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NH; on anatase TiO,(101): Diffusion mechanisms and the effect of intermolecular repulsion
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We utilized scanning tunneling microscopy (STM) experiments and density functional theory (DFT) cal-
culations to study the diffusion of ammonia (NH;) on anatase TiO,(101). From time-lapsed STM imaging,
we observed monomeric and dimeric diffusion channels, and a general tendency to higher diffusion rates with
increasing NHj coverage. In surface regions where several NH; molecules are adsorbed within a few sites, we
further observed the diffusion of NH3; molecules occurring in cascades, where the diffusion of one adsorbate
triggers that of others. This eventually leads to apparent diffusion barriers that are lower than expected within
a single-jump model. From the DFT calculations, we obtained mechanistic insights into the two observed NHj
diffusion channels. Within the dimeric NH; diffusion channel, one NH; swings around another adsorbed NHj;
and experiences a reduced diffusion barrier, owing to the intermolecular bonding during the event.
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Titania (TiO,) has numerous actual and potential applica-
tions in heterogeneous catalysis, sensors, photovoltaics, and
solar-driven hydrogen production [1-3]. To improve the pho-
toresponse of TiO,, doping with nitrogen is a promising
approach [4]. In this connection, the interactions of ammo-
nia (NH3) with various TiO, materials have been studied
extensively [5—8]. The interaction of NH;3 with TiO, is also
important for an improved understanding of selective catalytic
reduction (SCR) catalysis to remove NO, from exhaust gases
[9,10] as well as the removal of NH3 pollution from air and
water [11].

Previous surface science studies of NH; on oxides have
focused on the interaction with various rutile TiO, (r-TiO,)
surfaces [8,12—17]. These studies revealed that NH; adsorbs
molecularly on r-TiO, surfaces, and NH3 molecules are
bound via their lone pairs to fivefold coordinated Ti (5f-Ti)
atoms. Even r-TiO,(110) surfaces with surface O vacancies
do not lead to NHj dissociation [17]. Desorption energies
were found to decrease from ~1.1 to 1.3 eV at low NHj3
coverage to ~0.6 eV at full monolayer (ML) coverage [14,17].
This coverage effect was traced back to repulsive NH; — NHj3
interactions [13,15,17].

Addressing the interaction of NH3 with the technologically
more relevant anatase TiO, (a-TiO;), we recently reported
about NHj3 adsorption on the most abundant (101) face [18].
The a-TiO,(101) surface is well studied, and its interactions
with a number of other relevant molecules have been inves-
tigated [19-23]. The a-TiO,(101) surface is characterized by
a sawtoothlike structure with ridges of twofold coordinated,
bridging O atoms (Oy,) along the (010) directions [19]. In
addition to 5f-Ti sites, sixfold (fully) coordinated Ti sites
(6f-Ti) also exist. Our previous study on NHj adsorption
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on a-TiO,(101) revealed that isolated NH; molecules bind
with an adsorption energy of ~1.2 eV to the 5f-Ti sites [18].
This NH3 adsorption strength is weakened by ~0.28 eV as
the coverage is increased to one ML (one ML is defined
as the number of 5f-Ti sites, 5.16x1014cm’2) [18], reveal-
ing strong repulsive interactions between NH3; molecules on
a-TiO,(101).

So far, scanning tunneling microscopy (STM) studies ad-
dressing the diffusion of NHj3 barely exist. A low-temperature
STM study reported on the motion of NH; molecules on
Cu(100) induced by inelastic tunneling electrons [24], and
STM diffusion studies on oxide surfaces have yet to be re-
ported. Here, we use a combination of STM and density
functional theory (DFT) to study the thermally activated
diffusion of NH3 on a-TiO,(101). In some regions on the
a-TiO,(101) surface, we found cascadelike diffusion of NHj
molecules that originates from NH3; — NH; repulsion, as well
as fast adsorbate diffusion as NHz dimers. As a result, the
measured NHj3 hopping rates in these surface regions are
greater than expected within a single-jump model. By means
of DFT calculations, we unravel how NH; monomers and
NH; dimers diffuse on a-TiO,(101).

