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Abstract

Ammonia decomposition catalyzed by Ru nanoparticles supported on carbon
nanotubes offers an efficient way for COx-free hydrogen generation. To understand
the catalytic mechanism, the two most important elementary steps of ammonia
decomposition, namely the initial cleavage of the NH,-H bond and the nitrogen
recombination, have been studied using density functional theory on a carbon
nanotube deposited with Ru, (x=1, 2, 6 and 13) clusters. The results indicate the
reaction steps are catalyzed at Ru sites with barriers significantly lower than those on
Ru(0001), but the barriers have a strong dependence on the size of the cluster. It is
also found that Ru sites at the interface with the carbon nanotube are more active,
showing a strong interfacial effect due apparently to facile charge transfer from the

carbon nanotube to interfacial metal atoms.

ACS Paragon Plus Environment

Page 2 of 35



Page 3 of 35

oNOYTULT D WN =

The Journal of Physical Chemistry

1. Introduction

Due to the well-known difficulties in storing and transporting H,, there is
currently strong interest in on-site hydrogen generation for proton exchange
membrane fuel cells.! When carbonaceous molecules (e.g., CH4 and CH;0H) are used,
however, CO,(x=1, 2) by-products are inevitable, which can degrade the cell
electrodes even at low concentrations.” Ammonia offers an attractive alternative for
hydrogen production, serving as a CO,-free hydrogen carrier with a high hydrogen
content (17.7 wt%). As the reverse Bosch-Haber process, ammonia decomposition
yields H; and N, (NH3z — 3/2 Hy + 1/2 Ny, AH=46 kJ/mol). Importantly, ammonia
decomposition has a few distinct advantages. First, ammonia can be easily liquified
by either lowering temperature or increasing pressure, making it easy for storage and
transportation. Second, a mature infrastructure exists for its large-scale production and
distribution. Finally, ammonia is relative stable and safe. For these reasons, on-site
hydrogen generation via ammonia decomposition has attracted much recent
attention.”® Tt is important to note that the decomposition reaction is extremely slow
without a catalyst. Considerable studies have thus been carried out in search for
efficient catalysts. Several transition metals, including Ru, Fe, Pt, Pd, Ir, Ni, and Rh,
as well as bimetallic alloys,’” have been tested for catalyzing the decomposition of
ammonia and these studies indicated that Ru is the most active catalyst.”>°

A better mechanistic understanding of ammonia decomposition on Ru-based
catalysts will help the design of more effective catalysts. To this end, the vast

literature on ammonia synthesisg’9 provides a useful backdrop. It is reasonably well
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established that the catalyzed decomposition of ammonia proceeds through the

following elementary steps (* indicates an open site and X* the adsorbed form of

X):IO
NH;* + * — NH,* + H* (1)
NH,* + * — NH* + H* ()
NH* + * — N* + H* 3)
H* + H* — H, + 2% (4)
N* + N* — N, + 2% (5)

In ammonia synthesis, the dissociation of N, is well known as the rate-limiting
s‘[ep.9 In the reverse reaction, however, the situation is not as clear. Earlier
experimental studies are somewhat ambiguous on the rate-determining step of
ammonia decomposition on Ru surfaces. In 1987, for example, Tsai and Weinberg11
found that the rate-determining step of NH; decomposition on Ru(0001) is
temperature dependent. At lower temperatures, the reaction rate is determined by the
recombinative desorption of nitrogen, while at temperatures above 750 K, the
cleavage of the N-H bond in ammonia becomes the slowest step. However, later

12, 13

reports suggested that the reaction rate is limited only by the recombinative

desorption of nitrogen. Based on their studies of the kinetics of ammonia
decomposition on carbon and alumina supported Ru particles, Bradford et al.'*
proposed that both the NH,—H bond cleavage and recombinative nitrogen desorption

are the slowest kinetic steps. In 2001, Chellapp er al."” investigated the ammonia

decomposition kinetics over a Ni-Pt/Al,O; between temperatures of 520 and 690 °C
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and at ammonia pressures between 50 and 780 Torr. They concluded that the reaction
rate of ammonia decomposition is limited by the recombinative desorption of nitrogen.
The more recent studies on ammonia decomposition kinetics on supported Ru
clusters'® and the thermal programed desorption of N, on supported Ru catalysts'” '*
also reached a similar conclusion. It appears that the rate-determining step depends on
the type of catalyst and operating conditions. This kinetic complexity seems to be
borne out by kinetic models."*°

