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Upgrading biomass feedstock into higher-value chemicals is central
toimprove the sustainability of the chemical industry and to reduce
its dependence on fossil raw materials. Heterogeneous photocatalysts
are promising for the oxidation of 5-hydroxymethylfurfural (HMF) to

2,5-furandicarboxylic acid (FDCA), abiomass-derived molecular platform for
biopolymers, but their FDCA selectivity is negligible without the aid of a base.
Here we present a plasmonic photocatalyst integrating TiN nanocubes and
bimetallic RuPt nanoparticles that in base-free conditions exhibits complete

HMEF conversion and selective FDCA formation due to an unconventional
mechanism of molecular oxygen activation. This unique reactivity is
enhanced by both photothermal heating and hot electrons, whose
contributionis confirmed by kinetic isotopic effect experiments. Density
functional theory calculations support a scenario in which the activated
nanoparticle-oxygen complex facilitates the rate-determining step and
enables animproved FDCA selectivity. Our results demonstrate the potential
of plasmonic photocatalysts in the catalytic transformation of biomass.

The exponential growth of the global population has prompted adeple-
tion of fossil fuel reserves and a continuous rise in energy demand.
This, in turn, has increased the impact of energy-intensive chemical
industries, amajor contributor to global warming and the associated
challenges of climate change. Inresponse to these pressing concerns,
thereisacompelling need to explore chemical processes powered by
light that convert sustainable raw materials, biomass being the most
abundantone, into higher-value chemicals'. The biobased products

industry has an enormous potential, supporting four million jobs with
avalue of US$369 billion to the US economy’. Biomass is composed of
80-90% hemicellulose and cellulose, the hydrolysis of which produces
sugars that can be easily transformed into a variety of chemicals via
biological or chemical conversions. The US Department of Energy
has identified 12 promising sugar-based building blocks that can be
used to produce secondary chemicals, intermediates and final prod-
ucts, mirroring the petroleum-based supply chain®. Among these,
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Fig. 1| HMF oxidation over plasmonic TiN-RuPt photocatalysts and their
characterization. a, Schematics showing the process to obtain HMF from
biomass and its two oxidation pathways to FDCA in the presence of O,. TIN-RuPt
nanocubes use NIR light, generating plasmonic hot carriers and heating to
selectively steer product formation using path 1. FDCA is a versatile molecular
platform for the synthesis of biopolymers, solvents and fine chemicals.
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b, Energy-dispersive spectroscopy elemental map highlighting the atomic
distribution of ruthenium and platinum in arepresentative single TiIN-RuPt
nanocube. ¢,d, DRIFT spectra of CO adsorbed on the different photocatalysts
after apretreatmentin H,at 200 °C (c) and after a two-step procedure consisting
of H,at 200 °C and interaction with O, at room temperature (d).

5-hydroxymethylfurfural (HMF) is considered akey platform molecule
to synthesize commodity chemicals including solvents and polymers.
HMF can bereadily produced from hexoses by acid-catalysed dehydra-
tion (Fig. 1a) and the fully oxidized HMF adduct, 2,5-furandicarboxylic
acid (FDCA), is structurally like terephthalic acid, the monomer used
in polyethylene terephthalate plastics. In view of these applications,
FDCA synthesis has been extensively studied*'°.

The selective oxidation of HMF to FDCA involves three oxi-
dation steps and may follow two competing pathways (1 and 2
in Fig. 1a), which differ in the first step by alternatively generat-
ing either 5-hydroxymethyl-2-furancarboxylic acid (HMFCA) or
2,5-diformylfuran (DFF). These intermediates are then oxidized to
5-formyl-2-furancarboxylicacid (FFCA) and finally to FDCA. Therefore,
selective FDCA synthesis is challenging because it requires catalysts
with controlled reactivity to avoid overoxidation or mineralization of
HMF. This hasbeen achieved over heterogeneous catalysts with molec-
ular oxygen in water. However, harsh conditions such as a strongly
alkaline environment, high temperature (>80-100 °C), and high O,
pressure (>10 bar) are necessary for the reaction to proceed’. In con-
trast, photocatalysis can unlock milder reaction conditions using only
light energy to power the process. HMF oxidation has been performed
over semiconducting photocatalysts at near-ambient temperature,
base-free and under atmospheric pressure'®. Notably, all the reported
photocatalysts follow path 2 (Fig. 1a), favouring HMF dehydrogenation
andthe consequent formation of DFF and H,. Only in afew cases, where
semiconductor substrates were functionalized with molecular cata-
lysts controlling O,activation, were HMFCA (path 1) or FDCA selectively
produced™". Recently, photocatalysts including plasmonic nanopar-
ticlessupported on semiconductors have demonstrated the ability to

produce HMFCA and FDCA in alkaline environments®, although they
exhibit noactivity inbase-free conditions. Common to both classes of
photocatalysts is the generation of oxygenated radicals in solution,
species with strong oxidizing power generated on the semiconductor’s
surface. As a consequence, unselective processes often take place,
undermining product selectivity. Thus, itis a challenge to achieve high
FDCA selectivity in base-free conditions with no external heating and
atambient O, pressure.

