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Hydrogen (H) atomic migration over a metal oxide is an important surface process in various catalytic reactions.
Control of the interaction between H atoms and the oxide surfaces is therefore important for better catalytic
performance. For this investigation, we evaluated the adsorption energies of the H atoms over perovskite-
type oxides (Sr;_,Ba,ZrOs; 0.00 = x = 0.50) using DFT (Density Functional Theory) calculations, then clarified
the effects of cation-substitution in the A-site of perovskite oxides on H atom adsorption, migration, and
reaction. Results indicated local distortion at the oxide surface as a key factor governing H atom adsorption.
Subtle Ba?* substitution for Sr2* sites provoked local distortion at the Sr;_,Ba,ZrOs oxide surface, which led

to a decrement in the H atom adsorption energy. Furthermore, the effect of Sr>*/Ba* ratio on the H atoms'
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Accepted 8th February 2021 reactivities was examined experimentally using a catalytic reaction, which was promoted by activated surface

H atoms. Results show that the surface H atoms activated by the substitution of Sr** sites with a small
amount of Ba®* (x = 0.125) contributed to enhancement of ammonia synthesis rate in an electric field, which
showed good agreement with predictions made using DFT calculations.
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1 Introduction

Migration of hydrogen (H) atoms over a metal oxide surface is
a particularly important process in various heterogeneous
catalytic reactions including hydrogenation, hydrogenolysis,
and ammonia (NH;) synthesis. In general, H atom diffusion
from metal particles to an oxide surface is known as “hydrogen
spillover,” which is driven by a concentration gradient of H
atoms adsorbed onto an oxide surface. The diffusion brings two
benefits for active metal supported catalysts: one is the supply
of H atoms from an active site, which can dissociate H, to an
inactive site; the other is the removal of excess strongly adsor-
bed H atoms over the active metal surface. These effects, which
are broadly studied, are applied to various catalytic reactions.*™*
In addition, the active migration of H atoms promotes hetero-
geneous catalytic reactions.®” In such cases, the migration of H
atoms on metal oxide surfaces (proton, H') induced by an
electric field contributes to cleavage of the rigid bonding in the
stable molecules such as N=N bonding (for NH; synthesis®**?),
and C-H bonding (for steam reforming of CH,*™*
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dehydrogenation of methylcyclohexane'®'”). H atoms mobility
and reactivity play important roles in the catalytic reactions
described above. Consequently, controlling the interaction
between H atoms and oxide surfaces is necessary to pave the
way to a deductive optimization of catalysts.

Perovskite-type oxides (ABO;) are well known as proton
conductors.”>* They are investigated extensively because their
properties can be tailored readily**~* using a subtle substitution
of A-site cation, which alters the H atom adsorption energy."
Herein, we investigated the influences of the A-site cation
composition on the H atom adsorbed onto Sr; _,Ba,ZrO; (0.00 =
x = 0.50) oxides using density functional theory (DFT) calcula-
tions. Moreover, we examined the effects of the H atoms
adsorption on catalytic NH; synthesis performances in the
electric field using Ru/Sr;_,Ba,ZrO; (0.00 = x < 0.50) catalysts.
The obtained results indicated that the H atom adsorption was
dominated by local distortion at the oxide surface. Further-
more, results show that the trend of the H atom adsorption
energies obtained using the theoretical calculations was in close
agreement with that of experimentally obtained results on
a model reaction of NH; synthesis in the electric field.