Theoretical understanding of ammonia decomposition on Ru catalysts has relied
heavily on the vast amount of work on ammonia synthesis.”'*’ From the extensive
study of ammonia synthesis on flat Ru(0001) by Nerskov and coworkers,?" %% % it is
known the dissociation of N-N has the highest barrier. It is also the slowest step for
ammonia decomposition on the same surface, with a high barrier about 2.4 eV.** This
barrier is drastically reduced at step sites (about 1.2 eV),** while the barrier of some

24 As a result, the latter could become

dehydrogenation step becomes higher.
rate-limiting. It is interesting to note that the active sites for ammonia synthesis may
be not those for ammonia decomposition.28

Experimental studies have also shown that the activity of the Ru catalyst is
support-dependent. ' #3* Au and coworkers’® compared the NH;3 conversion and
hydrogen formation rates on Ru catalysts supported on carbon nanotubes (CNTs),
MgO, TiO,, ZrO, and Al,Os. These investigators found that CNTs is the most

effective support, and reported an activation energy of 0.72 eV for the Ru,@CNT

catalyzed ammonia decomposition.17 It was further discovered that the catalytic
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activity of Ru strongly correlates with the extent of graphitization, which is attributed
to the conductance of the graphic carbon.*> ** Moreover, the decomposition rate of
NHs is strongly dependent on the size and shape of the Ru nanoparticles, and those
with a mean size ranging from about 2 to 5 nm usually show the highest activity.'® >
3739 S0 far, however, there has been no systematic theoretical study on ammonia
decomposition by supported Ru catalysts. As a result, our understanding of this
important catalytic process is rather limited.

In this work, we report the first systematic theoretical study of the ammonia
decomposition on Ru clusters anchored on CNTs using plane-wave density functional
theory (DFT). Our work focuses on the initial cleavage of the NH»-H bond and the
recombination of N, namely reactions (1) and (5). The choice of these two
elementary steps is motivated by the uncertainty on the rate-limiting step in this
reaction. The size effect of the CNT-supported Ru cluster is investigated by
examining a single Ru atom (Ru;), the Ru dimer (Ruy), and small Ru clusters with six
(Rug) and thirteen atoms (Ru;3), all supported on a CNT (denoted as Ru,@CNT). The
adsorption and reaction on different Ru sites are also studied to identify on the most
active sites for the catalysis. These studies help us to understand the experimental
observations and to gain insights into key issues related to this important catalytic
process.

2. Computational details

Spin-polarized DFT as implemented in Vienna Ab initio Simulation Package

(VASP)* *! is used in all calculations with the generalized gradient approximation
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(GGA) functional of Perdew, Burke, and Ernzerhof (PBE).*> The valence electronic
wave functions are expanded in plane-waves with an energy cutoff of 400 eV and the
projector-augmented wave (PAW) approach® was employed for the core electrons.
The supercell model was build based on the (8,0) zigzag single-wall CNT. For the Ru,
and Ru, clusters, a 20x20x8.52 A® supercell was used, while for the larger Rus and
Rujs clusters, a 20x20x12.78 A® supercell was used to avoid interaction among
neighboring images. For these two types of supercells, 1x1x4 and 1x1x3
Monkhorst—Pack k-points™ were selected to sample the Brillouin zone. For the
calculation of the density of states (DOS), a 1x1x11 Monkhorst—Pack k-point grid
was employed. Van der Waals corrections were included using the DFT-D2 method of
Grimme.*