Subwavelength metallic photocatalysts feature enhanced light-
matter interaction through localized surface plasmon resonances.
Thisresultsin highly intense electric fields (hot spots), energeticnon-
thermal (hot) carriersand local heating that can modify and accelerate
catalytic reactions'. However, the most plasmonically active metals
suchas gold, aluminium, silver and TiN, have modest catalytic activity.
Therefore, amore efficient approach to transduce light into chemical
energy can be achieved by assembling bimetallic photocatalysts bear-
ing antenna (light collecting) and reactor (catalytic) units”.

We develop antenna-reactor photocatalysts constituted by
plasmonic TiN nanocubes functionalized with bimetallic RuPt nano-
particles (NPs). These photocatalysts show a unique mechanism of
oxygen activation that enables HMF oxidation with 100% conversion
and nearly 100% FDCA selectivity under near-infrared (NIR) light,
with no base addition, using O, flow, aligning with path 1 depicted
in Fig. 1a. Such results are achieved by tuning the RuPt composition
and using photothermal heating in concert with plasmonic hot carri-
ers. Using electromagnetic simulations, we reveal the optical proper-
ties of TIN-RuPt nanocubes and show that hot carriers preferentially
formnanoscale patches at precise interface and surface positions. We
experimentally investigate thermal and nonthermal plasmonic effects
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showing that hot electrons (HEs) enable faster HMF conversion kinetics
and aremarkable 20% improvement in FDCA selectivity by participat-
ingintherate-determiningstep, as supported by the observationofa
larger kineticisotopic effect under photocatalytic conditions. Density
functional theory (DFT) calculations provide an atomistic view of the
reaction mechanismand suggest a decisive catalytic role of RuPt bime-
tallicreactors. The interplay between ruthenium and platinumatoms
is crucial: the former facilitates O, dissociation at the photocatalyst
surface, while the latter reduces the oxygen adsorption energy onthe
metal surface. Consequently, protons exhibit agreater affinity for oxy-
genatomsbonded to platinum atoms over those bonded to ruthenium
atoms. This affinity proved to be instrumental in the selective oxidation
of HMF. The results show that plasmonic antenna-reactor photocata-
lysts are promising candidates for performing controlled oxidation of
biomass-derivatives into higher-value products.

Results

Synthesis and characterization of plasmonic TiN-RuPt
photocatalysts

TiN-RuPt nanocubes were loaded with 10 wt% total metal content
(nominal), including reference monometallic TIN-Pt and TiN-Ru, as
confirmed by inductively coupled plasma mass spectrometry (ICP-MS)
analysis (Supplementary Table1). Figure 1b and Supplementary Figs. 1
and 2 show the microscopic characterization of a representative TiN
nanocube with average size of 50 + 10 nm where each facet is decorated
with a multitude of RuPt nanocrystals. The TiN core retained a stoi-
chiometric atomic distribution of titanium and nitrogen after metal
deposition. The oxygen map shows the presence of a thin layer rich
in oxygen due to TiN passivation upon exposure to air and chemicals
during the synthesis'®. The nanoscale elemental maps of ruthenium
and platinum evidence the formation of bimetallic RuPt nanocrystals
having an average size of 5.5 nm and mostly assuming an alloyed or Janus
configuration, with sparse monometallic NPs separated probably due
tothe high metalloading on TiN (Fig. 1b and Supplementary Figs. 3-5).
To experimentally confirm frequent atomic contacts between the two
metals, we carried out synchrotron X-ray absorption spectroscopy
(XAS) measurements at the Pt L, edge for TIN-RuPt and analysed the
extended X-ray absorption fine structure (EXAFS). The data confirmed
the presence of a notable amount of Ru-Pt contacts in the sample
(Supplementary Fig. 6 and Supplementary Table 2).

X-ray photoelectron spectroscopy (XPS) measurements revealed
that ruthenium is composed by two species peaking at 280.4 and
281.0 eV and assigned to the presence of Ru® and Ru**, respec-
tively. Ru® is the dominant species (Supplementary Table 3 and
Supplementary Fig. 7), but interestingly, the concentration of ionic
rutheniumincreasedin TiN-RuPt (35% + 8%) in comparisonto TiN-Ru
(27% + 6%). The same trend was observed for platinum, which however
presented a higher content of Pt® and amore modest increase inionic
species (Pt**). These results suggest that the formation of positive
ionic speciesis afeature of TIN-metal nanocatalysts that isenhanced
by Ru-Pt electrostatic interactions. These aspects can favour the HE
transfer from the TiN antenna to the RuPtreactors, and tune the reac-
tion mechanism over TiN-RuP¢, as will be discussed in detail later.
The deconvolution of the titanium 2p region (Supplementary Fig. 8)
highlights the presence of three surface species, assigned namely
to TiN (454.8 eV), TiN,O, (456.4 eV) and TiO, (458.4 eV), confirming
the oxidation of the outer layer of TiN nanocubes, in agreement with
elemental mapping'®".