2 Experimental
2.1. Computational details

We conducted DFT calculations to evaluate the H atom
adsorption energies over Sr; ,Ba,ZrO; (x = 0.00, 0.25, 0.50,
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0.75, 1.00) surfaces. All calculations were conducted using the
Vienna ab initio simulation package (VASP 5.4.4).*** A plane-
wave basis set with energy cutoff of 400 eV was used; the
core-valence interactions were described using the projector
augmented wave (PAW) method.** The generalized gradient
approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) was
applied to express the exchange correlation.*® The spin was
polarized in all calculations. Electronic occupancies were
determined with Gaussian smearing of 0.05 eV. We optimized
the slab models with 1 x 1 x 1 k-point meshes using the
Monkhorst-Pack scheme.’® The convergence threshold of the
slab energy was 10> eV criteria during geometry optimizations.
The van der Waals dispersion forces were described using the
DFT-D3 method proposed by Grimme.*”

We constructed the surfaces of Sr;_,Ba,ZrO; (x = 0.00, 0.25,
0.50, 0.75, 1.00) oxides by the following scheme. First, the bulk
models of Sr;_,Ba,ZrO;, which had the reported symmetry
previously (x = 0.00, Pnma; x = 0.25, Pnma; x = 0.50, Imma; x =
0.75, I4/mcm; x = 1.00, Pm3m)* were prepared. The obtained
equilibrium lattice constants were fixed in subsequent calcu-
lations of the slab models. Next, each slab model of Sr;_,Ba,-
ZrO; was constructed so that the most stable AO (Sr,_,Ba,O)-
terminated surface was exposed. Here, it is noted that the AO-
terminated surface is rather more stable than the BO-
terminated one,* and that the exposed surface was the same
as the plane from which a maximum diffraction intensity in the
X-ray diffraction (XRD) was observed. The slab models consisted
of four A-O and B-O layers with a 20 A vacuum gap separating
the adjacent slabs in the z-direction. The bottom two layers of
the slab were fixed during the optimization of the slab geom-
etry. Finally, a H atom was adsorbed onto the 16 exposed surface
oxygen sites. The adsorption energies of the H atom (E(H
adsorption)) were calculated using eqn (1).

E(H adsorption) = E(surf-H) — E(surf) — 0.5E(H,) )]

Hereinafter, E(surf-H) and E(surf) respectively stand for the total
energies of slab models with and without a H atom. E(H,)
presents the total energies of gaseous H, molecules. Here, the
gaseous H, molecule was placed in a 10 x 10 x 10 A cubic box.
The adsorption energies were calculated at the gamma point.
All calculated values were depicted using VESTA software.*’

Furthermore, to discuss the effects of the surface oxygen
electronic state and the lattice distortion on the H atom
adsorption, we performed Bader charge analyses™** and
density of state (DOS) calculations.

2.2. Catalyst preparation

For an experimental confirmation, we prepared catalysts by
loading 5 wt% ruthenium (Ru) on Sr; ,Ba,ZrO; (x = 0.000,
0.0625, 0.125, 0.250, 0.375, 0.500) supports. Each Sr; ,Ba,ZrO;
powder was prepared with a complex polymerization method
using excessive ethylene glycol, citric acid monohydrate (Kanto
Chemical Co. Inc.), and stoichiometric metal precursors
Sr(NO3),, Ba(NO3),, and ZrO(NO3),-2H,0 (Kanto Chemical Co.
Inc.). The obtained polyester resins were calcined twice, at 873 K
for 5 h to pyrolyze the rigid polyester network, and at 1373 K for
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10 h to decompose the residual carbons completely and to
obtain pure oxides in an air atmosphere. Next, Ru was loaded
using an impregnation method. As a metal precursor, tris(ace-
tylacetonato)ruthenium(m) (Ru(acac);, Tanaka Holdings Co.,
Ltd.) was used. After Ru(acac); and Sr,_,Ba,ZrO; powders were
added to acetone solvents, the slurries were stirred for 2 h.
Subsequently, the organic solvents were evaporated at 373 K
and dried at 393 K. The obtained powders were reduced at 723 K
for 2 h in the stream of H,/Ar = 1/1 (total 100 SCCM) to remove
ligands of the Ru(acac);. For catalytic activity tests, after the
prepared samples were pressed into pellets, they were crushed
and sieved to obtain grains of 355-500 um diameter.