The binding energy of the Ru, clusters on the CNT was calculated using the
equation E, = E(Ru,@CNT) - E(CNT) - E(Ru,) and the adsorption energy of a
pertinent species (X) is obtained via the equation E,y = E(X-Ru,@CNT) -
E(Ru,@CNT) - E(X). The transition states (TSs) between stable initial states (ISs) and
final states (FSs) were determined using the climb image nudged elastic band
(CI-NEB) method.*® Atomic charges were computed using the atom-in-molecule
(AIM) scheme proposed by Bader.*’ The charge density differences were evaluated
using the formula Ap=paig— pa—ps, Where py is the electron density of M. The
convergence of relaxation was checked with the 0.05 eV/A criterion and the total
energy difference is less than 1x10™ eV.

3. Results
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3.1. Structure and stability of Ru,(x=1, 2, 6 and 13)@CNT

The optimized geometries of the CNT and Ru,(x=1, 2, 6 and 13)@CNT are
shown in Fig. 1. There are two types C-C bonds in the CNT with lengths about 1.42
and 1.44 A, which are very similar to the previous results of Verdinelli et al.** When
Ru, is anchored on the CNT, the C-C bond lengths close to the metal atoms change
only slightly. For Ru;@CNT, the Ru atom is located on a hollow site with four Ru-C
bond lengths of 2.12, 2.12, 2.27, and 2.27 A, respectively. The corresponding binding
energy is -2.25 eV, which is again in good agreement with the earlier result of
Verdinelli et al.*® For Ru,@CNT, one Ru atom is located at a hollow site and the other
at a neighboring bridge site. The Ru-Ru distance is 2.32 A, which is slightly longer
than that of the free Ru dimer (2.20 A). The corresponding binding energy of Ru, on
the CNT is -2.02 eV, which is slightly lower than that of Ru;j@CNT (-2.25 eV).

For the isolated Rug cluster, two stable geometries were found, as shown in Fig.
2 (a) and (b). Geometry (a) is about 0.52 eV more stable than (b), which is consistent
with the earlier result of Wang and Johnson.”” Geometries of the two clusters
anchored on the CNT are both three dimensional, as shown in Fig. 1 (d) and (e). For
geometry (d) (Ey,= -4.67 eV), four Ru atoms are bonded to CNT and two are on top,
forming the interfacial and top layers. For geometry (e) (£, = -3.65 eV), only three Ru
atoms are in contact with the CNT wall and three are on the top layer. Since the
binding of the former is about 1 eV stronger than the latter on the CNT, the more
stable geometry (d) is selected to study the ammonia decomposition below.

For the isolated Ru;; cluster, there are numerous possible minima. The search of
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the global minimum requires highly sophisticated methods such as molecular
dynamics or genetic algorithms. In addition, the most stable geometry may depend on
the DFT method used in the calculation.’®>? Moreover, the fluxional nature of the
metal cluster and the easy interconversion between different isomers may further
complicate the situation.® On a support, the structure and energetics of such a cluster
are even more complex. Therefore, we in this work selected the Ruy; cluster with the
icosahedral symmetry as the starting structure, which was previously used by Liu et
al>* and by Gao and Zhao,” in their studies of Ru nanoparticles supported on
graphene and CNT, respectively. The optimized geometry of the free-standing Ru;
cluster is given in Fig. 2 (c), in which the calculated Ru-Ru distance ranges from 2.48
to 2.70 A, in good agreement with the results of Liu et al.>* On the CNT, several
optimized geometries were obtained starting from this icosahedral structure. Three
selected optimized geometries of Ruj3@CNT are shown in Fig. 1 (f)-(h). Geometry (f)
(Ey=-4.604 eV) still retains some original icosahedral structure, while geometries (g)
and (h) are distorted, presumably due to strong interaction with the CNT. All these
structures are three dimensional with multiple layers of Ru atoms. The binding of (h)
(Eb=-6.975 eV) is about 2.38 and 1.08 eV more stable than (f) and (g) (E,= -5.902
eV), respectively. We in this work thus focus on geometry (h) for the possible reactive
sites and support effects on ammonia decomposition.
3.2. Adsorption of pertinent species

The adsorption geometries of pertinent species on the bare CNT are shown in Fig.