First, we discuss STM experiments [for experimental de-
tails, see the Supplemental Material (SM) [25]] conducted
at room temperature (RT). The a-TiO,(101) surface was ex-
posed to NH3 and subsequently inspected by STM. As shown
in Figs. 1(a) and 1(b), NH3 exposure at RT led to the appear-
ance of isolated bright protrusions that are homogeneously
distributed on the surface. These protrusions are ~1.2 A high
and appear in between the Oy, rows. This is consistent with the
predicted adsorption sites of NH3 molecules being the 5f-Ti
sites, and we assigned them to NH; molecules [18]. The NHj3
molecules appear in most instances as well-separated, isolated
species. Specifically, they rarely occupy neighboring sites,
which is consistent with the reported repulsion between NHj3
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FIG. 1. (a) STM image (300 Ax300 A; Vs =+1.0V; Iy =0.1nA;
RT) of the a-TiO,(101) surface recorded following NHj exposure at
RT. A repeated grayscale is used for the presentation of this image.
The bright features on the terraces arise from NHj3 molecules. (b)
Superposition of two sequential STM images from an STM movie
(200 Ax200 A) recorded within the same experiment. White pro-
trusions are stationary NHj3 molecules. Five NHj diffusion events
occurred: Diffused NH; molecules in the first (second) STM im-
age are shown in green (pink). (c) Arrhenius plot of the NHj;
hopping rate I'. For each point, we recorded STM movies and an-
alyzed sequences of 50-100 STM images. The NH; coverage was
0.04-0.06 ML.

molecules [13,15,17,18]. The NHj3 coverage on this sample
was ~0.05 ML, as found by analysis of the STM images.

Imaging the same area repetitively with rates up to three
images per minute allowed us to record so-called STM
movies. Movie M1 (see SM [25]) was recorded at RT and dis-
plays an apparent NH; hopping rate of ~ 1x1073s~!, As an
example, Fig. 1(b) shows two overlapped consecutive images
of Movie M1. In case there is no difference between the two
images, the protrusions are presented in grayscale. Hopping
events are indicated by color coding, whereby the original
protrusion is shown in green and the new protrusion in pink
(after the hopping event). In the presented example, there are
five hopping events, three of them showing diffusion parallel
to the Oy, rows (in the (010) direction), and two across the Oy,
rows (in the (111) direction).

Because of the low NH; coverage of 0.04-0.06 ML, it was
possible to trace the diffusion of individual NH3 molecules.
By marking all molecules in Movie M1 and obtaining their
coordinates, we extracted the number of hopping events (fre-
quency) and the total lengths of the diffusion path of each
traced NH3; molecule. The two dominating diffusion distances
are 3.6 and 5.2 A (shown in Fig. S1), which matches with the
lattice distances along the (010) and (111) directions (parallel
to and across the Oy, rows, respectively). These two distances
occur with nearly identical frequencies, indicating similar bar-
riers for hopping in (010) and (111) directions.

To extract information on the NH; diffusion barrier, we
studied NH3/a-TiO,(101) samples at temperatures between
233 and 328 K by recording STM movies. In this tempera-
ture range, the diffusion is dominated by single jumps, and
it was possible to trace the diffusion pathways of individual
NH; molecules. In an automated analysis process described
in the SM [25], the NH3 molecules were marked in the STM
movies and their coordinates recorded. For the Arrhenius plot
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FIG. 2. (a)-(d) Sequence of STM images recorded at 130 K
(50 Ax 100 A; 20 s/image), showing the formation, (a)—> (b), diffu-
sion, (b)—(c), and breakup, (c)—(d), of an NH; dimer. (e), (f) STM
height profiles along the lines drawn in (c). The profiles of an (e) NH;
dimer and (f) NH; monomer are shown in red and blue, respectively.
Within the dimer, two NH3; molecules occupy nearest-neighbor 5f-Ti
sites.

presented in Fig. 1(c), we used the hopping rate T' [s7!]
regardless of the specific direction of the diffusion, i.e., we
assumed that the diffusion barriers are identical in the (010)
and (111) directions. This analysis yielded an energy barrier
E, of 0.5 £0.05 eV and a preexponential factor (attempt fre-
quency) vo of £10%s~1 [29].

