340 110,000 1,618 3.2 This study
Ru/CeO, 1.0 350 22,000 814 - This study
Ru/CeO, 1.0 300 22,000 203 - This study
Ru/MgO 1.0 350 22,000 254 0.6 This study
Ru/MgO 1.0 450 22,000 1,857 - This study
Ru/Al,03 1.1 350 22,000 83 0.2 This study
Ru/Ce0,-1 1.0 400 22,000 91 - This study
K-Ru/MgO* 3.5 450 36,000 1,125 - This study
K-Ru/MgO 3.5 450 36,000 998 - [17]
Ru/MgO 3.5 450 100,000 893 - [17]1
Ru/MgO 21 450 36,000 631 - [17]
Ru/MgO 2.1 350 36,000 96 0.6 [17]
Ru/CNTs 5.0 450 30,000 293 - [15]
Ru/CNTs 5.0 350 30,000 42 0.3 [15]
Ru/Al,03 4.0 450 12,000 301 - [16]
Ru/Ca(NH,)» 10 400 3,000 33 - [24]
Ru-Cs/graphitized CNT 6.7 400 5,200 87 - [22]
MnN-2Li,NH 43.3 450 60,000 51 - [19]
Plasma + Co/fumed SiO, 27.7 450 2,727 11 - [20]

aThe catalyst was synthesized according to Ref. [17] and tested following the same reaction conditions in our reactor. "TOFyy,: turnover frequency values calculated

based on H, formation yield at a low NH3 conversion below 15 %.
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observed, indicating that the Ru clusters exist in the form of fully me-
tallic state during ammonia decomposition reaction. Moreover, the Ru
species were still uniformly dispersed as clusters (ca. 1.5 nm, dispersion
of 86 %) in 1.0Ru/CeO,-Used (Fig. 3d and Figure S7c), even after a
long-term test (Fig. 5a, b). Besides, the XRD and Raman characteriza-
tion results (Fig. 5c, d) for the 1.0Ru/CeO, catalyst after the 168 h test
are similar to the results of the used 1.0Ru/CeO, sample, demonstrating
the remarkable anti-sintering ability of the Ru/CeO, catalysts.

The 1.0Ru/CeO,, catalyst shows excellent low-temperature catalytic
reactivity as well, while CeO, itself as support does not contribute to the
activity (Fig. 6a). Ammonia conversion drastically increases with the

elevation of reaction temperature and the H, formation yield reaches
203 mmolH, gg,~* min~ " at 300 °C for 1.0Ru/CeO, (Table 2). Notably,
the catalytic activity of the 1.0Ru/CeO,-Fresh (not pre-activated) cat-
alyst is somehow lower than that of the 1.0Ru/CeO, catalyst after the
activation below 400 °C (Fig. 6a), while the catalytic activity of both
catalysts is similar above 400 °C, revealing the reduction from Ru(IV) to
Ru(0) during NH; activation below 400 °C. In addition, temperature
programmed surface reaction (TPSR, Fig. 6b) experiment displays that
signals of H, and N, are detected even at very low temperatures
(> 100 °C), indicating the superior activation of ruthenium clusters for
ammonia decomposition.
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profiles of CeO, and 1.0Ru/CeO5.

The operando information of the intrinsic active species for am-
monia decomposition is significantly important, while rarely concerned
in reported work. Thus, in-situ DRIFTS measurement under ammonia
atmosphere was implemented in this work. As shown in Fig. 6¢ and
Figure S10, Table S2, after pre-activation of the fresh catalysts in 5 %
H,/Ar, once 10 % NH;/Ar was introduced into the reactor at 50 °C, the
adsorption of coordinated ammonia was immediately observed on both
pure CeO, and 1.0Ru/CeOQ,. Further, the on-top Ru-H (1800 cm ™) [56]
and NH, species (1573 cm™ 1Y) [57,58] appeared on 1.0Ru/CeO, at
100 °C, suggesting that decomposition of NH3 could occur at very low
temperature over the 1.0Ru/CeO, catalyst. In addition, with the ele-
vating test temperature, the intensity of on-top Ru-H band first in-
creased and then decreased, finally disappeared at 300 °C (Fig. 6¢), at
which gaseous hydrogen was significantly produced (Fig. 6b). Mean-
while, the NH, species gradually decreased, confirming that NH, spe-
cies are easy to be further decomposed. Notably, the bridging Ru-H
bands (1508 and 1380 cm 1) [56] were also observed for 1.0Ru/CeO»,
which resulted from the pre-treatment of the sample under 5 % H,/Ar
atmospheres, suggesting that the bridging Ru-H bands are more related
to the activation of H, molecule, not the intermediates to produce H,
from NHj. From the in-situ DRIFTS results, we identified the on-top Ru-
H and NH; species on the catalysts surface as the active intermediates.
Temperature programmed desorption by ammonia (NH5-TPD; Fig. 6d)
results exhibit that CeO, support itself has good NH3 adsorption ability.
Meanwhile, Ru/CeO, catalyst can facilitate the dissociation adsorption
of NH3 as products of H, and N5 below 200 °C, which is well consistent
with the results of TPSR.

