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Experimental and theoretical studies of ammonia generation:
Reactions of H, with neutral cobalt nitride clusters
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Ammonia generation through reaction of H, with neutral cobalt nitride clusters in a fast flow reac-
tor is investigated both experimentally and theoretically. Single photon ionization at 193 nm is used
to detect neutral cluster distributions through time-of-flight mass spectrometry. Co,,N,, clusters are
generated through laser ablation of Co foil into N,/He expansion gas. Mass peaks Co,,NH; (m = 6,
10) and Co,,NH3 (m =7, 8, 9) are observed for reactions of H, with the Co,,N,, clusters. Observation
of these products indicates that clusters Co,,N (m = 7, 8, 9) have high reactivity with H, for ammo-
nia generation. Density functional theory (DFT) calculations are performed to explore the potential
energy surface for the reaction Co;N + 3/2H, — Co;NH3, and a barrierless, thermodynamically
favorable pathway is obtained. An odd number of hydrogen atoms in Co,,NHs (m = 7, 8, 9) prob-
ably come from the hydrogen molecule dissociation on two active cobalt nitride clusters based on
the DFT calculations. Both experimental observations and theoretical calculations suggest that hy-
drogen dissociation on two active cobalt nitride clusters is the key step to form NHj in a gas phase
reaction. A catalytic cycle for ammonia generation from N, and H; on a cobalt metal catalyst surface
is proposed based on our experimental and theoretical investigations. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4754158]

. INTRODUCTION

The heterogeneous catalytic synthesis of ammonia from
nitrogen and hydrogen is a very important industrial pro-
cess, and it offers 40% of the ammonia to nourish the cur-
rent global population.! The catalytic reaction to produce am-
monia has attracted deep interest for over 100 years now.
Chemically, ammonia synthesis is through the Haber-Bosch
process, in which ammonia is produced by the reaction of
nitrogen and hydrogen over an iron catalyst.>® Many pro-
moted catalysts have been introduced as an alternative ammo-
nia catalyst in the last several decades. The large energy and
time consumption required for the ammonia synthesis process
have stimulated the search for better or more efficient cata-
lysts working at lower temperatures and pressures.* Recently,
clusters have been shown to be good models for active sites
of complex solid state catalysts: clusters are readily acces-
sible by theoretical techniques because they are isolated and
their properties are localized. Experimentally clusters are eas-
ily generated, characterized, detected, and researched. Molec-
ular level mechanisms for condensed phase catalytic reactions
can be understood through the study of gas phase model re-
actions with clusters. For example, some recently reported
gas-phase vanadium oxide cluster studies provide insights
into vanadium-based oxide catalysts for selective oxidation
of propylene and hydrogen sulfide.>® Moreover, theoretical
calculations can be used to help us in the interpretation of
experimental results and the prediction of detailed reaction
mechanisms for finite cluster systems.”!”
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Cobalt is an important transition metal, which has widely
been used in ammonia synthesis as a catalyst modifier for var-
ious different alloy catalysts. The activity of iron catalysts for
ammonia synthesis was found to increase markedly at lower
temperatures with the addition of cobalt.'®?! In studies of
supported Ru—M (M = Fe, Co, Ni, Mo) bimetallic active cen-
ter catalysts for ammonia synthesis, activity of the Ru—Co cat-
alyst is the highest.”> Recently, cobalt molybdenum nitride
(CosMo3N), has attracted attention, as a result of its high ef-
ficacy in ammonia synthesis.?*=°

Most catalysis studies are focused on condensed phase
reactions, but a few related studies have also been carried out
in gas phase. Reactions of neutral and charged cobalt clus-
ters with hydrogen/deuterium have been investigated by sev-
eral groups. Reactions of neutral cobalt clusters with D, in
a fast flow reaction tube have been reported by Smalley and
co-workers.?!:32 They measured the relative reaction rate con-
stants for D, dissociation on various sized clusters and found
a strong reactivity dependence on cluster size. Co,, clusters
for m = 4-9 exhibit low reactivity with a minimum at m = 6,
whereas m = 3, 10-28 clusters react much more efficiently.
Persson and co-workers®3* also reported the reactions of
neutral cobalt clusters Co,, (m = 10-45) with D, under near
single collision conditions, using two reaction cells. The size
dependence of the Co,,—D; reaction system was found to cor-
respond well with the observations from experiments of the
Smalley group. Ho et al.?>3% have studied the gas phase reac-
tion and saturated absorption on the surface of neutral cobalt
clusters Co,, (m = 7-68), and found a similar D, reactiv-
ity dependence on cluster size for the cluster sizes reported
by Smalley and co-workers. Absolute rate constants and re-
action probabilities were also determined, and temperature
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dependence of the rate constants for dissociative adsorption
of the first D, molecule to cobalt clusters Co,, (m = 9-21)
was examined over the temperature range of 133-373 K.336
The rate constants for clusters m = 10-13, 15-17 show no de-
pendence on temperature, indicating that D, chemisorption
reaction has no activation barrier. The rate constants for Cog
and Coyy increase at higher temperatures, which suggest the
presence of activation barriers (8.8 and 7.8 kJ/mol, respec-
tively). The reactivity of positive cobalt cluster ions Co,,* (m
= 2-22) with H, was investigated using a fast flow reactor.’’
The reactivities of larger cationic cobalt clusters with H, are
similar to the corresponding neutral cobalt clusters: reactivi-
ties of Co,, ™ (m = 4-9), however, are found to be much higher
than their neutral analogs. Apparently, the positive charge dra-
matically affects the reactivities of these smaller clusters. The
kinetic energy dependent cross sections for reactions of Co,, ™
(m = 2-16) with D, are studied by a guided ion-beam tan-
dem mass spectrometer.®® The observed products are Co,,D*
for all clusters and Co,,D,™ for m = 4, 5, 9-16. The bond
energies for Co,, ™D are found to increase generally as the
cluster size increases, and the bond energies of Co,,*-D for
larger clusters (m > 10) are found to be very close to the value
for chemisorption of atomic hydrogen on bulk phase cobalt.