Diffuse reflectance infrared Fourier transform (DRIFT) spectros-
copy was used to obtain deeper insights into the surface active sites,
using CO as probe molecule since it can provide information on the
coordinationand oxidation state of the metal species. Figure 1c shows
thatno CO adsorption was detected on pure TiN. Conversely, the TiN-
Pt spectrum shows a band at ~2,050 cm™, which can be ascribed to
linear carbonyls on metallic platinum”. The TiN-Ru spectrum features

instead a complex absorption with the main components centred at
~2,030 and ~1,980 cm™, which are assigned to carbonyls on Ru’sites
with different coordination. Moreover, a broad tail extending below
1,900 cm™ can be associated with bridged CO species'. In the TiN-
RuPt spectrum we can recognize both components as arising from
Pt-COinteractions, namely, ashoulder around 2,070 cm™ (previously
observed for Pt(111)/Ru bimetallic electrodes)”, and signals due to
Ru-CO interactions at lower wavenumbers. The latter are more per-
turbed with respect to the TIN-Ru spectrum, in agreement with the
more pronounced chargerelocation on the rutheniumatoms thanon
the platinum ones observed from XPS data. We hypothesize that acti-
vated molecular oxygen is involved in the selective oxidation of HMF
to FDCA over TiN-based photocatalysts. To verify this interaction, we
performed CO DRIFT spectroscopy after contacting the samples with
O, (Fig. 1d). The CO band position in the spectrum of TiN-Pt was not
substantially modified and only its intensity was reduced. The spec-
trum of TIN-Ru shows, instead, an evident shift of the main absorption
band to 2,050 cm™, suggesting adominant role of rutheniumatomsin
0,binding. Notably, the TiIN-RuPt spectrum s quite similar to the TiN-
Ru one, but we note the presence of an additional band at 2,130 cm™,
which canbe ascribed to CO interacting with ruthenium sites bearing
a positive charge and influenced by the presence of neighbouring
oxygen atoms'®. This spectral feature can be considered a fingerprint
of apeculiar O,activationin the bimetallic system.

As such, the system was modelled as a TiO, surface supporting
the metallic NPs (Supplementary Fig. 9). The mean Pt-Ru distance
in our DFT model is 2.707 A at the RuPt-TiO, interface and 2.699 A
within the RuPt NP. The average Pt-Ru spacing is therefore 2.703 A,
which closely matches the experimental value of 2.7 A found from
EXAFS analysis (Supplementary Table 2). Regarding the coordina-
tion geometry, in the experimental structure, one platinum atom is
reported to bind two ruthenium atoms and five-six other platinum
neighbours. Our DFT analysis suggests a similar geometry, with each
platinum atom coordinating two-four ruthenium atoms and around
two nearest-neighbour platinum atoms. This excellent agreement
suggests that the interfacial and bulk bonding environments are well
represented in our computational framework. Calculated Bader charge
analysis (Supplementary Table 4) using a hybrid-DFT method con-
firmed the formation of a positive total charge on the bimetallic NP
that was bound to the TiO, surface mostly via rutheniumatoms (TiO,~
Ru,Pt,'?). The differential electron density (Supplementary Figs. 10
and 11) shows amore pronounced charge relocation on the ruthenium
atoms than on the platinum ones. The average charge on the surface
rutheniumatomsincreased from +0.98ein TiO,~Ruto +1.35ein TiO,—
RuPt. The theoretical charge increase was lessimportant on platinum
atoms, rising from +0.41ein TiO,-Pt to +0.53ein TiO,~RuPt, in agree-
ment with XPS findings.

To investigate the optical properties of the prepared plasmonic
photocatalysts, we measured the extinction spectra of functionalized
TiNnanocubes (Fig. 2a). All the spectrashow the typical peak at 300 nm
due to interband transitions in TiN and a localized surface plasmon
resonance (LSPR) inbetween the visible and NIR spectral regions. The
bare TiN nanocubes show a LSPR peak at 670 nm, which redshifted
to 710 nm (TiN-Ru), 760 nm (TiN-Pt) and 800 nm (TiN-RuPt) as the
result of the dielectric environment change at the surface of TiN after
functionalization'. The light extinction properties were disentan-
gled by means of finite-element method (FEM) simulations using a
geometrical model including a TiN cubic core (40 nm), a TiO, shell
(1.5 nm) and bearing 16 RuPt NPs on each side (Supplementary Fig. 12
and Supplementary Table 5). As expected, most of theincoming light is
absorbed by the plasmonic TiN-RuPt nanocubes, while the scattering
cross-section is minimal (Supplementary Fig. 13)'°. By analysing the
calculated absorption cross-section at visible and NIR wavelengths for
each component forming the photocatalysts (Fig. 2b) we confirmed
that TiN nanocube is the antenna dominating light absorption, RuPt
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Fig. 2| Optical properties and HE generation rates. a, Experimental extinction
spectraof TiN-based photocatalysts in water. b, Simulated optical cross-
sections of a TIN-RuPt nanocube showing the contribution from the material
components. ¢, Theoretical HE generation rates (ratey;) in TiN and all RuPt NPs.
d, HE generation rate map at the TiN-TiO, interface ina TIN-RuPt nanocube.