To further confirm the advantage of the Ru cluster catalyst for
catalytic decomposition of ammonia, the 1.0Ru/CeO,-I sample was
prepared via conventional wetness impregnation method. The HAADF-

STEM images showed that no Ru clusters were observed on the surface
of CeO, for the used 1.0Ru/CeO,-I catalyst because the Ru is lighter
than Ce (Figure S11). Even so, Ru species still existed as metallic Ru
clusters, due to the easy reducibility of the Ru species in high-tem-
perature reduction reaction (Figure S9 and Figure S12). The catalytic
performance of the 1.0Ru/CeO-I catalyst is much lower than that of
the 1.0Ru/CeO, catalyst (Fig. 7a, Table 2), suggesting the importance of
catalyst preparation method. Although the adsorption ability of NHj; for
1.0Ru/CeO»-I and 1.0Ru/CeO, samples is similar, the N, signals appear
at higher temperature for 1.0Ru/CeO,-I samples compared with that for
1.0Ru/CeO, (Fig. 7b). In addition, H,-TPR results showed that the re-
duction temperature of Ru species for 1.0Ru/CeO»-I catalyst was much
higher (100-220 °C) compared with that (70-120 °C) for the 1.0Ru/
CeO,, catalyst (Figure S12), confirming that the active Ru species in the
1.0Ru/Ce0,-I catalyst were not easier to be reduced, leading to the
lower catalytic activity. Besides, the difference in activity between
1.0Ru/Ce0O, and 1.0Ru/CeO,-I could also be attributed to the particle
size of Ru species, which can influence the number of surface B5 sites
[16]. Therefore, the uniform and stable Ru clusters by reducing the Ru
single atoms can be a highly efficient supported catalyst for catalytic
decomposition of ammonia to hydrogen.

To better understand whether or not the morphology of ceria in-
fluences the catalytic activity, we synthesized 1.0Ru/CeO,-NS catalyst
with CeO, spheres as supports. The activity of the 1.0Ru/CeO»-NS
catalyst is comparable to that of the 1.0Ru/CeO,, catalyst (Fig. 8a). The
Ru species can also exist predominantly as ca. 1.5 nm clusters on CeO,
nanospheres after the catalytic test (Fig. 8b). The XRD and TPR results
(Fig. 8c, d) for the 1.0Ru/CeO,-NS catalyst are analogous to those of the
1.0Ru/CeO,. These results demonstrate the morphology of CeO, sup-
port does not have influence on the catalytic activity, indicating there is



X.-C. Hu, et al.

oo ® 1.0Ru/CeO, ® L4 4
® 1.0Ru/CeO,1

—

S 0- .

c ®

2 o0

P

o

z

o 40-

© ® ®

Ll

T

Z 204
o o

o{ @ [ J

300 350 400 450 500 550

Temperature (°C)

Applied Catalysis B: Environmental 268 (2020) 118424

o

—— —— —— 1.0Ru/CeO,
s+es++ 1.0Ru/CeO,

- 76 184
5 ' \ ' | 1E-8
8 | /i ;
_— {‘,' :
g : E NH, (m/z=17)
2 : :
n : !
& ./f_-—“'.\‘ Hz (m/z=2)
3] ]
= :

1

_;__AK Nz (m/z=28)
L]
T T T T T
100 200 300 400 500 600

Temperature (°C)

Fig. 7. (a) Temperature-dependent NH; conversion for the 1.0Ru/CeO, and 1.0Ru/CeO,-1I catalysts with a GHSV of 22,000 cm® Seat L h~!. (b) NH;-TPD profiles of

the 1.0Ru/CeO,-I catalyst.

no obvious surface plane effect to the ceria support in the Ru/CeO,
catalyst. This may be attributed to the surface structure reconstruction
[27,28] of CeO, nanorods from {110}/{100} to the most stable {111},
making two supports exhibit similar activity.

