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ABSTRACT: Photo-catalytic fixation of nitrogen b,
titania catalysts at ambient conditions has been reporte

for decades, yet the active site capable of adsorbing an
inert N, molecule at ambient pressure and the mechanism
of dissociating the strong dinitrogen triple bond at room
temperature remain unknown. In this work in situ near-
ambient-pressure X-ray photo-electron spectroscopy and
density functional theory calculations are used to probe
the active state of the rutile (110) surface. The
experimental results indicate that photon-driven inter-
action of N, and TiO, is observed only if adventitious
surface carbon is present, and computational results show
a remarkably strong interaction between N, and carbon
substitution (C*) sites that act as surface-bound carbon
radicals. A carbon-assisted nitrogen reduction mechanism
is proposed and shown to be thermodynamically feasible.

The findings provide a molecular-scale explanation for the

long—standingrmystery of photo-catalytic nitrogen fixation
on titania. The results suggest that controlling and

characterizing carbon-based active sites may provide a

route to engineering more efficient photo(electro)-
catalysts and mmproving experimental reproducibility.

Photo(electro)-catalytic nitrogen fixation presents an
exciting route toward ammonia production at benign

conditions."”” Photon-driven nitrogen reduction and oxidation
have been reported over numerous semiconductors, with
titania-based catalysts being the most common."”* The
hypothesis that nitrogen fixation on titania occurs via photo-
catalytic reactions of hydrocarbons was first proposed over 75
years ago by Dhar et al. on the basis of illuminated compost
experiments.” Photo-generation of ammonia by titania-based
catalysts has been reported by numerous independent groups
since, including with more controlled techniques such as
isotopic labeling;*®” however, the influence of hydrocarbons
was neglected. There are also considerable discrepancies in the
literature and open questions regarding the thermodynamics
that drive the process.”®” Given the recent explosion of interest
in this field," it is critical to establish hypotheses about the

active site and reaction mechanism that resolve these
inconsistencies.”

The prevailing hypothesis is that oxygen defects are the active
sites for nitrogen fixation,”'”"" based primarily on an observed
correlation between oxygen defect density and ammonia
yields.7’10 However, the alignment of the conduction band
edge relative to the N,/NHj; redox couple provides a relatively
small driving force, equivalent to an overpotential of only 0.15
V.” Density functional theory (DFT) calculations have shown
that the bridging oxygen (O-br) vacancy of rutile (110) exhibits
weak N, adsorption energy (0.2 eV uphill) and requires
substantially larger overpotentials (>1.5 V).”'* One alternative
hypothesis is that oxidative processes drive nitrogen fixation
due to the substantially lar§er electrochemical driving force
from photo-generated holes.”"* However, adsorption of N is
still required, and nitrate products have rarely been reported."
This indicates that other mechanisms are likely involved.

In this work, direct insight into the nature of the active state
of titania is obtained using near-ambient-pressure X-ray photo-
electron spectroscopy (AP-XPS) experiments. A rutile (110)
model surface is chosen based on the observation that ammonia
yields correlate with the amount of rutile.” The experiments are
conducted in the absence of light and with in situ illumination
(Figure 1) with ultraviolet/visible light at a temperature of 200
°C. The sample is exposed to 300 mTorr of N, both with and
without illumination. The results for the as-prepared rutile
(110) crystal (Figure 1a,b) indicate the emergence of a peak at
398 eV in the N 1s spectrum upon illumination (Figure 1b).
This value has previously been attributed to reduced nitrogen
N,.q (NH; = 398.8 V)."*"'° No changes in the binding energy
of Ti 2p3/, or Ti 2p,, are observed with the addition of N4
(Tables S1—S4), indicating that the reduced nitrogen on the
surface does not change the titania crystal structure through
surface nitride formation.'® Furthermore, repeated experiments
at lower temperatures of 35 and 100 °C (Figure S2) reveal that
reduced nitrogen species remain on the surface in the dark at
low temperatures, indicating that they are adsorbed. These
results provide strong direct evidence of a photo-induced
interaction between the titania surface and nitrogen.
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Figure 1. Results of in situ AP-XPS on rutile (110) single crystal with
C 1s (a,c) and N 1s (b,d) peaks for the as-received (a,b) and cleaned
(c,d) surfaces in the dark (red) and under visible illumination (green)
when exposed to 300 mTorr nitrogen.