€, HE ,\; parrier geNe€ration rate map at the surface of RuPt NPs in a TiIN-RuPt

nanocube. Red and blue shading show the most and least intense hot spots,
respectively. f, HE . parrier gENEration rate spectra of representative RuPt NPs on
facet 2 of TiN nanocube. g, HE, .., varrier g€NEration rate maps for representative
RuPt NPs on facet1and 2 of TiN nanocube. For each pair of numbers x-y, x is the
TiN nanocube facet and y is the RuPt NP shownin e. Maps are for 1 =751 nm and all
theoretical results were obtained using (k|| z, £, || x).

NPs provide a minor contribution in comparison to TiN, and the TiO,
surfacelayer does notabsorb any red light, that s, it will not contribute
to generation of energetic carriers during photocatalysis.

To connect the optical properties to the photocatalyticreactivity,
we used a consolidated quantum mechanical formalism coupledto the
FEM model todisclose the nanoscale distribution of computed HE gen-
erationrate (ratey;) within a TIN-RuPt nanocube. As expected, the peak
of rate,is redshifted (745 nm) in comparison to absorption (681 nm)?.
Notably, the rate,; integrated within the TiN nanocube is 10° times
higher than rate, integrated over all RuPt NPs (Fig. 2c). The rate is
proportional to the square of the electric field generated on the surface
of the plasmonic nanostructures and the regions where itis maximized
are the photocatalytic hot spots. In the case of bare TiN nanocubes,

the field is mainly localized at the edges (Supplementary Fig. 14). In
contrast, fora TiN-RuPt nanocube (Fig.2d and Supplementary Figs.15
and 16), therate, patternat the TiN-TiO, interface is modified by the
presence of RuPt reactors, whose presence induces HE hot spots on
those areas where they are sitting. This site-selective HE generation
enhances the probability of HE transfer from TiN antenna to RuPt reac-
tors, making themavailable for the photocatalytic reaction. The RuPt
reactorsarealsoabletogenerate HEsby themselves, whose amount and
dispersion depend on their specific positioning onto the TiN surface
(Supplementary Figs. 17-19). Figure 2e,f highlights that both the pre-
dicted nanoscale distribution of rate,; and its wavelength-dependency
vary when considering both different nanocube facets and specific
position within them. At a given direction of light propagation, some
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RuPt reactors will produce more HEs (Fig. 2e, red shaded areas), and
therefore will possess higher reactivity than others (Fig. 2e, blue shaded
area). Furthermore, each NP will exhibit its own peculiar nanoscale
rate, patch forming unique HE hot spots depending on their location
within afacet (Fig. 2g).

The optical generation of HEs in plasmonic nanostructures is fol-
lowed by their thermalization and a rise in local temperature, which
in turn affects photocatalytic rates. The evaluation of the tempera-
tureincrease observed under illumination s at the centre of a vibrant
debate due toits relevance in properly addressing thermal versus
nonthermal reactivity” . It is accepted that precisely measuring the
catalyst temperature is especially challenging in systems where large
temperature gradients can occur, such asin three-dimensional powder
beds for gas-phase catalysis and for NPs deposited on a substrate and
studied by optical microscopy”. Both approaches use focused light
and higher light powers (for the latter case they can easily be 10 times
higher than ours). For three-dimensional systemsin aqueous solution,
which use homogeneous illumination and low intensity, instead, the
phototemperature due to collective effects can be precisely estimated
using a thermocouple'®***, To support this hypothesis, we analyti-
cally computed the photoinduced temperature gradient generated
by one nanocube at the TiN-RuPt/water interface under the highest
lightintensity used. Temperature gradients exist only at the NP-water
interface, while the TiN antenna and the RuPt NPs can be considered
to be at the same temperature because of their high thermal conduc-
tivities and the high electronic thermal conductance of the TIN-RuPt
interface that allows efficient heat transfer through electron-electron
scattering (Supplementary Fig. 20)*. A single TiN-RuPt nanocube
can generate a theoretical temperature gradient of 4.5x10°K. Even
considering that our NPs undergo aggregation (Supplementary Fig. 21)
and give rise to hot spots between touching nanocubes, the surface
temperature remainsafraction ofakelvin (Supplementary Note1). To
further supportour calculations, we use the photothermal coefficient
experimentally determined through anti-Stokes photoluminescence
single-particle thermometry for antenna-reactor systems compa-
rable to ours®, and we find that the thermal gradient generated at
the TiN-RuPt/water interface is 1.0 x 10~ K (Supplementary Note 1).
Interestingly, this valueis just two times higher than the theoretical one,
butstill smaller by several orders of magnitude than the macroscopic
increase in temperature measured with the thermocouplein the reac-
tion suspension (AT 0, = 36 °C). The final macroscopic temperature is
given by the sum of the temperature gradients produced at each par-
ticle-waterinterface at steady state, thatis, once thermal equilibrium
amongtheNPs, the solvent and the environmentis reached. This means
that under our reaction conditions such tiny temperature gradients
cannot provide alone for a substantial reaction kinetics enhancement,
and that the macroscopic temperature of the solution is a collective
heating effect and as such influences the reaction mechanism. For
these reasons, the control experiments under dark conditions shown
inthe next section were carried out by using the temperature measured
withathermocoupleimmersedinthereactionsuspensionduringthe
photocatalytic runs.