Besides, we resorted to spin polarized density functional theory
(DFT) calculations using the Vienna Ab initio Simulation Package
[38,40] to investigate the NH3; decomposition reaction pathway on
1.0Ru/CeO,. The surface was constructed by docking the Rug cluster in
the CeO5 (111) surface, followed by two competing reaction pathways

(Figure S13). The adsorption energy of NH3 on Ce-site (—0.77 eV) is a
little less favorable than that on Ru-site (—0.97 eV) of constructed
surface. However, the consequent dehydrogenation of adsorbed NHj3
(NH3—NH, + H) on Ce-site is much more unfavorable compared with
that on Ru-site (0.33eV v.s. —0.43 V), although the H atoms in the
adsorbed NHj are close enough to be captured by Ru cluster. NH; de-
composition mainly occurs on Ru clusters through consecutive dehy-
drogenation steps. Therefore, the adsorption of NH; on Ce-site could
only help the mass transfer, while does not contribute directly to the

i 1.0Ru/CeO, ) ® ¢
® 1.0Ru/CeO_NS
-
& 801
c L
S
= 60- °
2
o
2
o 40+
Uﬁ ®
a o o
2 20-
L
0-
300 350 400 450 500 550
Temperature (°C)
Cc ] d
. ai7
ool

Intensity (a.u.)

1.0Ru/CeO,-NS-Fresh

feleis:

—>—1.0Ru/CeO,-NS

TCD Signal (mV)
wmmnmuumm
OOCO&:DO-OOOO {*]

e O

10 60 70 80
20 ()

100 200 300 400

Temperature (°C)

Fig. 8. (a) Temperature-dependent NH; conversion with a GHSV of 22,000 em?® gcat_l h~! over the 1.0Ru/CeO, and 1.0Ru/CeO,-NS catalysts. (b) The aberration-
corrected HAADF-STEM images of the used 1.0Ru/CeO,-NS catalyst. Green circles: typical Ru clusters. (¢) XRD patterns of the fresh and used 1.0Ru/CeO>-NS
catalysts. (d) H,-TPR profile of the fresh 1.0Ru/CeO»-NS catalyst.



X.-C. Hu, et al.

Y

Applied Catalysis B: Environmental 268 (2020) 118424

0 * Mg(OH), f1°°' ® 1.0Ru/CeO, o ] :
: 0 Mgo - @ 1.0Ru/Mgo
_ i ?ﬁ < 801 @ 1.0RUALD,
=] - . j 0 0 £ o °®
5:; M H 1.0RuMgO-Used | '@ 60 e
= . (]
% : . Rtial % 404
E P, 1.0Ru/MgO-Fresh o,, 'Y ] °
[ 1.0RU/ALO,-Used § 20+
° ° ®
1.0Ru/ALO -Fresh ol @ [ ]
10 20 30 40 5 60 70 8 90 300 350 400 450 500 550
26 (°) Temperature (°C)

Fig. 9. (a, b) The aberration-corrected HAADF-STEM images of the used 1.0Ru/MgO catalyst. Yellow circles: typical Ru single atoms; green circles: typical Ru
clusters. (c, d) The aberration-corrected HAADF-STEM images of the used 1.0Ru/Al,Oj catalyst. Green circle: typical Ru clusters and nanoparticles. (e) XRD patterns
of the fresh and used 1.0Ru/MgO and 1.0Ru/Al,O; catalysts. (f) Temperature-dependent NH3 conversion for 1.0Ru/MgO, 1.0Ru/Al,05 and 1.0Ru/CeO, catalysts

with a GHSV of 22,000 cm® g, "' h™ L.