Reactions of cobalt clusters Co,, with H, are widely in-
vestigated in the literature, but the reactions of cobalt nitride
clusters with H, have not been previously studied, although
the dissociation of H, and formation of N-H bonds on cat-
alysts are important steps for ammonia synthesis. In this re-
port, the reactions of H, with cobalt nitride clusters Co,,N,,
in a flow tube reactor are studied by 193 nm single photon
ionization (SPI) coupled with time-of-flight mass spectrome-
try (TOFMS). Products containing an odd number of H atoms
(Co7.9NH3) are found on the cluster series Co7.9N, which sug-
gests clusters Co,,N (m = 7, 8, 9) have high reactivity for H,
for ammonia generation. Detailed reaction mechanisms for
generation of NH; on Co;9N; 3 are suggested based on the
experimental observations and DFT calculations for the reac-
tion potential energy surfaces (PESs).

Il. PROCEDURES
A. Experimental

The experimental setup for laser ablation coupled with a
fast flow reactor employed in this work has been described
previously in detail.****? Only a brief outline of the apparatus
is given below. Co,,N,, clusters are generated by laser abla-
tion of a cobalt foil target in the presence of 0.5% N, mixed
in He expansion gas. A 10 Hz, focused, 532 nm Nd**:YAG
laser (Nd**:yttrium aluminum garnet) with 7 mJ/pulse energy
is used for the laser ablation. The expansion gas is pulsed into
the vacuum by a supersonic nozzle (R. M. Jordan, Co.) with
a backing pressure of typically 75 psi. Generated cobalt ni-
tride clusters react with H; in a fast flow reactor (i.d. 6.3 mm
x 76 mm), which is directly coupled to the cluster genera-
tion channel (i.d. 1.8 mm x 19 mm). The reactant gases, H,
seeded in a pure helium with a 20 psi backing pressure, are
injected into the reactor by a pulsed General Valve (Parker,
Serial 9). Timing between the Jordan valve and the General
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Valve opening is optimized for the best product yields. The
pressure in the fast flow reactor can be estimated as 14 Torr
for the reaction and the collision rate between cobalt nitride
clusters and helium is estimated ~10% s~!.** Reactants and
products are thermalized to 300-400 K by collision after the
reaction.** An electric field is placed downstream of the re-
actor in order to remove any residual ions from the molecular
beam. The beam of neutral reactants and products is skimmed
into a differentially pumped chamber and ionized by an unfo-
cused 193 nm laser and detected in a TOFMS. In order to
avoid multiphoton ionization of neutral clusters, the 193 nm
laser fluence is set to about 80 pJ/cm?/pulse.

B. Calculational

Density functional theory (DFT) methods have been suc-
cessfully employed to study structures and properties of the
cobalt cluster system.45 In this work, calculations of the struc-
tural parameters for neutral Co,,N clusters and the reactions
of H, with these clusters are performed employing DFT as
manipulated in the GAUSSIAN 09 program.*® All the calcu-
lations are carried out with Becke’s exchange*’ and Perdew—
Wang’s*® correlation (BPW91) functional coupled with the
modified LANL2DZ*-? basis set for cobalt atoms and the
standard 6-3114-G(d) basis set for nitrogen and hydrogen
atoms. The highly spin-polarized 3d4s electrons of cobalt give
rise to directional bonding, magnetism, and Jahn-Teller dis-
tortions, yielding structures for which the bonding is max-
imized. Nonetheless, high magnetic moments still remain,
coupled ferromagnetically.>® To obtain a more precise de-
scription of Co,,N cluster structures, one would need to use
a local spin density approximation and the generalized gra-
dient approximation,>> or a higher level of theory, such as
CASSCF/MRCI calculations, which are successfully used to
study structures and thermochemistry of iron sulfur clusters.>®

The structures of Co,,N are optimized for different iso-
mers and spin multiplicities. For each cluster, different ini-
tial structures are used as input in the optimization procedure.
For each structure, spin multiplicities are scanned from low
to high until an energy minimum is found. Calculations for
the PESs of ammonia formation reaction on Co;N involve
geometry optimizations of the reactants, intermediates, tran-
sition states, and products. Vibrational frequency calculations
are further performed to confirm the global minima ground
states and transition states, which have zero and one imag-
inary frequency, respectively. Additionally, intrinsic reaction
coordinate calculations are carried out to determine that an
estimated transition state connects two appropriate local min-
ima along the reaction pathway. Binding energies are calcu-
lated employing the counter poise approximation for the basis
set superposition error correction:>”3 these corrections are
found to be insignificant at the present level of theory.

lll. RESULTS
A. Experimental results

Figure 1(a) presents a typical TOF mass spectrum of neu-
tral Co,, (m = 1-18) clusters, and Figure 1(b) presents the
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FIG. 1. Mass spectra of neutral (a) Co,, (m = 1-18); and (b) Co,,N,, (m = 1-17, n = 0-4) clusters ionized by a 193 nm laser. Clusters are generated by laser
ablation of pure Co foil into (a) pure He, and (b) 0.5% N»/He expansion gases at 75 psi backing pressure. The peaks marked with a star and triangle symbol are

due to carbon and oxygen impurities, respectively.