To further study the diffusion of NH; on a-TiO,(101),
we lowered the temperature to 130 K, where single-jump
hopping events are nearly frozen out. Surprisingly, we found
evidence for rapid NHj diffusion through the formation of
NH; dimers (see Fig. 2 and Movie M2 [25]). Previously,
NHj; dimer formation has been observed on Ru(0001) [30],
but the diffusion of NHj3 dimers has yet to be investigated.
In the lower part of the STM image depicted in Fig. 2(a),
five separate monomeric NHj3 species can be seen. In the
following STM image recorded within this movie [Fig. 2(b)],
this situation changed such that two of the five NH3 monomers
formed a dimer—see the somewhat brighter protrusion close
to the center of the STM image. Consider also that now
only four species are located in this area. The newly created
NH; dimer diffuses along the Oy, row in the [010] direction
several lattice distances [see Figs. 2(b) and 2(c)]. Finally, in
Fig. 2(d), we again find five NH3; monomers; thus, the NH3
dimer dissociated into two NH3 monomers. The two (new)
NH; monomers close to the center in Fig. 2(d) are adsorbed
farther away from the three stationary NH3 monomers. The
line profiles presented in Figs. 2(e) and 2(f) show that the
NH; dimer is characterized by a larger STM height than the
NH; monomer. In addition, we illustrate in Fig. 2(e) that NHj3
dimers form within the 5f-Ti rows along the (010) directions
and that they are centered between two 5f-Ti sites. Note that
diffusion of NH3 dimers along the [111] direction (across the
Oy, rows) was not observed.

To model the two experimentally identified diffusion
modes, we utilized DFT calculations (see SM [25] for details)
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FIG. 3. DFT modeling of monomeric NHj diffusion. (a)—(e)
Pathway across the Oy, rows: Side and top views are shown. Surface
O atoms (small red balls), bulk O atoms (small light red balls), and
surface Ti atoms (large gray balls) are indicated. The initial and
final 5f-Ti adsorption sites are highlighted by black circles. (f)—(j)
Pathway parallel to the Oy, rows. Presentation of the structures as in
(a)—(e). (k) Corresponding energy landscapes. Diffusion pathways
across (dashed line) and parallel to the Oy, rows (solid line) are
directly compared. Arrows point to the corresponding computed
energies.

using a fully stoichiometric a-TiO,(101) slab consisting of
four TiO; trilayers, spanning 1x2 surface unit cells. We used
the ASE package (ASE = atomic simulation environment) [31]
in combination with the GPAW [32] DFT code. We employ the
optB88-vdW functional [33] which is known to describe both
hydrogen bonds and more dispersive interactions well.

Addressing monomeric NHj diffusion, Figs. 3(a)-3(e)
shows the most favorable pathway for diffusion along the
[111] direction, and Figs. 3(f)-3(j) illustrate the most favor-
able diffusion pathway along the [010] direction (parallel to
the Oy, rows). In each case, the initial and final 5f-Ti ad-
sorption sites are marked by black circles. The corresponding
energy landscapes are presented in Fig. 3(k).

In the case of diffusion of an NH3; molecule across the Oy,
rows (along the [111] direction) [see Figs. 3(a)-3(e)], one of
the H atoms of the NH; molecule forms a hydrogen bond to
the Oy, that is crossed [Fig. 3(b)]. Because of this, the NH3
lone pair points into the vacuum [Figs. 3(c) and 3(d)] instead
of to the surface, as is the case when adsorbed on a regular
5f-Ti adsorption site. Subsequently, the NH3 molecule rolls
over the Oy, atom [Figs. 3(c) and 3(d)] before it reaches the
next 5f-Ti site [Fig. 3(e)]. As can be seen in Fig. 3(k), this
diffusion pathway is characterized by an energy barrier of
1.12 eV (dashed curve). The weakest bonding occurs when
the NH3; molecule rolls over the Oy, atom [Fig. 3(c)].

In the case of NH; monomer diffusion parallel to the Oy,
rows (along the [010] direction) [see Figs. 3(f)-3(j)], the NH;
molecule prefers a slightly curved pathway via the neigh-
boring fully coordinated 6f-Ti site [Fig. 3(h)]. No “rollover”

occurs within this pathway. The NHj3; molecule is weakest
bound when it passes the 6f-Ti site [Fig. 3(h)]. We found a
barrier of 0.97 eV [see the solid curve in Fig. 3(k)], which is
slightly lower than the one computed for NH; diffusion across
the Oy, row.