Photocatalysis

The photocatalysts were tested in the oxidation of HMF using opti-
mized amounts of substrate and catalyst (Supplementary Fig. 22),
base-free conditions, an oxygen flow rate of 5 mL min™and areaction
time of 24 h, and using NIR light (740 nm, 0.222 W cm™) to excite the
LSPR of TiN-based nanohybrids. The transformation of HMF under
reaction conditions without catalyst was negligible, while with bare
TiN, a49% + 2% HMF conversion was achieved (Fig. 3a), although no
oxidation products from both pathways 1 and 2 were detected by
high-performance liquid chromatography (HPLC). This product resi-
due (degradation products, DP) consists of molecules formed during
HMF overoxidation eventually leading to carbon dioxide. Under dark

conditions, TiN nanocubes did not catalyse any HMF conversion, sug-
gesting that their uncontrolled oxidation activity is triggered by plas-
monichot carriers (migrating on the TiO, outer layer) and accelerated
by the photothermal temperature increase.

The reactivity strikingly changed once ruthenium, platinum or
bimetallic RuPt NPs were deposited on TiN nanocubes. These pho-
tocatalysts selectively formed products from oxidation path 1, both
under dark and light conditions, namely HMFCA and FDCA, along
with minor amounts of DP (Fig. 3a and Supplementary Fig. 23). This
result confirmed that ruthenium and platinum atoms act as thereactor
componentsin the antenna-reactor photocatalyst assembly. Figure 3a
shows that TIN-Pt exhibited better photocatalytic performance (Sup-
plementary Note 2) than TiN-Ru, with the former achieving complete
HMF conversion and an FDCA selectivity of 77% + 4%, and the latter
70% + 2% HMF conversion and 25% + 1% FDCA selectivity. Notably,
TiN-RuPt (1:1 wt% ratio) demonstrated exceptional activity by fully
converting HMF with an enhanced FDCA selectivity of 98% + 5%. The
optimal Ru:Pt weight ratiowas1:1;indeed, for TiN-RuPt with 3:1and 1:3
metal ratios, the platinum or ruthenium enrichment produced worse
performance (Fig. 3b and Supplementary Table 6) with photocatalytic
behaviour approaching that of TiN-Pt or TiN-Ru, respectively. The
photocatalytic kinetics of HMF oxidations for the best-performing
TiN-RuPt catalyst (Fig. 3c) shows that 77% + 4% HMF conversion was
reached after only 3 hofreaction. Subsequently, the reactionkinetics
slowed down and needed an additional 14 h to reach full conversion.
Moreover, product selectivity kinetics highlights that HMFCA was
formed asanintermediate of FDCA, with the latter dominating atlonger
reaction times. The catalyst recyclability was tested over five cycles,
during which TiN-RuPt showed remarkable performance, retaining
100% HMF conversion and showing only a minor decrease in FDCA
selectivity after the fifth run (Fig. 3d). The pronounced reactivity of
TiN-RuPtis further highlighted by considering that most heterogene-
ous catalystsbased on platinum on carbon/oxide supports show similar
performance in base-free conditions only at high temperature and high
O, pressure (Supplementary Table 7).

Under the applied illumination conditions, TiIN-RuPt produced
substantial photothermal heatinginthe reaction solution, reachinga
temperature of 58 °C. To clarify to the role played by plasmon-induced
thermal and nonthermal effects, HMF oxidation was carried out both
using differentlightintensities (Fig.3e) and indark at the correspond-
ing photoinduced temperatures (Fig. 3f and Supplementary Fig. 24).
Photocatalytic experiments enabled a100% HMF conversion using as
little as 0.111 W cm2, while for the dark equivalent at 40 °C, conversion
was limited to 83% + 4%. Dark conditions needed a further 10 °C tem-
peratureincrease to complete the HMF transformation. At the highest
employedlight intensity (0.222 W cm™),a20% gain in FDCA selectivity
was alsoreachedin comparisonto the pure thermal case. More gener-
ally, agiven photocatalytic condition ensured better performance, in
particular providing enhanced FDCA selectivity. These experiments
suggest that the photocatalytic HMF oxidation with TIN-RuPt nano-
cubes was driven by the photothermal heating, with plasmonic HEs
enhancing the oxidation rate of HMFCA to FDCA.