The AP-XPS results also indicate that adventitious carbon is
present on the sample (Figure la), a result typical for
titania.'”"® However, oxygen vacancies are not detected, as
evidenced by the sharp the Ti 2p,/, peak (Figure S1) that
indicates all Ti*" sites are well coordinated.'” The adventitious
carbon is removed from the sample by annealing at 500 °C in
100 mTorr O, for 90 min, resulting in a substantial reduction in
the C 1s peak intensity and likely oxidation of surface
hydrocarbons. After this cleaning procedure the N 1s peak is
no longer detected upon illumination. To confirm that the
disappearance of the photo-induced N 1s peak is not due to
annealing of oxygen defects a second experiment was
performed in which oxygen defects are introduced via Ar*
sputtering.”’ Sputtering the sample simultaneously removes a
portion of the adventitious carbon. The presence of oxygen
vacancies is confirmed by the appearance a shoulder in the Ti
2p spectra; however, the introduction of oxygen vacancies does
not result in a greater reduced nitrogen peak (Figure S3). The
defects are then partially healed through the introduction of
CO, and N,, followed by CO,, N,, and H,O. The addition of
CO, resulted in increased C 1s and N,.4 peaks (Figure S3),
providing additional evidence of the interaction between
surface carbon and nitrogen. This finding also indicates that

oxygen vacancies may play an indirect role by favoring
formation of surface carbon.

The atomic-scale structure of adventitious surface carbon is
not well defined,”" and an ensemble of active-site structures are
likely to contribute. To address this challenge the N, binding
energy and surface energy of a large swath of active sites are
calculated using DFT with the BEEF-vdW functional (see
Supporting Information (SI)). These sites include a range of
oxygen/titanium defects and carbon additions/substitutions on
the rutile TiO, (110) surface. The results, shown in Figure 2,
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Figure 2. Surface formation energy of various surface models vs the
adsorption energy of N, evaluated at 0 V RHE relative to pristine rutile
(110), bulk TiO,, and graphite. Site classes include stoichiometric
TiO, (black), O vacancies (blue), carbon additions (red), Ti additions
(green), Ti addition and carbon (cyan), and O vacancies with carbon
(magenta).

illustrate a trade-off of reactivity and stability, where the most
relevant sites exhibit maximum stability for a given N,
adsorption energy.”” There are several carbon-based active
sites that exhibit remarkable N, adsorption free energies of ~2
eV, providing further theoretical support for the hypothesis that
adventitious carbon enables interaction between TiO, and N,.
In addition to strong binding, it is necessary that N, adsorption
be selective against other reactants, that active sites are
sufficiently stable to exist under reaction conditions, and that
a catalytic mechanism for N—N bond scission exists. We select
a single representative active site, a carbon substitution at a
bridging oxygen (C*), as a model to investigate these issues.
The C* site has a remarkably strong N, binding free energy
of —1.89 eV, equivalent to the gas-phase analogue of the
reaction (C+N, — CN,). This equivalence indicates that the
C* site acts as a surface-bound carbon radical, which is
corroborated by two unpaired electrons in the surface slab and a
magnetic dipole of 1.56 yg on the C atom. This reactive carbon
radical can also interact with other species under reaction
conditions. The presence of H,O is required for proton
formation via oxygen evolution, and O, is also present in many
studies. The adsorption selectivity toward N, is assessed by
computing the free energy of adsorption for H,O and O, as a
function of O, chemical potential at ambient temperature and
pressure (300 K, 1 bar) and 100% humidity (Figure 3); the
BEEF-vdW ensemble is used to propagate DFT error and
compute surface coverage probabilities (see SI). The results
illustrate that N, adsorption is competitive within the error of
DFT, and that N, adsorption will be favored by decreasing O,
pressure. This is consistent with the observation that anaerobic
conditions increase reaction rates.” These results support the
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Figure 3. (a) Probability of each reactant species being dominant on
the C* site based on uncertainty propagation from BEEF-vdW DFT
calculations. (b) Surface energy of each reactant species at different O,
chemical potentials. All chemical potentials are evaluated at 300 K.
The reference chemical potential (0 eV) corresponds to 0.2 atm of O,,
0.8 atm of N, and 0.035 atm of H,O (100% RH).

hypothesis that C* and other carbon-based sites enable
selective adsorption of N, at ambient conditions.