3 and the corresponding adsorption energies are listed in Table 1. The adsorption of
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these species has a minor influence on the geometry of CNT. For NH3, it adsorbs with
the nitrogen end with an N-CNT distance of 3.18 A. The adsorption energy is -0.107
eV, suggesting a very weak physical adsorption. Both NH, and H adsorbed strongly
atop C, however, the former with its nitrogen end. The calculated adsorption energy of
H is -1.562 eV, which is in excellent agreement with result (-1.595 eV) of Verdinelli et
al.*® The adsorption energy for NH, is comparable (-1.136 eV).

The adsorption geometries of pertinent species on Ru(x=1 and 2)@CNT are
given in Fig. 3 and the adsorption energies are shown in Table 1. On Ru;@CNT, NH;
and NH, are adsorbed on Ru with the adsorption energy of -1.426 and -3.537 eV,
respectively, which are stronger than those on Ru(0001).* For H, it is also bonded to
a Ru atom with a Ru-H bond length of 1.59 A and an adsorption energy of -2.935 eV,
similar to that on Ru(0001).% In this geometry, due to the effect of support, H is tilted
toward CNT.* On Ru,@CNT, the adsorption energy of NHj is very close to that on
Ru;@CNT. For NH; and H, the adsorption of these species on Ruy@CNT is slightly
stronger than on Ru;@CNT. But for the products, NH, and H are adsorbed on two
different Ru atoms, while on Ru;@CNT, they have to share the same Ru atom.

On Ru;@CNT, N adsorbs chemically on top of Ru with a tilt. The adsorption
energy is -5.949 eV, which is somewhat stronger than on Ru(0001) (~5.7-5.8 eV). 2%
The adsorption of the second N atom is also strong. The averaged adsorption energy is
0.39 eV weaker than the first N atom, suggesting a repulsive interaction between the
two N atoms in the adsorbed state. For N, adsorption, two stable adsorption
geometries are obtained (see Fig. 3), both with moderately strong adsorption. The first

10
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is a bidentate configuration, while the second one unidentate on atop of a Ru atom.
The latter is 0.16 eV more stable than the former. Similar structures were observed on
Ru(0001), but with much smaller adsorption energies.”” >

For Rug@CNT, there are two different kinds of active sites: interfacial and top
layer sites. Because the catalytic activity may be different, both types of sites were
investigated. The adsorption geometries of the pertinent species on interface of
Rug@CNT are shown in Fig. 4. On both the interfacial and top layers (for top layers
See Fig. S1 in Supporting Information, SI) sites, NH3, NH,, and H are all bonded to a
Ru atom. It is interesting to note that the adsorption of these species on the interfacial
sites are in general stronger than on the top layer sites (see Table 1). Especially for H,
the adsorption energy at an interface site is 1.278 eV larger than that on a top layer
site, showing a strong interfacial effect. For atomic and molecular nitrogen, a similar
pattern emerges, as shown in Table 1, although the distinction between the two types
of sites is less pronounced. At the interfacial sites, N adsorbs on a top site of Ru with
adsorption energy of -5.122 eV. For 2N*, both nitrogen atoms adsorb on Ru with the
N-N distance of 4.64 A, slightly shorter than that of Ruy@CNT. Different from
Ru,@CNT, however, N, can only adsorb on the top of Ru with unidentate N bonding
to a Ru atom (see Fig. 4) and its adsorption energy of -1.140 eV is about 0.47 eV
larger than that on Ru(0001).”