We further modeled the diffusion of NHj3 dimers on
a-TiO,(101) (see Fig. 4). Once formed, NH3 dimers are very
diffusive in the [010] direction (parallel to the O, rows), as
evidenced by the experimental observation of such move-
ments at low temperatures (see Fig. 2). We identified two
possible NH;3 dimer diffusion pathways in the [010] direction.
In the starting configuration, two NH3 molecules are adsorbed
at neighboring 5f-Ti sites [Figs. 4(a) and 4(e)]. In each case,
one NHj3 molecule stays adsorbed on its 5f-Ti site, while the
second molecule is moving either “left” [Figs. 4(a)—4(d)] or
“right” [Figs. 4(e)—4(h)] around the stationary NH3 molecule.
The stationary NH3 molecule solely rotates and slightly shifts
its position.

In case of the pathway right around the stationary NHj
molecule, the moving NH3 molecule tilts and forms a hy-
drogen bond to the stationary NHz molecule [see Fig. 4(b)].
The hydrogen bound NH; dimer can then rotate around the
5f-Ti site at which the stationary NH3 molecule is adsorbed
[Figs. 4(b) and 4(c)]. Finally, the moving NH3 molecule has
reached the 5f-Ti site on the other side of the stationary NHj3
molecule [Fig. 4(d)], i.e., the NH3 dimer has diffused one lat-
tice space in the [010] direction. As shown in Fig. 4(j) (dashed
curve), this diffusion pathway is characterized by a barrier
of 0.82 eV. The diffusion pathway left around the stationary
NHj; molecule [Figs. 4(e)-4(h)] proceeds analogously to the
pathway right around the stationary NH; molecule. The com-
puted diffusion barrier [see Fig. 4(j) (solid curve)] is with
0.75 eV a little lower than that for diffusion right around the
stationary NHj3 molecule. For a direct comparison, Fig. 4(i)
shows the two identified dimer diffusion pathways together
(top view). In agreement with the experimental observations,
we found by DFT modeling that NH; dimer diffusion is
more facile than NH3; monomer diffusion (0.75 — 0.82¢eV vs
0.97 — 1.12eV. This difference of the diffusion barriers is
related to a strong hydrogen bond that forms upon diffusion
between the two NH3; within the dimer [34].

Comparing the experimental diffusion data presented in
Fig. 1(c) with the computed diffusion barriers (Figs. 3 and 4),
there seems to be a contradiction. Even if dimer diffusion
would be entirely dominating, there is a difference of at least
0.25 eV between the experimentally (0.50 eV) and any of
the theoretically deduced diffusion barriers. We attribute this
difference (i) to repulsive interactions between adsorbed NH3
molecules that become increasingly important when many
NHj; molecules are adsorbed in close proximity, and (ii) to the
approximations made in the DFT simulations (see SM [25]).

We observed clear examples of repulsive interactions be-
tween adsorbed NH3; molecules in STM movies recorded at
RT, one of which is illustrated in Figs. 5(a)-5(f). Specifi-
cally, we found that NH3 molecules are hopping much more
frequently if their distances to each other are smaller than
10—13 A (see Fig. S2). In Fig. 5(a), five separated NHj
molecules are seen in the scanned area on a-TiO,(101). Be-
fore the acquisition of this STM image, the imaged five NH3
molecules did not move for ~120 s. Thus, at these specific

121601-3



KRZAN C. ADAMSEN et al. PHYSICAL REVIEW MATERIALS 4, 121601(R) (2020)

right

E—l.4
> x
g—l.G- x o
[= 1
w 1
© —1.8f o
=1
e o5 0.82] jeft rig
S —2.0f 1 z
[ I U
c 1
1
S 2.2 A
a 1
2 Y o Normalized Reaction Coordinate y L
224 o‘.(ﬁ 0.2 | 0.4 056 | 0.8 r'1|.0 l

FIG. 4. DFT modeling of dimeric NH; diffusion parallel to the Oy, rows. (a)—(d) The moving NH; molecule takes the pathway on the
right around the stationary NH3 molecule. Side and top views are shown. Presentation of the structures as in Fig. 3. (e)—(h) The moving NH;
molecule takes the pathway on the left around the stationary NH; molecule. (i) Direct comparison of the two pathways (top view). (j) Diffusion

energy landscapes. Dashed and solid lines correspond to the pathways on the right and left around the stationary NH3 molecule, respectively.
Arrows point to the corresponding computed energies.