TOF mass spectrum of neutral Co,, N, (m = 1-17, n = 0-4)
clusters ionized by a 193 nm laser. These clusters are gener-
ated by laser ablation of pure Co foil into (a) pure helium, and
(b) pure helium seeded with 0.5% N, at 75 psi backing pres-
sure. Some carbon and oxygen containing clusters (Co,,C and
Co,,0) are also observed, due to trace amount of carbon and
oxygen impurities in the metal or instrument system: if high
purity helium carrier gas (99.995%) is employed for the ex-
pansion, the impurities are still present. Co,,N,, clusters are
observed for m > 3: the maximum nitrogen atom number
n in Co,,N,, increases from 1 to 4 as the cobalt atom num-
ber m increases to 17. The most intense mass peaks for each
cobalt nitride series are Co,,,N for m = 3-14, and Co,,N, for m
= 15-17. Higher N, concentration backing gas was also pre-
pared and used in the experiments: more nitrogen rich Co,,N,,
clusters are observed at higher N, concentration.

Mass spectrum generated from the reaction of neu-
tral cobalt nitride clusters Co,,N,, (m = 4-10) with 2% H,
seeded in helium gas in the fast flow reactor are presented in
Figure 2(b). By way of comparison, Figure 2(a) shows the
TOF mass spectrum for Co,,N,, clusters interacting with only
He in the reaction cell. With pure He gas added to the reactor
cell, all cluster signals decrease in roughly the same propor-
tion due to scattering by the inert gas (Figure 2(a)). When 2%
H,/He is added to the fast flow reactor, the intensity of Co,,N
signal decreases nearly to zero, and the products Co,,NH;
(m = 6 and 10) and Co,,NH3; (m = 7-9) are observed.
Products Cog oNH, are generated from the association
reactions,

Co,,N + H, — Co,,NH,, (1)

and are stabilized (cooled) by third body (usually He) col-
lisions. For the products Co7.9NH3, the additional hydrogen
atoms to generate NH3; must come from the dissociation of
H; molecules in multiple cluster molecule collision reactions
(see Sec. IV). Based on this behavior, these experimental re-
sults suggest that clusters Co,,N (m = 7, 8, 9) have a high
reactivity with H, for ammonia generation. In order to ex-
plore and elucidate this interpretation, the reaction energies,
mechanisms, and potential energy surfaces for the Co;N
+ 3/2H, reaction system are calculated.

Reactions of Co,, clusters with H, in the flow tube reac-
tor, and reactions with 0.3% ammonia mixed in the helium
in expansion gas are also explored and results are displayed
in Figures 3 and S1 (of the supplementary material),”” re-
spectively. The overall rate constant (k) of Co,, + H; reac-
tion in the fast flow reactor can be estimated as previously
described,***3% by using the equation k = In(Io/I)/(p x A1),
in which [ and Iy are signal magnitudes of the clusters in
the presence and absence of H, reagent gas, respectively;
p is the reactant molecular density; At is the reaction time
(~50 us) in the fast flow reactor. The lowest k(Cog + Hj)
and the highest k(Cos + H;) values are estimated to be 1.0
x 10719 and 2.3 x 107'° cm? molecule™' s~!, respectively.
The absolute error in the values of the rate constants is ~50%
based on an estimation of p and At in the experiments. The
relative rate constants k™ [= k(Co,, + Hy)/k(Co;s + H,)] that
are independent of the p and At values are plotted in Figure 4.
The highest reactivity of Co,, is observed for m = 15, while
the reactivity of Cog can be lower than the highest one by a
factor of about 2 (see Figure 4). Products containing an odd
number of hydrogen atoms Co,, H, (x = 1, 3) are observed for



124304-4 Yin, Xie, and Bernstein J. Chem. Phys. 137, 124304 (2012)
25
20 4
| 2% H,/He (b)
156
] °E
10 4 = o <
Z 2 L 3
2 3 L % =, S
‘®» 54 O!\ O (@]
=
g | / O 2 /
£ 0
[0} P
2 5
E -
[0} ]
o 10 1
156
20
5 | He (a)
30 Co_ (m=4-10)
3% '| . | ] |
1 Co N (m=4-10)
40 T v T T T ¥ T T ¥ T ¥ T T T ¥
250 300 350 400 450 500 550 600
Mass / amu

FIG. 2. Neutral cobalt nitride cluster Co,,N,, distributions after collision and reaction with (a) pure helium; and (b) 2% Hy/He in a fast flow reactor. Partial

pressure of Hy in the reactor is about 37 Pa for (b).

reaction of Co,, clusters with H,, and only NH;3 adsorption
products Co,,(NH3), are observed for reactions of Co,, with
ammonia. Using the same approach, we can determine qual-
itative rate constants for the Co,N clusters reacting with H,
in the reaction cell. Assuming approximately second order ki-
netics, k(Cog.10N + H») values are estimated to be 8.4 x 107?,
84 x 1072,7.8 x 1072, 7.7 x 1072, and 8.6 x 10~° c¢cm?
molecule™! s~!, respectively. Theoretical results can supply
more information as discussed in Sec. III B, concerning the
mechanisms associated with this chemistry.
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FIG. 3. Neutral cobalt hydride cluster Cos_gH, distributions after collision
and reaction with pure hydrogen gas in a fast flow reactor. The gaussian fitted
peaks are given as the blue and red lines in the expanded layers.