d

(°C)
250

200
150

1
‘
'
]
'
(
1
'
(
'
1
Il
'
Il
‘
1
(
'
1
1
'

Absorbance (a.u.}

v’

O

v 1.0Ru/MgO
Ru-H {on-top)

Absorbance (a.u.}

0.05

4000 3000 2500 2000 1500 1000

Wavenumber (cm™)

3500

1600 1400 1200 1000

Wavenumber (cm™)

2000 1800

Fig. 10. (a) In-situ DRIFTS study of NH; adsorption on 1.0Ru/MgO during the heating process. (b) The partial enlarged detail of (a) in the dashed box.

dehydrogenation reaction.

In addition, the reference 1.0Ru/MgO and 1.0Ru/Al,O; catalysts
synthesized via the same colloidal deposition approach and tested
under the same conditions. On the basis of HAADF-STEM results
(Fig. 9a—-d), the Ru species mainly exist in the form of both single atoms
and ca. 1.6 nm clusters for 1.0Ru/MgO catalysts (Fig. 9a, b and Figure
S14a) and both 1.6 nm clusters and ca. 2.2 nm nanoparticles for 1.0Ru/
Al,O3 catalysts (mean: 1.7 nm, Fig. 9¢, d and Figure S14b). XRD shows
that no distinct diffraction peak is attributed to Ru species for all the
samples (Fig. 9e), indicating that Ru species are dispersed highly on the
surface of the support. This observation is in accordance with HAADF-
STEM result (Fig. 9a—d). Here, the 1.0Ru/MgO catalyst exhibits much
higher H, yield than the same chemical composition samples synthe-
sized by other approaches (Table 2), demonstrating the importance of
catalyst preparation method. On the other hand, 1.0Ru/MgO catalyst is
clearly less active than 1.0Ru/CeO,. While, the performance of the

10

1.0Ru/Al,O3 catalyst is much lower than the other two catalysts
(Fig. 9f, Table 2).

The evolution on surface species of 1.0Ru/MgO during ammonia
decomposition was investigated by in-situ DRIFTS (Fig. 10). After 10 %
NH;3/Ar was introduced into the reactor at 50 °C, the adsorption of
ammonia was immediately observed. Further, the on-top Ru-H (1800
em™ ') [56], dinitrogen molecules (2194 and 2146 cm ™ ') [56,58,59]
and NH, species (1586 cm ™Y [57,58] were present above 200 °C. The
dinitrogen molecules and NH, species are relatively stable and strongly
interact with the surface of oxide matrix, resulting in the relatively
lower catalytic activity than ceria-supported ruthenium catalyst. NH3-
TPD results showed that the adsorption of NH; was observed on MgO
and Al,O3 supports (Fig. 11a, c). However, the adsorption peak of NH3
is modified after the introduction of Ru (Fig. 11b, d). Meanwhile, the
desorption peaks of H, and N, are observed. This suggests that Ru
species can promote the dissociative adsorption of NH;. Compared with
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CeO,, support and 1.0Ru/CeO, sample, much weaker NH;3 adsorption
was determined for the MgO and Al,Os; supports and 1.0Ru/MgO
samples. Moreover, the H, and N, signals appear at obviously higher
temperature for 1.0Ru/MgO and 1.0RuAl,O3 compared with those for
1.0Ru/CeO,, indicating the stronger interaction between N,, H, and
catalyst, leading to the lower catalytic activity. These results suggest
that the weak NHj3 adsorption and the strong interaction between ad-
sorbed species and support surface make against dissociative desorption
of NH3, which highlights the crucial importance of ceria support for Ru

catalysts.

4. Conclusions

In summary, stable and uniform Ru clusters anchored on nanoceria
have been synthesized by reducing isolated Ru single atoms. The Ru
cluster catalyst shows unprecedented activity and excellent long-term
stability for decomposition of ammonia. The synergistic effect between
very good NH; adsorption ability of CeO, and excellent stability of Ru
clusters promotes the catalytic performance. This work not only offers
guidance for the design of high-efficiency supported cluster catalysts,
but also provides a deep understanding for the investigation on struc-
ture-activity relation in heterogeneous catalysis.
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