2.3. Activity tests

Catalytic activities were evaluated using a fixed-bed, flow-type
reactor made of a quartz tube (6.0 mm i.d., 8.0 mm o.d.), as
shown in Fig. S1.1 Two stainless steel rods (2 mm o.d.) were
inserted into the reactor as electrodes. They were attached to the
top and bottom of the catalyst bed. To apply the electric field,
a direct current (0.0 or 6.0 mA) was imposed using a power
supply device. Catalyst bed temperatures and response voltages
were monitored respectively by a thermocouple and a digital
phosphor oscilloscope (TDS 2001C; Tektronix Inc.). The
response voltages were stable during all tests; no plasma
formation was observed. Before the activity tests, each 100 mg
Ru/Sr; _,Ba,ZrO; catalyst was pre-reduced at 723 K for 2 h under
a reaction atmosphere. Activity tests were performed in the
stream of N,/H, = 1/3 (0.1 MPa, total 240 SCCM). Under this
condition, we confirmed that NH; synthesis reaction proceeded
in the kinetic region. The produced NH; was dissolved in
distilled water. Then it was analyzed using an ion chromato-
graph (IC-2001; Tosoh Co. Inc.).

2.4. Characterization of the catalysts

The crystalline structures of Sr,_,Ba,ZrO; supports, fresh and
spent 5 wt% Ru/Sr; _,Ba,ZrO; catalysts were characterized using
powder XRD (SmartLab 3; Rigaku Corp.). These measurements
were conducted with filtered Cu-Ka radiation operating at 40
mA and 40 kV. Data were recorded from 10° to 90° at a scanning
speed of 2° min~". X-ray fluorescence spectra (XRF, ZSX-Primus
II; Rigaku Corp.) were analyzed to verify the Ru loading weight
accurately. The particle size distributions of loaded Ru were
observed using a field emission transmission electron micro-
scope equipped with an energy dispersive X-ray spectrometer
(FE-TEM/EDX, JEM-2100F; JEOL Ltd.). The particle sizes of Ru
were found using mean values of about 200 particles treated as
spherical objects. Using the obtained Ru particle sizes, the
catalytic performances were also evaluated as turn-over
frequencies (TOF). The TOF values were calculated following
the eqn (2). As previously reported,”**** it was elucidated that
N, reacted with activated protons at the three-phase boundary
(TPB) between gas phase, Ru metal, and the oxide support in the
electric field. Thus, TOF was calculated by dividing the NH;
synthesis rates by the number of Ru atoms at TPB; active sites
for this reaction.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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TOF [h] — Produced NH; molecules per unit time [mol h™']
N Number of Ru atoms at TPB [mol]

(2)

Specific surface areas of Sr;_,Ba,ZrO; supports, fresh and
spent 5 wt% Ru/Sr;_,Ba,ZrO; catalysts were measured using
a nitrogen adsorption isotherm at 77 K (Gemini VII; Micro-
meritics Instrument Corp.). They were ascertained using the
Brunauer-Emmett-Teller (BET) method. Before measurements,
all samples were pretreated at 473 K for 1 h under He flow to
remove adsorbates on the catalyst surfaces. We applied X-ray
photoelectron spectroscopy (XPS, Versa Probe II; Ulvac-Phi
Inc.) to analyze the amounts of the hydroxy (OH) groups on
the Sr;_,Ba,ZrO; (x = 0.00, 0.25, 0.50) surfaces. These
measurements were conducted using Al Ko X-ray source. The
binding energies were calibrated with the C 1s peak at
284.8 eV.>»* Before measurements, the Sr; _,Ba,ZrO; samples
were reduced under H, atmosphere (N,/H, = 1/3, total 240
SCCM) at 723 K for 2 h, which was the same procedure as the
activity tests. These samples were transferred to the XPS appa-
ratus without an air exposure using a transfer vessel. The ob-
tained C 1s and O 1s peaks were fitted using the Proctor-
Sherwood-Shirley method.***