Since the reaction properties discussed below also indicated that the interfacial
sites are more active, only the interfacial adsorption sites are considered for

Ruj3@CNT. The adsorption geometries are displayed in Fig. 5. Similar to that on

11
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Ru,(x=1, 2 and 6)@CNT, in the interface layer of Ru;3@CNT, NH; adsorbs at a top
Ru site, consistent with the previous studies on Ru(0001).*** The adsorption energy
of NHj3 is -1.207 eV, which is smaller than those on Ru,(x=1, 2 and 6)@CNT. For
NH,, it adsorbed on an interfacial bridge site with an adsorption energy of -3.822 eV,
which is stronger than those on Ru,(x=1, 2 and 6)@CNT. For H, it also prefers to
adsorb on a bridge site on the interface. The adsorption energy is -2.914 eV, which is
close to that on Ru;@CNT and smaller than those on Ru;@CNT and at the interface
of Rug@CNT. The adsorption energy of a single N atom on top of an interface Ru
atom is -4.883 eV. For 2N*, both N atoms are located at the top of Ru, with a
co-adsorption energy of -5.078 eV. The N-N distance is 3.77 A which is about 1 A
shorter than those on Ru@CNT and Rus@CNT. For N, the bidentate form is about
0.31 eV less stable than the unidentate form.

3.3 Reactions

We will focus our studies of reaction barriers to two potential candidates of the
rate-limiting step in ammonia decomposition, namely the dehydrogenation of
ammonia (reaction (1)) and recombination of N, (reaction (5)). The desorption of N,
is not considered.

The calculated reaction paths of reaction (1) on the CNT and Ru,(x=1, 2, 6 and
13)@CNT and the corresponding transition-state geometries are shown in Fig. 6. The
geometric parameters of these structures can be found in SI. The reaction energy (£)
and activation energy (£,) are listed in Table 1. On the bare CNT, the reaction is
endothermic by 0.557 eV. The calculated barrier is very high (2.107 eV), suggesting

12
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that the decomposition of ammonia on pure CNT is very difficult. This is consistent
with a previous study.60 On Ru;@CNT, the reaction proceeds with an exothermicity of
-0.466 eV. The barrier of 1.066 eV is about 0.20 eV lower than the corresponding
value of 1.27 eV on Ru(0001)* and comparable with the value (about 1 eV) on
stepped Ru (0001).** However, the products have to share the same Ru atom, which
makes further reactions impossible. On Ru,@CNT, the barrier for reaction (1) is even
lower (0.830 eV), suggesting a more facile reaction than on Ruj@CNT or on
Ru(0001). On Rug@CNT, as shown in Fig. 6, it is interesting to note that the barrier
for reaction (1) at interfacial sites (1.231 eV) is much lower than that at top layer sites
(1.439 eV). On Ru;3@CNT, the reaction at the interfacial site of Ru;3@CNT proceeds
with a barrier of about 0.737 eV with an endothermicity of 0.455 eV. The barrier is
significantly lower than that on Rug@CNT and even lower than that on Ru,@CNT.
The reaction paths of N,* formation (reaction (5)) on Ru,(x=2, 6 and 13)@CNT
are presented in Fig. 7, with the transition-state geometries. The reaction and
activation energies are listed in Table 1. The internuclear distances for these structures
are also provided in SI. The barrier of the formation of N>* on Ruy@CNT is 1.507 eV,
which is about 0.91 eV lower than that on Ru(OOOl),24 but is about 0.31 eV higher
than the value of 1.2 eV on stepped Ru(0001).>* On Rug@CNT, the barrier of reaction
(5) is 1.324 eV which is 0.18 eV lower than on Ru,@CNT and about 0.12 eV higher
than that on the stepped Ru(0001).>* On Ruj;3@CNT, the barrier is significantly
reduced to 0.846 eV, which is more than 1.5 eV lower than on Ru(0001) and is about
0.66 eV and 0.48 eV lower than on Ruy@CNT and Ru;@CNT, respectively. In

13
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addition, the barrier is very close to the experimental apparent activation energy of
ammonia decomposition.17
4. Discussion

Overall, the adsorption of the pertinent species on Ru,@CNT is much stronger
than that on the CNT, and the corresponding reaction barriers are much lower too.
These results practically rule out the CNT as the catalyst. Comparing with Ru(0001),
the barriers for both reactions (1) and (5) are consistently lower. This is particularly
true for reaction (5), which is the rate-limiting step on Ru(0001), as the barrier height
is reduced by more than 1 eV. The significantly lowered barriers on Ru,@CNT are
consistent with the presence of uncoordinated sites in the supported Ru clusters.