B. Theoretical results

Figure 5 present the lowest energy structures found for
Co;7N clusters. The nitrogen atom, in such structures for the
Co37N clusters, is bonded to 3Co atoms. The Co-N distance
in these clusters is between 1.741 and 1.896 A, larger than
the CoN (1.617 A) and the Co,N (1.668 A) distances. The
bond lengths of three Co-N bonds in each cluster of Cos N
are similar (<0.03 A difference). For CosN, the bond length
of the Co-N bond, with which the N connects with the top Co
(1.896 A), is 0.1 A larger than the other two Co-N bonds.
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FIG. 4. Relative rate constants (k) for reactions of Hy with Co,,. The
k! values are with respect to absolute rate constants k(Coys + Hp) (=2.3
x 10719 ¢m3 molecule~! s71).
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In order to study the mechanism for the ammonia forma-
tion reaction (H, with reactive Co;.9N species), DFT calcu-
lations are performed for the reaction Co;N + 3/2H, — Coy
+ NH; (AH = —0.73 eV based on DFT calculations), as an
example. The PESs and the optimized geometries of the reac-
tion intermediates and transition states calculated by DFT for
this reaction are presented in Figure 6. The structures of inter-
mediate and transition states on this surface are also schemati-
cally shown. The minima connected by a given transition state
are confirmed by intrinsic reaction coordinate calculations as
manipulated in the GAUSSTAN 09 program. The related pos-
sible reaction energies of Reactions (2) and (3) are also calcu-
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lated by DFT,
Co;N+Hy - CoyNH+H (AE = 1.27¢eV), 2)
2Co7N +H; — 2CosNH (AE = —1.71€eV). 3)

As shown in Figure 6, the first step, formation of Co;NH,
is taken with a multiple molecular collision Reaction (3). The
dissociative adsorption of H, on a Co;NH cluster to form
Co;NHj; (I2), is then an exothermic reaction. Every dissoci-
ated hydrogen atom of intermediate 12 is adsorbed by two
cobalt atoms, one of which connects with nitrogen. Via tran-
sition state TS1, one dissociated hydrogen atom transfers to
nitrogen from the top cobalt site. The bond length of Coyp-N,
connecting the nitrogen atom with the top cobalt, increases
to 2.020 A (compared to the initial bond length 1.896 A).
The other two Co-N bonds length are also increased from
1.787 A to 1.855 A, and the -NH moiety is formed (I3).
The second hydrogen atom transfers to nitrogen via transi-
tion state TS2 to form intermediate I4, in which the Coy,-N
bond breaks, and the other two Co-N bonds length are in-
creased from 1.855 A to 1.949 A. Through transition states
TS3 and TS4, the last hydrogen atom transfers to nitrogen
and yields intermediate 16, for which the formed NH; moi-
ety bonds to a Co atom with a 2.067 A Co-N bond length.
A stable intermediate Co;(NH3) (1.68 eV lower than the
initial energy) is formed, and finally generates product Co;
+ NHj3. Based on DFT calculations, the overall reaction of
CosN + 3/2H; — Co; + NHj is barrierless and thermody-
namically favorable.
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FIG. 6. A potential energy surface profile for the reaction Co7N + 3/2H, — Co7 + NHj3. Energies are in eV and relative to the initial reactant energy of Co;N
+ 3/2H;. Energy levels are calculated by BPW91/modified LANL2DZ/6-311+G(d). See text for details.
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IV. DISCUSSION
A. Reaction of Co,, clusters with NH; and H,

Hydrogen chemisorption is one of the best known of all
surface chemistries.'* At room temperature, chemisorption
states of H, on transition metal surfaces are dissociative, with
the two hydrogen atoms well separated at different binding
sites on the surface.9%9%% In this work, the reactions of neu-
tral Co,, clusters with H; in the gas phase are studied in a flow
tube reactor. The relative rate constants k' shown in Figure 4
indicate that the reactivity of neutral Co,, clusters with H, ex-
hibits a strong size dependence. This observation corresponds
well with the size dependence of the Co,,—D; reaction system
reported previously.3!=3*

Figure 3 shows the Cos to Cog region of the Co,, mass
distribution following Co,, collision and reaction with pure
hydrogen gas. The details of the respective CoggH, distri-
butions are given in the expanded sections of Figure 3. The
gaussian fitted peaks are given as the blue and red lines in
the expanded sections. As is evident in Figure 3, products
containing an odd number of hydrogen atoms are clearly ob-
served. Note that the calculated vertical ionization energies
(VIESs) for the lowest energy structures of these observed clus-
ters, such as CosH (5.95 eV) and Co;Hj3 (6.28 eV), are lower
than the 6.4 eV single photon energy of 193 nm radiation.
The observation of products containing an odd number of hy-
drogen atoms is interesting in view of the strength of the H,
bond: the chemisorption event would have to be incredibly
exothermic, releasing more than ~1.8 eV per cobalt-hydrogen
bond, in order to enable the ejection of a single H atom into
the vacuum, without gaining any other new bonds in the pro-
cess. For example, hydrogen atom generation is unfavorable
for the reaction Co; + Hy — Co;H + H (AE = 1.83 eV).
Thus, an odd number of hydrogen atoms for Cog7H and
Co7gH3; must arise from multiple molecular collision reac-
tions, in which the hydrogen molecule activation reaction oc-
curs for two separate cobalt containing clusters: for exam-
ple, Co; + Co; + H, — Co; + CosH, — 2Co/H (AE
= —0.59 eV). Multiple molecular collision reactions, gener-
ating odd H containing clusters, are also observed in some
of our previous studies: for reactions of neutral iron oxide
clusters with methanol,*! products (CH,O)FeOH and FeOH
are both observed due to multiple molecule collision reac-
tions (e.g., 2FeO 4+ CH3O0H); for series reaction products
V.S, C2Hs and V,,S, H observed through multiple molecule
collision reactions in the reaction of V,S, clusters with
C,H, and H,:;* and for reactions forming the cluster systems
M,,C,H, (M = Al, Be, Mg).®”-8 These results imply that the
multiple molecular collision reactions forming odd H cluster
systems are to be expected in the gas phase under typical con-
ditions for the reactions studied.