The carbon-based active sites show a clear trend toward
strong N, adsorption but are also relatively unstable (Figure 2),
raising the question of whether they exist in a real system. The
surface energies shown in Figure 2 are computed relative to
graphite, one of the most stable forms of carbon. Adventitious
surface carbon will be less stable, and likely consists of a variety
of short-chain hydrocarbons and carbon oxides.”" The photo-
catalytic activity of TiO, for hydrocarbon oxidation and CO,
reduction is well established”””* suggesting that the carbon site
may be formed by a photo-oxidation/reduction. Adventitious
carbon has also been reported to play a role in photo-catalytic

CO, reduction,"® and hydrocarbon-based sacrificial reagents
have been shown to increase ammonia yields.””>*° We model
the hydrocarbon influence by selecting CH, as a representative
hydrocarbon. Any alcohol or short-chain hydrocarbon on the
surface will be thermodynamically easier to oxidize. The photo-
chemical oxidation is modeled using the computational
hydrogen electrode (CHE),”” and an O-br vacancy is used as
the active site such that the adsorbed C* is equivalent to the
bridging carbon substitution. The results show that photo-
oxidation of CH, to the C* site is highly exothermic (Figure 4a)
owing to the strong oxidative potential of photo-generated
holes. This is clear from the band alignment of TiO, where
there is a thermodynamic driving force of >1 eV even for the
formation of gas-phase C atoms from CH,. This is also
consistent with experimental observation of CH, surface
species, including radicals, on titania.”* 3 These findings
provide strong evidence that the formation of metastable
carbon active sites on titania is feasible under photo-catalytic
conditions.

Finally, adsorption of N, is only the first step in the formation
of ammonia; the challenge of dissociating the N—N bond still
remains. The feasibility of the ammonia synthesis half-reaction
on the C* site was mapped out following a range of possible
reaction mechanisms (see SI). The CHE approximation is used,
and only thermodynamics of intermediate states are considered.
The most favorable route follows the distal mechanism of N—N
bond scission,”’ and exhibits a low thermodynamic barrier of
0.55 + 0.12 eV with the potential-limiting step being the
hydrogenation of CN* (Figure 4c). The formation of the
second NH; requires hydrogenation of both the C and N in
order to weaken the C—N bond (Figures S4 and SS) resulting
in a surface CH;*, which must be regenerated via photo-
oxidation in order to close the catalytic cycle (Figure 4b). While
kinetic limitations have been neglected, the results show that
carbon-based active sites provide a thermodynamically feasible
route to photo-catalytic nitrogen fixation on titania catalysts.

The proposed mechanism explains how photo-catalytic
reduction of nitrogen to ammonia can occur despite the
relatively small reductive driving force from the TiO,
conduction band edge. The oxidative potential of photo-
generated holes is captured by the formation of metastable
reactive carbon species that promote strong N, bonding and
subsequent reduction via surface-bound CN,H,, species. This is
similar to the well-known role of photo-generated O3~ and
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Figure 4. (a) Free energy diagram of the oxidative active site regeneration. The potential is set to that of oxidizing holes at the band edge of rutile
TiO,. (b) Thermodynamic cycle of N, reduction on a carbon substitution at a bridging oxygen (C*) on TiO,. The path consists of a reductive
portion (red) and an oxidative active site regeneration portion (blue). (c) Free energy diagram of the reductive ammonia production portion of the
thermodynamic cycle. The potential is set to that of reducing electrons at the band edge of rutile TiO,.
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OH® radicals in TiO, photo-oxidation.”* The proposed
hypothesis also explains numerous prior experimental observa-
tions and inconsistencies: rates correlate with oxygen vacancies
because they promote the formation of reactive carbon sites,
the rate of ammonia formation decreases with oxygen
concentration due to poisoning of N, adsorption sites, and
the wide range of experimentally observed rates is due to the
lack of effort to control or characterize carbon-based impurities
on the catalyst surface or reaction environment.

In conclusion, a combination of AP-XPS experiments and
DFT studies provide strong experimental and theoretical
support for the hypothesis that adventitious surface carbon
promotes photo-induced adsorption of N, at TiO, through the
formation of metastable active sites by photo-oxidation of
hydrocarbon species. The DFT results indicate that carbon-
based sites interact strongly with N,, and that subsequent
reductive hydrogenation of CN, is a thermodynamically
feasible route to produce ammonia and regenerate the surface
hydrocarbon. This hypothesis is consistent with prior reports of
carbon radical formation,”®*™*° the role of surface carbon
contaminants in photo-catalysis,'® spin-mediated N, adsorp-
tion,” and strong interactions between nitrogen and graphene
edges.’* The hypothesis is also consistent with a number of key
observations in the nitrogen photo-fixation literature including
the correlation of rate with oxygen vacancies”'? and sacrificial
reagents,””>*° the detrimental effect of gas-phase oxygen,” and
the large variations and inconsistencies in measured rates for
catalysts that are nominally identical.””* The findings indicate
that careful characterization and control of surface carbon is
critical to ensure reproducibility in photo-catalytic nitrogen
fixation on titania and other semiconductors, and suggest that
engineering carbon-based active sites is a promising strategy for
enhancing photo-catalytic nitrogen fixation.
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