3 Results and discussion

3.1. Optimization of computational models

The constructed bulk and slab models of Sr; _,Ba,ZrO; (0.00 < x
= 1.00) are presented in Table S11 and are depicted in Fig. S2.}
We confirmed that the calculated lattice constants of the opti-
mized bulk models were within 1% error of the measured values
obtained by XRD patterns (shown in Fig. S3 and S47). Regarding
the slab models, a discontinuous change between x < 0.50 and
x = 0.75 was confirmed. Calculations revealed the most stable
exposed surface as the (112)-terminated surface for x = 0.00,
0.25, 0.50, the (200)-terminated surface for x = 0.75, and (101)-
terminated surface for x = 1.00. The Ba**-exposed surface ten-
ded to be more energetically favourable than the Sr**-exposed
surface for x > 0.50. Presumably, this change in the most stable
exposed surface was attributable to the difference in the ionic
radius between Sr** and Ba>*. Furthermore, this discontinuous
trend was detected in the electronic state of loaded Ru and the
basicity of Sr;_,Ba,ZrO; supports (see Fig. S5 and S6%). For
these reasons, we conducted subsequent investigations using
only the samples for 0.00 = x < 0.50.

3.2. Effects of perovskite A-site composition on H atom
adsorption

The H atom adsorption energies over Sr; ,Ba,ZrOj; surfaces (x =
0.00, 0.25, 0.50) were evaluated using DFT calculations. Fig. 1
exhibits box plots for the calculated H atom adsorption energies
on these surfaces. Consequently, the H atom over the surface
for x = 0.25 exhibited the lowest H atom adsorption energy,
signifying a high H'-donation ability. Then, we calculated the
Bader charges of the surface oxygens and the density of states

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Box plots for H atom adsorption energies over Sr;_,Ba,ZrOs (x
= 0.00, 0.25, and 0.50) oxides. Whisker length is set as 1.5 times of
interquartile range. Black plots show mean values.

(DOS) of the slab models to elucidate the effects of Sr**/Ba**
composition ratio on the electronic state of the surface oxygens.
The calculated adsorption energies and Bader charges are pre-
sented in Table S27 and Fig. 2. In Fig. 2, only the uppermost
lattice oxygens are depicted as spheres. Red spheres and blue
ones respectively show electron-rich and electron-deficient
oxygens. Additionally, the figures in the spheres stand for the
H atom adsorption energies. Results show that the Srg;s-
Bay ,5ZrO; possessed evidently electron-rich surface oxygens
around Ba”', and that the H atoms were weakly bound over such
electron-rich sites. Reportedly, H atoms tend to join electron-

(a) (b)
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Fig. 2 H atom adsorption energies on each oxygen site at Sr;_,Ba,-
ZrOs3 surfaces for (a) x = 0.00, (b) x = 0.25, and (c) x = 0.50. Only the
uppermost lattice oxygens are displayed and color-coded following
the results of the Bader charge analysis. Red spheres and blue ones
show the electron-rich and the electron-deficient oxygen sites,
respectively. The figures in the spheres stand for the calculated H atom
adsorption energies.
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Fig. 3 Total and partial density of state (DOS) shapes of Sr;_,Ba,ZrO=
slab models for (a) x = 0.00, (b) x = 0.25, and (c) x = 0.50. The total
DOS is drawn with a black line, whereas the partial DOS of Sr is drawn
with an orange line, Ba with blue, Zr with green, and O with red. In each
figure, the two values indicate the energies of the top of the valence
band and the bottom of the conduction band.