Finally, only cobalt ammonia association clusters
Co,,(NH3), are generated by laser ablation of a cobalt foil tar-
get in the presence of 0.3% NH; mixed in the He expansion
gas (see Figure S1 of the supplementary material).’® Cobalt
ammonia association clusters Co,,(NH3),, (m = 1-8, n = 1-9)
are observed: Co,,(NH3),, for m = 1-3, and Co,,(NH3),,,.; for
m = 4, 5 are the most intense mass peaks for each series.
No dehydrogenated clusters, such as Co,,N,,, are detected un-
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der these conditions. This result indicates the cobalt ammonia
association clusters Co,,(NHj3), are very stable and that Co,,
will not react with (decompose) NH3 to generate Co,,N,, or
Co,,H,.

B. Reaction of Co,,N clusters with H,

Two types of reactions are identified for the interaction
of Co,N, clusters with H, in the flow tube reactor exper-
iments presented in Figure 2(b). First, association products
Co,,NH, are observed for m = 6 and 10. Second, for m
= 7-9, the species Co,,NH; are observed. This size depen-
dent behavior indicates that diverse size dependent reactivi-
ties exist for the reaction of Co,,N,, clusters with H,. The odd
number of hydrogen atoms contained in products Co7.9NHj3
should come from multiple molecular collision reactions, as
determined through DFT calculations. Although the calcu-
lated VIEs for the lowest energy structures of Co;NH (5.92
eV) and Co;NH; (5.53 eV) are lower than the 6.4 eV sin-
gle photon energy of 193 nm radiation, only Co;NHj is ob-
served for reaction of Co;N with H,: Co;NH is not observed.
This behavior is different from the reaction of pure cobalt Co,,
clusters with H,. For example, products Co;H; 3 are observed
for reaction of Co; with H, (Figure 3), and mass peak intensi-
ties of hydrogen containing clusters decrease with the number
of adsorbed hydrogen atoms. This observation indicates that
hydrogen adsorption on pure cobalt clusters is controlled
by a kinetic process. These results in turn suggest that
Co7.9NH must be very reactive toward H, to form the more
stable products Co79NHj3. For m = 7-9, detection of the
NH; moiety containing products indicates that the barrier
for NH3 moiety formation of intermediate products Co,,NHj3
must be lower than the initial reactant energy of Co,N
+ 3/2H,. In the flow tube reactor, Co,,N,, clusters gener-
ated from laser ablation are cooled to ~300-400 K due to
a large number of collisions with the helium buffer gas.
Therefore, if a high barrier exists for the NH; moiety for-
mation on Co79N clusters, products Co79NH or Co;.9NH;
should be observed in the mass spectrum (Figure 2);
however, only the products Co;9NH; are detected. Thus,
Co,,NH3 (m = 7-9) is a stable structure, and its formation
is controlled by dynamic energetic processes (temperature,
barrier, electronic structure,...) rather than by adsorption
kinetics.

Instead of NH3 moiety containing products, only associ-
ation products Cog 10NH; are observed for clusters m = 6, 10.
Formation of the NH; moiety on cobalt nitride clusters Co,,N
must involve a hydrogen atom transfer from cobalt to the
nitrogen atom. From the structures of Co,N displayed in
Figure 5, the bond lengths of three Co-N bonds in CogN are
similar (0.027 A difference). For CosN, the bond length of
Coyop-N bond, which connects the N atom with the top Co
(1.896 A), is 0.1 A larger than that of the other two Co-N
bonds, and 0.07 A larger than the bond length of Co-N bond
in CogN. A long bond length for a Co-N connection implies
a low barrier for hydrogen atom transfer to nitrogen and ini-
tiation of the NH3 moiety formation process. A similar and
shorter bond length for the Co-N bonds in CogN may result
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FIG. 7. Possible catalytic cycle for NH3 formation from N, and H; over a cobalt metal catalyst surface at the molecular level.

in higher NH3 formation barriers than the initial energy of
Cog,10N + 3/2H,; thereby, only H,/Cog 19N association prod-
ucts Cog joNH, are observed in the experiment.