Reaction mechanism

All reported semiconductor photocatalysts catalyse HMF dehydro-
genation to DFF (path 2); with reactive oxygen species (ROS) such as
superoxide species (0,"), hydroxyl radical (OH’) and singlet oxygen
('0,) always detected and being suggested to be responsible for the
reactivity (Supplementary Table 8). To test if the reaction mechanism
on TiN-RuPt was affected by ROS, electron paramagnetic resonance
spectroscopy with various spin-trapping molecules was performed
(Supplementary Methods). Notably, no ROS signal was observed in
all explored conditions, probably due to the different hot carrier life-
times and oxygen reactivity of metal surfaces in comparison to metal
oxide ones. To clarify therole of O,, we performed an experiment under
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specified in the plots, data refer to the best-performing TiN-RuPt (1:1) sample
after 24 hof reaction under NIR irradiation at 0.222 W cm™. Data are presented
as the mean values of at least three independent measurements. Error bars
represent the s.d.

photocatalytic conditions (740 nm, 0.222 W cm™) and argon flow to
completely eliminate the dissolved O, in the suspensionduring thereac-
tion. Notably, inaninert atmosphere HMF conversion was nearly zero
(~1%) and no HPLC peaks related to oxidation products were observed
(Supplementary Fig. 25a). This observation clearly demonstrated that
the presence of O, is essential for the HMF oxidation to occur and that
the plasmonic hot holes did not participate to the reaction mechanism.
In another experiment, a reaction was carried out using a balloon to
provide O,to the suspension, yielding 70% DP, 9% HMFCA and 1% FDCA
(Supplementary Fig. 25b,c). Using this set-up, the O, concentrationin
the suspensionis higher thanin the case when O, flowis applied, asthe
balloon works thanks to a slight gas overpressure. This shows that an
excess of O, resulted in HMF overoxidation. Relevantinsights canalso
beretrieved by comparing the selectivity branching of TIN-RuPt under

light (98% FDCA, 2% DP) and dark conditions at room temperature
(61% HMFCA, 25% FDCA, 14% DP) as shown in Supplementary Fig. 23.
The crucial role of light (and heat) in driving FDCA formation is
clear, while it can be argued that the rate-determining step (RDS) of
HMF oxidation on TiN-RuPt is the transformation of HMFCA to FFCA
(Fig.4a, step4). This conclusionis supported by the fact that FFCA was
never observed during reaction kinetics, which implies that once itis
formed, itis rapidly oxidized to FDCA. The activation energy (£,) rela-
tive to the RDS was experimentally determined by using an Arrhenius
plot for both the thermally activated (E'*™?) and the purely photo-
catalytic reactions, driven by plasmonic HEs (EE). For the former, we
obtained £f"¢mal = 80,9 + 8.2 k) mol™ and for the latter it was decreased
to EHE = 65.4 +7.3 k) mol™ (Supplementary Note 3 and Supplementary
Fig. 26). We propose that O, dissociation may occur on the TiN-RuPt
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Fig. 4| Mechanism of plasmonic HMF oxidation. a, Schematics of the
proposed HMF oxidation mechanism highlighting the role of the TIN-RuPt
photocatalysts during the RDS. B” stands for a generic base that in this case is the
TiN-RuPt NP with the activated oxygen adsorbed. b, Adsorption energy profiles
calculated using the hybrid-DFT method for molecular oxygen dissociation
onTiO,-RuPt. The adsorption energies are plotted at selected geometries

(reaction coordinates), which are colour-coded to match the energy profiles,
with TS structures highlighted in yellow. ¢, Hybrid-DFT adsorption energy of O,
on TiO,-RuPt forming a NP-O complex and the adsorption energy of hydrogen
onthe NP-O complex along with the most favourable adsorption sites for the
firstand second adsorbed hydrogen atom. Bader charges corresponding to
specific atoms are provided alongside the structures.