deficient surface oxygen sites because the electron of the H
atom can transfer easily to oxygen sites (known as Lewis acid
sites).””***> Therefore, we concluded that the formation of the
electron-rich surface oxygens by the subtle Ba** substitution
provoked the decrease in the H atom adsorption energy.
Furthermore, the obtained DOS shapes (depicted in Fig. 3) show
that the position of the valence band (derived from O 2p) and
the conduction band (derived from Zr 4d) changed to the higher
energy level only for x = 0.25, indicating decreased electrophi-
licity. This change presumably arose from local lattice distor-
tion at the oxide surface induced by the subtle Ba>* addition.
Reportedly, lattice distortion in a perovskite-type oxide such as
the cation displacements (off-centering), the tilting of BOg
octahedra, and the elongation and the shortening of some B-O
bonds provoke the change in perovskite electronic band struc-
tures, especially in d-orbital bands because of its anisotropy
(Jahn-Teller effect®***). Moreover, it has been reported for some
perovskite materials that the position of the conduction band
level decreases along with the altered hybridization of the
electron orbitals when the lattice symmetry is reduced.>*”
Therefore, we concluded that the H atom adsorption over
Sr; ,Ba,ZrO; (0.00 = x = 0.50) was governed by local lattice
distortion, which can be tuned by the A-site Sr**/Ba*" ratio.

3.3. Quantitative analysis for the hydroxy groups (OH)

To evaluate the hydroxy groups (OH) over Sr; _,Ba,ZrO; surfaces
quantitatively, XPS measurements were conducted. Fig. S7 and
S81 represent the obtained C 1s and O 1s XPS spectra of
Sr; ,Ba,ZrO; (x = 0.00, 0.25, 0.50) samples. The C 1s peak can
be decomposed into three components. The peaks at around
285 eV, 286 eV, and 289 eV were assigned respectively to C-C or
C-H, C-0, and O-C=0.%**° The O 1s peak was also decomposed
into three components. The peaks at 528 eV, 530 eV, and 532 eV
were assigned respectively to lattice oxygens (Oy,¢), O-H or C-O
or O-C=0, and physisorbed H,0.****** Based on these
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assignments, the amounts of OH species are calculable
following eqn (3) below, as

OH ratio = ((area of “OH” + “C-0” + “O-C=0" in
O 1s spectra)-RSFo/RSF¢s(area of “C-O”
+ “O-C=0"in C s spectra))/
(area of “Oy,” in O 1s spectra) (3)

where RSFq;s and RSF¢;; denote the relative sensitivity factor
distributed by Ulvac Phi Inc.

The results of quantitative analysis for the OH groups ratio
over Sry_,Ba,ZrO; (x = 0.00, 0.25, 0.50) oxides are shown in
Fig. S9.7 This analysis revealed that the ratio of OH groups over
the oxide surface decreased at x = 0.25. In other words, the H
atoms bonded weakly to the surface oxygen sites for x = 0.25.
This trend experimentally ensured the results of the H atom
adsorption energies predicted by the DFT suggestions.

3.4. Experimental confirmation of the obtained theoretical
(DFT) results with activity tests

Based on the DFT suggestions, we presumed that the H atoms
over Sr; ,Ba,ZrO; at around x = 0.25 exhibited the highest
mobility and reactivity. To verify this assumption experimen-
tally, we examined the NH; synthesis rate in the electric field as
a model reaction because the reaction is controlled by surface H
atoms migration. XRD patterns for the synthesized Sr;_,Ba,-
ZrO; (x = 0.000, 0.063, 0.125, 0.250, 0.375, 0.500) are shown in
Fig. S3.T We confirmed that the peak shifted toward the lower
angle region with the increase in Ba®>* content, meaning the
increase in the lattice constants. The calculated lattice param-
eters changed linearly in accordance with Vegard's law.**>%
This result demonstrated that Ba>" cation was ideally incorpo-
rated into SrZrOj; at any ratio as in an earlier report, obtained by
a synchrotron X-ray diffraction.*® Furthermore, no impure
phases were detected under these synthetic conditions.
Previous results verified that activated H atoms over the
oxide surface can facilitate N, cleavage via unstable species
(N,H intermediate in the case of NH; synthesis) in the electric
field.*” In this mechanism, the formation rate of N,H interme-
diate determines the overall reaction rate. Therefore, the ability
of donating H atoms to N, is an important factor for NH;
synthesis in the electric field. Results of activity tests using Ru/
Sr;_,Ba,ZrO; (0.000 = x =< 0.500) catalysts are presented in
Table 1 and Fig. 4. The NH; synthesis rates were evaluated
under a low temperature region (about 473-493 K), where N,
can only dissociate via unstable N,H intermediate. Therefore,
the obtained results strongly reflect the H atoms mobility and
reactivity. Results demonstrate that the NH; synthesis rate
achieved the highest value at x = 0.125. Here, we confirmed that
the catalyst structures were almost unaltered during these
catalytic activity tests. In addition, there were no marked
differences in the particle size distribution of Ru and the
specific surface area among these catalysts, and the TOF values
exhibited the same trend as the NH; synthesis rates. Moreover,
the results detected by an optical measurement and an oxide
surface characterization revealed that the influences of Sr**/
Ba”* ratio on the Ru electronic state were slight for 0.00 < x <