C. Mechanism of ammonia formation on Co7N cluster
and proposed on cobalt metal catalyst surface

The observation of a stable Co;NHj3 product in the re-
action of Co;N with H; suggests that NH; can be generated
by the reaction Co;N + 3/2H, — Co; + NHj. As the cal-
culation results for the reaction pathways of NH; formation
on the Co;N cluster (shown in Figure 6) indicated, the multi-
ple molecular collision reaction is an important step to form a
cluster containing an odd number of hydrogen atoms in the re-
action. The lowest energy structures of the intermediate 12 in-
dicate that the activation of the H-H bond on the active Co,,N
cluster is a barrierless process, and the dissociated hydrogen
connects to or bonds with two cobalt atoms, one of which con-
nects to or bonds with the nitrogen atom. This result suggests
that two adjacent Co atoms (one of which connects with ni-
trogen) of the catalytic Co,,N clusters are the active sites for
adsorption and dissociation of the hydrogen molecule in the
NH; generation reaction. Then the next step in the ammonia
formation reaction is the dissociated hydrogen atoms transfer
to the N atom to yield the -NH3 moiety in a stepwise process,
and finally generate product Co; + NH3. Free NH3; molecules
cannot be detected by single photon ionization from a 193 nm
laser: the ionization energy of NH3 is ~10.02 eV.®” A hot NH;
scattered out of the molecular beam would not readily transit
the skimmer and enter the TOFMS chamber for detection by
any ionizing photon.

Catalytic clusters in the gas phase can be seen as a good
model system for the active site that exists on a catalyst sur-
face. On a cobalt metal catalyst surface, Co7.9N moieties are
proposed to be active sites, which have high reactivity with
H, for ammonia generation, based on our related gas phase
studies. The key step for ammonia formation from reaction
of neutral CosN clusters with H, is that an odd number ad-
sorbed hydrogen atoms are generated from multiple molec-
ular collision reactions. Thereby, this model system suggests

that ammonia generation from N, and H, on a cobalt cata-
lyst surface may require two adjacent active sites, and hydro-
gen atom generation on these two adjacent active sites may be
important for the formation of NH3. Our understanding of a
catalytic cycle for ammonia generation on cobalt catalyst sur-
faces is proposed, and is presented in Figure 7. This proposal
is offered based on experimental and calculational results pre-
sented in Figures 2 and 6. Dissociation of N is a very difficult
step due to the high bond energy for N=N. Efficient N, acti-
vation requires more investigation, and should be considered
in practical catalysis. H, molecules can attach to Co sites, and
the activation of the H-H bond is a barrierless process. The
dissociated hydrogen atom is attached to two cobalt sites, one
of which is connected to a nitrogen atom. Then, the dissoci-
ated H atoms can transfer stepwise to the active nitrogen, and
the ammonia molecule can be formed and desorbed to the gas
phase. Two adjacent active sites may promote hydrogen dis-
sociation, and we suggest that sites, whose structures are like
Co79N, have high reactivity with H, for ammonia generation.

V. CONCLUSIONS

Ammonia generation through reaction of H, with neu-
tral cobalt nitride clusters in a fast flow reactor is investigated
employing TOFMS and 193 nm SPI. Mass peaks Co,,NHj3
(m =1, 8, 9) are observed for reactions of hydrogen with
Co,N,, clusters. Theoretical DFT calculations are performed
to explore the potential energy surface for the reaction Co;N
+ 3/2H, — Co;NH3;, and a barrierless, thermodynamically
favorable pathway is obtained. The odd number of hydro-
gen atoms in Co,,NH3 (m = 7, 8, 9) clusters probably arise
from the hydrogen molecule dissociation reaction on two ac-
tive cobalt nitride clusters based on the DFT calculations: for
example, 2Co7;N + H, — 2Co7NH. Both experimental ob-
servations and theoretical calculations suggest that the reac-
tion of ammonia generation requires two active clusters, and
hydrogen dissociation on these two active clusters is the key
step to form NHj in the gas phase reaction. Clusters Co,,N
(m = 17, 8, 9) have high reactivity with H, for ammonia
generation. A catalytic cycle for ammonia generation from
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N, and H, on a cobalt catalyst surface is proposed based
on the present gas phase cluster experimental and theoretical
studies.

ACKNOWLEDGMENTS

This work is supported by a grant from the US Air
Force Office of Scientific Research (AFOSR) through Grant
No. FA9550-10-1-0454, and the National Science Founda-
tion (NSF) through XSEDE resources under Grant No. TG-
CHE110083.

IB. Senauer, Am. J. Agr. Econom. 83, 790 (2001).

2K. Tamaru, Acc. Chem. Res. 21, 88 (1988).

3R. Schlogl, Angew. Chem., Int. Ed. 42, 2004 (2003).

47. Kowalczyk, S. Jodzis, W. Rarog et al., Appl. Catal., A 173, 153 (1998).

SM. Y. Jia, B. Xu, X. L. Ding et al., J. Phys. Chem. C 116, 9043 (2012).

0y, X. Zhao, X. N. Wu, J. B. Ma et al., Phys. Chem. Chem. Phys. 13, 1925

(2011).
P, Pietrzyk, Z. Sojka, S. Dzwigaj et al., J. Am. Chem. Soc. 129, 14174
(2007).
8K. T.Li and R. S. Wu, Ind. Eng. Chem. Res. 40, 1052 (2001).
F. Ogliaro, N. Harris, S. Cohen et al., J. Am. Chem. Soc. 122, 8977 (2000).
19D, K. Bohme and H. Schwarz, Angew. Chem., Int. Ed. 44, 2336 (2005).
1K, A. Zemski, D. R. Justes, R. C. Bell er al., J. Phys. Chem. A 105, 4410
(2001).