surface (NP), forming a NP-O complex that is the base acting in the
various oxidation steps. By producing local heat and HEs, the RDS
energy requirements are relaxed and FDCA formation rate enhanced.
The E, analysis suggests that plasmonic HEs negatively charged the
NP-O catalyst, improving its Lewis base character, thus facilitating
hydrogen abstraction during the RDS and eventually resultingin a20%
gainin FDCA selectivity in comparisonto the thermal process (Fig. 3e,f).
This hypothesis was confirmed by zeta-potential ({) measurements
carried out under comparable conditions to those employed during
catalysis. The surface of TIN-RuPt is negatively charged in aqueous
suspension showingat roomtemperature {,, = -22.2 + 4.0 mV. At 58 °C
in the dark (erma =—29.9 £ 5.2 mV, while under illumination
Jiigne=—38.5 £4.7 mV (Supplementary Fig. 27). Notably, {j is higher
than {;ema, thus showing that HEs increased the Lewis basicity of the
NP-0 complex. Further experimental insights on the reaction mecha-
nismwere obtained determining the kinetic isotopic effect (KIE) as the
ratio of FDCA formation rate for'®0,and ®0, isotopes (Supplementary
Note 4) bothindark thermal conditions (at 7= 58 °C) and underirradia-
tion (0.222 W cm™). The KIE ,erma Obtained for the thermal process
(light off) was 2.8, a value that supports the participation of O, to the
RDS of the reaction. For the photocatalytic HMF oxidation, KIE,;,,. was
instead 4.2. The observation of alarger KIEj,p,. than KIE e,y cOnfirmed
that HEs mediated to some extent the HMF (HMFCA) oxidation
to FDCA?"%,

Figure 4a shows the proposed reaction pathway for the aerobic
oxidation of HMF in base-free aqueous solution in the presence of
a TiN-RuPt photocatalyst. The oxidation of HMF to HMFCA (path 1,
Fig. 1a) proceeded rapidly through the following steps: (1) rever-
sible hydration of the starting aldehyde to form the germinal (gem)

diol, (2) hydrogen abstraction by a mild base and (3) 3 elimination
of a hydrogen atom. In contrast, the conversion of HMFCA to FFCA
(step 4) was more challenging because it required a stronger base to
occur. The further oxidation of FFCA to FDCA (steps 5-7) was again
very fast and proceeded similarly to steps 1-3. Several experimental
studies on aerobic alcohol oxidation on ruthenium and gold on oxide
supports confirmed that the release of hydride anions (asin steps 3, 4
and?7) is feasible and may occur through a direct transfer to the metallic
NPs”~'. The required base strengths in the various steps involved in
HMF oxidation were suggested by theoretical results obtained with a
hybrid-DFT method studying the isolated molecules in the gas phase.
Defining charged reference systems within the DFT framework under
periodicboundary conditions presents challenges inaccurately calcu-
lating the energy of H" abstraction. Nonetheless, the model detailed in
the Supplementary Methods addressed these obstacles by facilitating
direct energy comparisons of analogous processes involving the dis-
sociation of ahydroxylgroup (-OH) toR-O"andH*, occurringinsteps
2,4 and 6. Step 6, involving H' release from FFCA gem-diol, exhibited
thelowest energy, consistent with experimental observations that did
not detect FFCAin the mixture, indicating rapid progress of subsequent
steps. Abstraction of H' from the HMF gem-diol (step 2) required an
additional 0.48 eV, while releasing H* from HMFCA (half of step 4)
demanded 0.60 eV more energy thanstep 6, implicitly suggesting the
need of astronger base to occur. The HMF structure partially stabilized
the charge on carbonatoms neighbouring the aromatic ring (labelled
as B-CinFig. 4a), thereby enabling easier abstraction of a hydrogen
atombound to 3-C (Supplementary Note 5).

To further support the proposed reaction mechanism, we inves-
tigated O, adsorption on Ti0,(001) supporting bimetallic NPs
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Fig. 5| Energy profile of HMFCA to FFCA oxidation. a, Adsorption energy
profiles extracted from NEB calculations describing the various steps involved
inthe RDS of HMF oxidation, that is, HMFCA oxidation to FFCA, in the presence
of molecular oxygen and TiO,-RuPt. b, The corresponding structures for each

the initial state with the HMFCA molecule in the gas phase and a relaxed TiO,~
Ru,""Pt; catalyst with two adsorbed oxygen atoms.