Due to limitations in computing power, however, it is still impossible to
investigate the ammonia decomposition on experimentally relevant Ru nanoparticles
(2-5 nm in size) anchored on CNTs. Nevertheless, the results presented in this work
provide useful information on several important issues in this catalytic process, such
as size effects and active sites.

In Figure 8, activation energies for both reactions (1) and (5) are plotted as a
function of the Ru cluster size (x). The results on Ru(0001) and the experimentally
measured apparent activation energy are also included for comparison. It is clear from
the figure that the recombination of nitrogen (reaction (5)) has consistently higher
barriers than the dehydrogenation of ammonia (reaction (1)). This trend is the same

24,25 45 well as most kinetic

with previous theoretical studies on the (0001) facet of Ru,
studies.'® -3 However, it is also clear that there is no clear trend in the size effect, as

14
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the barriers do not change monotonically with the number of Ru atoms in the
supported cluster. This is not inconsistent with experimental observations of strong
size effects.'™ ** 73* The experimentally observed optimal size of 2-5 nm contains
hundreds of Ru atoms, which are unfortunately beyond our current ability.

The calculations reported here also suggest strong interfacial effects. In particular,
the Ru sites near the CNT surface exhibit stronger adsorption and lower reaction
barriers. Similar interfacial effects have previously been noted in DFT studies of
reactions catalyzed by nanoclusters supported on oxide surfaces by several
researchers.®’® In these studies, the catalysis at the interfacial sites was found to
either have lower barriers or proceeds via different reaction paths.

An important characteristic of the interfacial effect is the amount of charge
transfer at the interface. To understand this effect, we computed the Bader charges of
Ru atoms in Ru;3@CNT and Rug@CNT, and the results are listed in Table 2 and S3,
respectively. In addition, the differential charge densities of Ruj;@CNT and
Rug@CNT are shown shown in Fig. 9 and Fig. S2 with two isovalues, respectively. .
In Fig. 9a, it is clear that the Ru atoms in the interfacial layer have much more
positive charges than those in the upper layer. This suggests that the charge transfer
from CNT is much more facile in the interfacial layer, and as a result the Ru atoms in
this layer are much more oxidic. This explains the stronger adsorption and lower
reaction barriers at the interfacial sites observed in our DFT calculations. It is
interesting to note the observed correlation between the catalytic activity of ammonia
decomposition with the extent of graphenization of the carbon support.3 >3 1t s

15
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possible that the better conductivity of the CNT, that allows more facile charge
transfer to the interfacial layer, is responsible for the enhanced activity of these
catalysts. Indeed, in Fig. 9b, it is clear that the charge depletion is not restricted to the
carbon atoms at the interface with Ru, but spreads out to the entire CNT. This
non-local charge transfer presumably stems from the conducted characteristic of the
CNT.

The strong interaction between the interfacial Ru atoms and carbon atoms in the
CNT is also supported by the projected density of states (DOS), as shown in Fig. 10
and Fig. S3. The Ru,; and Rug clusters without the CNT exhibit 4 bands consisting of
sharp features ranging from -6 to 4 eV, while after binding with the CNT the d bands
become broader with a range from -8 to 6.5 eV. We can also see strong coupling
between the Ru d orbitals and the 2p orbitals of the interfacial carbon atoms,
suggesting covalent bonding. The broadened and significantly modified DOS of Ru
reveals a strong hybridization of the Ru cluster with the CNT support, underscoring
the significant redistribution of charge at the interface between Ru and CNT.