12\, Schlangen, D. Schroder, and H. Schwarz, Angew. Chem., Int. Ed. 46,
1641 (2007).

13B. de Bruin, P. H. M. Budzelaar, and A. W. Gal, Angew. Chem., Int. Ed.
43, 4142 (2004).

14M. Calatayud, B. Mguig, and C. Minot, Surf. Sci. Rep. 55, 169 (2004).

I5K. R. Asmis, M. Brummer, C. Kaposta et al., Phys. Chem. Chem. Phys. 4,
1101 (2002).

16, Roithova and D. Schroder, Chem. Rev. 110, 1170 (2010).

178, Yin and E. R. Bernstein, Int. J. Mass Spectrom. 321-322, 49 (2012).

18p. J. Smith, D. W. Taylor, D. A. Dowden ez al., Appl. Catal. 3, 303 (1982).

9p. w. Taylor, P. J. Smith, D. A. Dowden et al., Appl. Catal. 3, 161 (1982).

20R. J. Kalenczuk, Appl. Catal., A 112, 149 (1994).

2IR. J. Kalenczuk, Int. J. Inorg. Mater. 2, 233 (2000).

227. W. Yang, W. M. Guo, J. D. Lin et al., Chin. J. Catal. 27, 378 (2006).

23R. Kojima and K. Aika, Chem. Lett. 5, 514 (2000).

24R. Kojima and K. Aika, Appl. Catal., A 215, 149 (2001).

25R. Kojima and K. Aika, Appl. Catal., A 218, 121 (2001).

26R. Kojima and K. Aika, Appl. Catal., A 219, 157 (2001).

27C. J. H. Jacobsen, S. Dahl, B. S. Clausen et al., J. Am. Chem. Soc. 123,
8404 (2001).

28C. J. H. Jacobsen, Chem. Commun. 12, 1057 (2000).

29 A. Boisen, S. Dahl, and C. J. H. Jacobsen, J. Catal. 208, 180 (2002).

30p, McKay, J. S. J. Hargreaves, J. L. Rico et al., J. Solid State Chem. 181,
325 (2008).

3IM. D. Morse, M. E. Geusic, J. R. Heath ef al., J. Chem. Phys. 83, 2293
(1985).

J. Chem. Phys. 137, 124304 (2012)

32J. Conceicao, R. T. Laaksonen, L. S. Wang et al., Phys. Rev. B 51, 4668
(1995).

3y L. Persson, M. Andersson, and A. Rosen, Z. Phys. D: At., Mol. Clusters
26, 334 (1993).

34M. Andersson, J. L. Persson, and A. Rosen, J. Phys. Chem. 100, 12222
(1996).

355, Ho, L. Zhu, E. K. Parks et al., Z. Phys. D: At., Mol. Clusters 26, 331
(1993).

36J. Ho, L. Zhu, E. K. Parks et al., J. Chem. Phys. 99, 140 (1993).

N Nakajima, T. Kishi, Y. Sone et al., Z. Phys. D: At., Mol. Clusters 19,
385 (1991).

38E. Y. Liu and P. B. Armentrout, J. Chem. Phys. 122, 194320 (2005).

%S. Yin, Y. Xie, and E. R. Bernstein, J. Phys. Chem. A 115, 10266 (2011).

40y, Xie, F. Dong, S. Heinbuch ez al., Phys. Chem. Chem. Phys. 12, 947
(2010).

41y, Xie, F. Dong, S. Heinbuch et al., J. Chem. Phys. 130, 114306 (2009).

42S. G. He, Y. Xie, Y. Q. Guo et al., J. Chem. Phys. 126, 194315 (2007).

43W. Xue, Z. C. Wang, S. G. He et al., J. Am. Chem. Soc. 130, 15879 (2008).

#M. E. Geusic, M. D. Morse, S. C. Obrien et al., Rev. Sci. Instrum. 56, 2123
(1985).

4R. D. Monteiro, L. W. C. Paes, J. W. D. Carneiro et al., J. Cluster Sci. 19,
601 (2008).

46M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., GAUSSIAN 09, Revision
A.02, Gaussian, Inc., Wallingford, CT, 2009.

4TA. D. Becke, Phys. Rev. A 38, 3098 (1988).

48] P. Perdew and Y. Wang, Phys. Rev. B 45, 13244 (1992).

49W. R. Wadt and P. J. Hay, J. Chem. Phys. 82, 284 (1985).

S0P, J. Hay and W. R. Wadt, J. Chem. Phys. 82, 299 (1985).

SIP.J. Hay and W. R. Wadt, J. Chem. Phys. 82, 270 (1985).

52M. Couty and M. B. Hall, J. Comput. Chem. 17, 1359 (1996).

53M. Castro, C. Jamorski, and D. R. Salahub, Chem. Phys. Lett. 271, 133
(1997).

S4c. Jamorski, A. Martinez, M. Castro et al., Phys. Rev. B 55, 10905 (1997).

55M. Pereiro, D. Baldomir, M. Iglesias et al., Int. J. Quantum Chem. 81, 422
(2001).

360. Hubner and J. Sauer, Phys. Chem. Chem. Phys. 4, 5234 (2002).

57F. Boys and F. Benardi, Mol. Phys. 19, 553 (1970).

S8 A. K. Rappe and E. R. Bernstein, J. Phys. Chem. A 104, 6117 (2000).