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Results of activity tests with 5 wt% Ru/Sr;_,Ba,ZrOz (0.000 = x = 0.500) catalysts in the electric field (0.1 MPa, 6.0 mA). Catalyst-bed
temperatures, response voltages, and NHz synthesis rates are the mean values of the multiple measurements. TOFs were calculated using the

egn (2) described in the Section 2.4

Sr/Ba ratio (x) in 5 wt% Ru/  Catalyst-bed Response NH; synthesis TOF Ru particle size  Specific surface
Sr,_,Ba,ZrO; temperature (K)  voltage (kV) rate (umolg ' h™") (h™') (FE-TEM) (nm)  area (BET method) (m”> g™ ")
0.000 482.4 0.37 723.3 187 8.79 4.78
0.063 484.0 0.40 1108.9 248 8.17 5.20
0.125 490.0 0.39 1167.3 331 9.20 5.28
0.250 495.2 0.43 1021.5 267 8.83 5.85
0.375 485.1 0.39 799.9 260 9.23 5.62
0.500 479.5 0.39 865.7 219 8.68 6.58
1400 We verified the roles of H atoms reactivities tuned by Ba>*
addition using a model reaction of NH; synthesis in the electric
- 1200 - field because the reaction is controlled by surface H atoms
= E migration. Consequently, NH; synthesis rate reached the
T? 1000 |- { maximum value when Sr** sites were replaced by a small
E amount of Ba>" (x = 0.125), which agreed well with results ob-
e or { tained using the DFT suggestions. In summary, this investiga-
g tion demonstrated that theoretical evaluations can predict
2 600 - . . .
a catalytic performance related to surface H atoms migration over
£ metal oxide surfaces.
S 400 -
2]
il . .
Z a0} Conflicts of interest
0 ! I I I | | There are no conflicts to declare.
0 0.1 02 03 04 0.5

Sr/Ba ratio (x) in 5wt%Ru/Sr1_xBaerO3 /-

Fig. 4 NHs synthesis rates over 5 wt% Ru/Sr;_,Ba,ZrOs (0.000 = x =
0.500) in the electric field (about 473 K, 0.1 MPa, 6.0 mA). The error bar
indicates the range in the measured values of the multiple
measurements.

0.50 (see Fig. S5 and S6t1). Therefore, the increase in NHj
synthesis rate at x = 0.125 was attributed not to a change in the
Ru electronic state, the Ru size, and the specific surface areas
but a change in the H" donating ability derived from the subtle
substitution of Sr** sites by Ba®>". In conclusion, it became
readily apparent that the evaluations and the predictions of H
atoms adsorption by theoretical methods provide clear guide-
lines for manipulating catalytic reactions involving H atoms
over oxide surfaces.

4 Conclusion

We investigated and clarified the effects of the perovskite A-site
composition on H atoms adsorption using Sr; _,Ba,ZrO; (0.00 =
x = 0.50) oxides with DFT calculations. Results revealed that the
H atoms adsorbed weakly onto the surface for x = 0.25 because
of the presence of electron-rich surface oxygen sites. Local
lattice distortion at the oxide surface induced by a subtle Ba>*
substitution contributed to this change in the electronic state of
surface oxygens.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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