In addition, geometrical effects also play a role in the variation of the activities.
For Rug@CNT, the reactions occur on the sides of a square formed by four Ru atoms,
while for Ruj3@CNT, the reactions take place on the sides of a triangle formed by
three Ru atoms. For the former, one Ru atom is responsible for the breaking of the
NH,-H bond, while for the latter, two Ru atoms contribute to the cleavage of the
NH;-H bond. Moreover, the adsorption geometry of N, also suggests an influence of
geometry. On Rug@CNT, only the unidentate adsorption geometry of N, is stable,

16
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while on Ru;3@CNT, two stable adsorption geometries were found.
4. Conclusions

In this work, the initial cleavage of NH,-H bond and the nitrogen recombination
related to ammonia decomposition are studied systematically using DFT on Ru,(x=1,
2, 6 and 13)@CNT. Our results indicate that the nitrogen recombination is the
rate-limiting step throughout, although the barrier heights depend sensitively on the
size of the Ru clusters. These result also suggest that Ru clusters on the CNT
significantly lower the barriers of these two elementary processes relative to the
Ru(0001) surface, due apparently to the presence of uncoordinated sites in the cluster.
The barrier lowering is particularly pronounced for the rate-limiting nitrogen
recombination step. Comparing with experiment, the calculated activation energy for
Ruj3@CNT is quite close to the apparent activation energy measured on Ru clusters
supported by CNTs. Furthermore, it was found that the reactions have lower barriers
at the Ru sites at the Ru-CNT interface, due apparently to the facile charge transfer
from the CNT to the Ru atoms. These insights shed valuable light on the mechanism
of ammonia decomposition catalyzed by Ru clusters supported on CNTs. However, it
is still premature to compare the theoretical results to actual catalysts because the
sizes of the Ru cluster in this work are still too small. More studies are needed to
explore the catalysis with Ru nanoparticles with 2-5 nm sizes to ascertain the effects

observed in this work.
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Table 1. Calculated adsorption energies, reaction energies, and activation energies (all

oNOYTULT D WN =

in eV) of the NH;* + * — NH,* + H* and 2N* — N,* + * steps in ammonia

10 decomposition. The DFT results on Ru(0001) are also listed for comparison.

Rus@CNT Rug@CNT
12 CNT Ruy@CNT Ru,@CNT Ru;;@CNT Ru(0001)
13 (interfacial) (Top)
14 NH; -0.107 -1.429 -1.468 -1.409 -1.266 41207  -0.89°
15 NH, -1.136 -3.537 -3.659 -3.471 -3.345 3.822 -2.95°
H -1.562 -2.935 -3.189 -3.939 -2.661 2914 -2.98°
18 Ey 0.571 -0.466 -0.232 0.140 0.176 0.455  -0.07°
19 Ey 2.107 1.066 0.830 1.231 1.439 0.737 127°
20 N -5.949 -5.122 -4.853 4883  -5.70°
21 N -5.555 4741 -4.866 -5.072 ;
23 N 1.223 - -0.586
24 (bidentate)
25 N,*
26 (unidentate)
Es -0.515 -2.028 -1.584 -0.819 -
29 Eys 1.507 1.324 0.846 2.4¢
30 *ref, 2
31 b ref. 59
32 ¢ ref 24

-1.380 -1.140 -0.926 -0.898 -0.67°

23

60 ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

Table 2. Calculated Bader charges (le|) for carbon and ruthenium atoms in the
Ruj3@CNT system as shown in Figure 1. The sum of all (interfacial) C charges is
given by Qai ¢ (Qinterface ¢), While the sum of all (interfacial) Ru charges is given by

Qait Ru (Qinterface Ru)- The atomic labels are defined in Fig. 1.