adsorption sites, the nearest-neighbor distances between the  diffused several lattice distances [see Fig. 5(b)]. Presumably, a
NH; molecules (~12 A and larger) were favorable (no strong single diffusion event has occurred that triggered the diffusion
repulsion). Then, suddenly three of the five NH3; molecules of the other NH3 molecules (diffusion in cascades). Following
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FIG. 5. (a)—(f) Sequence of STM images (40 A x50 A; 20 s/image) showing “cascade diffusion” of five NH; molecules at RT. The imaged
five NH; molecules did not hop within 120 s (six images) prior to the image shown in (a). From image (a) to image (b), several hopping events
occurred, and this cascade of hopping events of neighboring NH; molecules continued for ~100 s until in image (f), the five molecules reached
an arrangement that persisted for four images (~80 s). (g) Hopping rate at RT as a function of the NH; coverage.
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this, several further diffusion events were observed, leading to
the different configurations in Figs. 5(c)-5(e), until the NHj3
molecules eventually settled in a new configuration [Fig. 5(f)]
where all molecules are well separated. No diffusion occurred
during the following 80 s.

To evaluate the influence of NHj coverage on the diffusion
quantitatively, we recorded several STM movies at RT on
samples where the coverage varied between 0.005 and 0.05
ML [see Fig. 5(g)]. The results show that the hopping rate I"
increases exponentially with increasing NHj3 coverage (notice
the logarithmic scale). We explain this pronounced coverage
effect on NH; diffusion by repulsion between NH3 molecules.
Accordingly, for a meaningful comparison of experimentally
observed diffusion data with the computed diffusion barriers,
the NH; coverages in the experiments must be very low. As
soon as NH; — NHj repulsion comes into play, I' increases
because adsorbate arrangements with NH; — NHj3 distances
larger than ~10-13 A are clearly preferred. Our diffusion data
summarized in Fig. 1(c) represent the collective measurement
of thermally activated single-jump diffusion and diffusion
events induced by repulsion.

For comparison, we also studied the diffusion of water
dimers on a-TiO,(101) (see Fig. S3). Fast diffusion of wa-
ter dimers has been observed on Pd(111) [35], several other
metallic surfaces (see Ref. [36] and references therein), and on
rutile TiO,(110) [37]. Indeed, we also observed the formation
of water dimers on a-TiO,(101) [25], and we find similarities
between the diffusion behaviors of water and NH3. As found
for NH3, the water dimers diffuse faster than monomers,
and dimer diffusion occurs exclusively parallel to the Oy,
rows. The latter resembles the situation for water on rutile

TiO,(110). However, the water dimers on rutile TiO,(110)
are quite stable [37], whereas the dimers on a-TiO,(101) split
frequently again into monomers (see Fig. S3). Interestingly,
the NHj3 dimers on a-TiO,(101) are very short lived, too.
Extending these findings, we believe that the diffusion of
H-bonded molecule clusters on a selected surface resemble
each other irrespectively of the specific adsorbate.

In summary, we utilized high-resolution STM and DFT
calculations to study the diffusion of NHj on anatase
TiO,(101). Via recording STM movies and conducting an
Arrhenius analysis, we found an apparent diffusion barrier
of ~0.5 eV at 0.05 &+ 0.01 ML NHj coverage. However,
even at this low coverage, the diffusion of NH; can be af-
fected by repulsive adsorbate interactions. In addition, we
uncovered monomeric and dimeric NH; diffusion channels
via STM. Short-lived NH3 dimers form on the surface despite
the repulsion between the NH; monomers. The NH3 dimers
diffuse clearly faster than the NH3; monomers. Our DFT sim-
ulations provide detailed mechanistic insights into the NHj
diffusion. In qualitative agreement with the STM experiments,
the NH; dimer pathways are characterized by barriers that
are ~0.22 eV lower in energy than the ones computed for
NH; monomers (of ~1.0 eV). We anticipate that the gained
knowledge on the diffusion of NH; on anatase TiO,(101) is
useful for an understanding of the diffusion of NH; and other
hydrogen-bonded adsorbates on oxide surfaces in general.
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