See supplementary material at http://dx.doi.org/10.1063/1.4754158 for
cobalt ammonia association clusters Co,,(NH3), generated by laser abla-
tion of a cobalt foil target in the presence of 0.3% NHj3 mixed in the He
expansion gas.

%F. Dong, S. Heinbuch, Y. Xie ef al., J. Phys. Chem. A 113, 3029 (2009).

6IN. D. S. Canning and R. J. Madix, J. Phys. Chem. 88, 2437 (1984).

62F, Shustorovich, R. C. Baetzold, and E. L. Muetterties, J. Phys. Chem. 87,
1100 (1983).

3. Y. Saillard and R. Hoffmann, J. Am. Chem. Soc. 106, 2006 (1984).

64p E. M. Siegbahn, M. R. A. Blomberg, and C. W. Bauschlicher, J. Chem.
Phys. 81,2103 (1984).

95T, H. Upton and W. A. Goddard, Phys. Rev. Lett. 42, 472 (1979).

6P, Schilbe, S. Siebentritt, R. Pues ez al., Surf. Sci. 360, 157 (1996).

97F. Dong, Y. Xie, and E. R. Bernstein, J. Chem. Phys. 135, 054307 (2011).

08F, Dong, S. Heinbuch, Y. Xie et al., Phys. Chem. Chem. Phys. 12, 2569
(2010).

9F. Qi, L. S. Sheng, Y. W. Zhang et al., Chem. Phys. Lett. 234, 450 (1995).


http://dx.doi.org/10.1093/ajae/83.3.790
http://dx.doi.org/10.1021/ar00146a007
http://dx.doi.org/10.1002/anie.200301553
http://dx.doi.org/10.1016/S0926-860X(98)00175-6
http://dx.doi.org/10.1021/jp3005458
http://dx.doi.org/10.1039/c0cp01171a
http://dx.doi.org/10.1021/ja076689q
http://dx.doi.org/10.1021/ie0007015
http://dx.doi.org/10.1021/ja991878x
http://dx.doi.org/10.1002/anie.200461698
http://dx.doi.org/10.1021/jp010222z
http://dx.doi.org/10.1002/anie.200603266
http://dx.doi.org/10.1002/anie.200300629
http://dx.doi.org/10.1016/j.surfrep.2004.05.002
http://dx.doi.org/10.1039/b111056j
http://dx.doi.org/10.1021/cr900183p
http://dx.doi.org/10.1016/j.ijms.2012.06.001
http://dx.doi.org/10.1016/0166-9834(82)80265-0
http://dx.doi.org/10.1016/0166-9834(82)80089-4
http://dx.doi.org/10.1016/0926-860X(94)80216-5
http://dx.doi.org/10.1016/S1466-6049(00)00009-X
http://dx.doi.org/10.1016/S1872-2067(06)60022-3
http://dx.doi.org/10.1246/cl.2000.514
http://dx.doi.org/10.1016/S0926-860X(01)00529-4
http://dx.doi.org/10.1016/S0926-860X(01)00626-3
http://dx.doi.org/10.1016/S0926-860X(01)00678-0
http://dx.doi.org/10.1021/ja010963d
http://dx.doi.org/10.1039/b002930k
http://dx.doi.org/10.1006/jcat.2002.3571
http://dx.doi.org/10.1016/j.jssc.2007.12.001
http://dx.doi.org/10.1063/1.449321
http://dx.doi.org/10.1103/PhysRevB.51.4668
http://dx.doi.org/10.1007/BF01429186
http://dx.doi.org/10.1021/jp960889z
http://dx.doi.org/10.1007/BF01429185
http://dx.doi.org/10.1063/1.465793
http://dx.doi.org/10.1007/BF01448334
http://dx.doi.org/10.1063/1.1899604
http://dx.doi.org/10.1021/jp2056267
http://dx.doi.org/10.1039/b915590b
http://dx.doi.org/10.1063/1.3086724
http://dx.doi.org/10.1063/1.2730828
http://dx.doi.org/10.1021/ja8023093
http://dx.doi.org/10.1063/1.1138381
http://dx.doi.org/10.1007/s10876-008-0210-9
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1103/PhysRevB.45.13244
http://dx.doi.org/10.1063/1.448800
http://dx.doi.org/10.1063/1.448975
http://dx.doi.org/10.1063/1.448799
http://dx.doi.org/10.1002/(SICI)1096-987X(199608)17:11%3C1359::AID-JCC9%3E3.0.CO;2-L
http://dx.doi.org/10.1016/S0009-2614(97)00420-X
http://dx.doi.org/10.1103/PhysRevB.55.10905
http://dx.doi.org/10.1002/1097-461X(2001)81:6%3C422::AID-QUA1011%3E3.0.CO;2-Z
http://dx.doi.org/10.1039/b207188f
http://dx.doi.org/10.1080/00268977000101561
http://dx.doi.org/10.1021/jp0008997
http://dx.doi.org/10.1063/1.4754158
http://dx.doi.org/10.1021/jp807589q
http://dx.doi.org/10.1021/j150656a005
http://dx.doi.org/10.1021/j100230a005
http://dx.doi.org/10.1021/ja00319a020
http://dx.doi.org/10.1063/1.447834
http://dx.doi.org/10.1063/1.447834
http://dx.doi.org/10.1103/PhysRevLett.42.472
http://dx.doi.org/10.1016/0039-6028(96)00637-1
http://dx.doi.org/10.1063/1.3617571
http://dx.doi.org/10.1039/b922026g
http://dx.doi.org/10.1016/0009-2614(95)00059-D