Bader

Atom Charge
Ry, 0.30
Ruy 0.19
Rus 0.22
Interfacial Layer Rug 020
Rus 0.19
Rug 0.17
Qinterface Ru 1.27
Ry, -0.05
Rug -0.05
Ruy 0.04
Ruyo -0.02
Upper Layer Run o
Ruy, -0.04
Ruy; -0.04
Qupper Ru -0.20
QalliRu 1.07
G -0.09
G -0.07
& -0.06
Cy -0.11
GCs -0.07
Interfacial layer Ce 0.11
G -0.09
Cs -0.07
& -0.13
Cuo -0.07
Cu -0.09
Qimcrfaccfc -0.96
Qaufc -1.07
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33 Fig. 1. Side and top views of the geometries of CNT (a), Ruj@CNT (b), Ru@CNT
35 (¢), Rug@CNT (d and e) and Ruj3@CNT (f-h). The C and Ru atoms are colored in

38 gray and cyan, respectively.
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O

Fig. 2. Geometries of isolated Rug (a and b) and Ru;s (¢).

(a)
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N
a1
-

2

oY

Fig. 3. Adsorption geometries of pertinent species on CNT, Ruj@CNT, and

NH,+H*

o

N,* (bidentate) ~ N,* (unidentate)

53
py
f1 e
2)

Ru;@CNT. The C, Ru, N, and H atoms are colored in gray, cyan, blue, and white,

respectively.
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NH,* NH,*
N* 2N*

Fig. 4. Adsorption geometries of pertinent species on interface layer of Rug@CNT.

H* NH+H*

N, *(unidentate)

The same color scheme as Fig. 3 is used.

28

ACS Paragon Plus Environment



Page 29 of 35 The Journal of Physical Chemistry

oNOYTULT D WN =

N,* (bidentate) N *(unidentate)

2% Fig. 5. Adsorption geometries of pertinent species on interfacial sites of Ru;3@CNT.

28 The same color scheme of Fig. 3 is used.
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Ru,-Interface Ru.-Top

Fig. 6. Reaction paths of NH3*—NH,*+H* on CNT (black line), Ruj@CNT( red line),
Ru,@CNT (blue line), interfacial sites of Rug@CNT (magenta line), top layer sites of
Rug@CNT (olive line) and Ru;3@CNT (wine line). The geometry of transition states
(TS) are also given. The geometries of initial state (IS) and final state (FS) are
referred to the corresponding geometries of NH3; and NH,+H shown in Figs 3-5. The

same color scheme as Fig. 3 is used.
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Energy (eV)

-0 819
Ru2  Rul
\ -2 028

Fig. 7. Calculated reaction paths of N, formation on Ru,@CNT (blue line),

Rus@CNT (magenta line) and Ruj3@CNT (vine line). The geometry of transition
states is also given. The geometries of initial state (IS) and final state (FS) are referred
to the corresponding geometries of 2N* and N»* shown in Figs. 3-5. The same color

scheme as Fig. 3 is used.
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2.4—. —_—
2.2—-
2.0
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1.4 4

1.2+ —

Activation energy (eV)

1.0

0.8

CNT Ru(0001) Ru, Ru Ru Ru Exp

2 6 13

0.6 -

Fig. 8. Size dependence of the activation energy for ammonia dehydrogenation
(reaction (1)) and nitrogen recombination (reaction (5)). Solid black line: reaction (1);
Solid red line: reaction (5). Here Ru,(x=1, 2, 6 and 13) indicates the corresponding
Ru,@CNT. For Rug@CNT, the solid lines give the results on the interface while black
dot line displays the results of reaction (1) on top layer sites. The DFT results on
Ru(0001) are also given, while the blue dotted line indicates the experimental

apparent activation energy.
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U I Vo)
WCoOoONOOULID_ WN = O

N NN
N = O

Fig. 9. Contour plots of the differential charge density of Ru;3@CNT. The charge

NN
H W

accumulation region is rendered in blue while the charge depletion region in yellow.

NN
[e) IR0, ]

The isosurface level is £0.005 and +0.00008 au for (a) and (b), respectively. Color

N NN
O 00 N

code: C, gray; Ru, cyan.
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Fig. 10. Projected density of states (PDOSs) of the d orbitals of Ru;; (upper panels)
and the p orbitals of interfacial carbons in the CNT (lower panels). The left column (a
and c) is for individual Rus and CNT while the right column (b and d) is for the
combined system. The Fermi level is set to 0 eV.
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