(see Supplementary Fig. 9 for the geometrical models and an explana-
tion of the nomenclature) using a hybrid-DFT method. The calculated
O, potential-energy profile on TiO,-Ru,"’Pt, shows an activated dis-
sociation process with a barrier of 0.23 eV (Fig. 4b). In the transition
state (TS), 0,adopted a peroxo state, inagreement with electron para-
magnetic resonance (EPR) experiments. While O, splitting is more
favourable than on TiO,-Pt,,, the oxygen adsorption energy
(Egds =-2.6 V) per oxygen atom remained similar to that on TiO,-Ru,,
(Egds =-2.7 eV) duetothe dominantrole of rutheniumatomsin oxygen
binding (Supplementary Figs. 28-34 and Supplementary Table 9), in
agreement with CO DRIFT spectroscopy after O, exposure (Fig.1c).In
the case of TiO,—-Ru,Pt,"” (Supplementary Fig. 29),acomparable barrier
of 0.20 eV emerged. However, Egds per oxygen atom was reduced to
-1.0 eV.In the mixed NP, one would expect Eg’ds of both oxygen atoms
tobethesum ongdSofa single oxygenatomon TiO,~Ru,, and of asingle
oxygen atom on TiO,~Pt,, (-0.9 eV), totalling -3.6 eV. The calculated
valuein TiO,-Ru,Pt,"?isnotably smaller (-2.0 eV). Consequently, oxy-
genislessstrongly bound to the rutheniumatom thatisaccompanied
by platinum atoms in TiO,~RuPt. This set of computational results
correlates well with the observed photocatalytic activity (Fig. 3a) as
the stronger binding of oxygen to ruthenium atoms may induce a
surface poisoning and explain why TiN-Ru was not able to fully trans-
form HMF, while its product selectivity was mainly oriented toward
HMFCA formation. The opposite situation was observed for
TiN-Pt. The intermediate oxygen-binding strength provided by
TiN-RuPt results in the best performance, in accordance with the
Sabatier principle.

To deepen our understanding of the role of NP-O in hydrogen
abstraction (bothH*and H") during the RDS, the hydrogen adsorption
energy (E;*ds) on the catalyst surface was investigated using a hybrid-
DFT approach (Fig. 4c, Supplementary Figs.35-43 and Supplementary
Tables10-17).1deally, the catalyst should possess two active sites, one
for adsorbing H' to facilitate steps 2, 4 and 6 of the reaction (Fig. 4a),
and another for accepting H to enable steps 3,4 and 7. Both processes
involved the -CH,OH group of HMFCA or the ~-CH(OH), group
of gem-diols, necessitating close proximity of these active sites.

The catalyst’s ability to capture H, or its basicity, was assessed by
modelling the adsorption energy of a hydrogen atom on the catalyst
surface, resulting in an adsorbed proton. An enhanced basicity was
crucial for facilitating all oxidation steps, while subsequent release of
hydride anions was essential to complete the oxidation reaction. The
catalyst’s potential to accept hydride anions was evaluated similarly
to its basicity, with particular attention to configurations in which
hydrogen acquired a negative charge after adsorption. Due to com-
putational constraints and the challenges of accurately modelling
charged systems, all calculations of hydrogen adsorption on NP sur-
faces were conducted under neutral conditions (Supplementary
Note5). Nevertheless, these provided valuable insights into the reac-
tion mechanism. In the case of TiO,-Ru,,, a hydrogen atom adsorbed
as anion onto a ruthenium atom bound to oxygen resulted in
E;*ds =-1.1eV,whichis crucial for the H elimination process. The sec-
ond hydrogen tended to adsorb as cation at the oxygen strongly
bonded to ruthenium (-0.7 eV), which makes the oxygen atoms
adsorbed on this NP aweak base. When considering TiO,-Pt,,, hydro-
gen adsorbed as a cation on oxygen with a large E?ds of -1.6 eV. This
oxygen exhibited a Brgnsted base character and was relatively weakly
bound to platinum, as elucidated above. The large E;‘ds ofasecondH*
on another oxygen atom was reduced to -1.2 eV, which is still higher
than that on the oxygen atoms bound to the TiO,-Ru,,. This stronger
base behaviour may underlie the superior performance of the photo-
catalysts containing platinum rather than only ruthenium to steer
product selectivity toward FDCA. The TiO,-RuPt model combines
elements from the two monometallic scenarios. Hydrogen cations
exhibited the strongest binding affinity to the oxygen atoms bound
to the platinum atoms, while the binding on the oxygen atom bound
to the ruthenium atom was less favourable. Interestingly, in some
instances, the presence of ruthenium atoms also enhanced the Ea‘"dS of
H™in proximity to platinum atoms, a factor that may be crucial for the
oxidation of HMFCA to FFCA. This accounted for the better perfor-
mance of TIN-RuPt nanocubes, whose Brgnsted base character may
be further enhanced by plasmonic HEs as supported by zeta-potential
measurements and KIE experiments.
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Finally, nudged-elastic band (NEB) calculations were performed to
investigate HMFCA to FFCA oxidation (the RDS) on TiO,~Ru,"’Pt,, using
explicit models of the molecules (Fig. 5). The reaction initiated with
the HMFCA molecule adsorbing on the NP, exhibiting an adsorption
energy of -1.12 eV, predominantly due to the van der Waals interac-
tions. The —-CH,OH group, prior to oxidation, bonded to a ruthenium
atom, thereby positioning the 3-H atoms closer to other ruthenium
atoms. The transfer of one of these hydrogen atoms in the form of a
hydride anion to the NP surface required an energy of 1.52 eV, which
is relatively modest, given that it leaves behind a positively charged
molecule (Bader charge, 0.37e) as anintermediate. A substantial reduc-
tion in this energy requirement arose from the formation of a hydro-
gen bond between the —~OH group in HMFCA and an oxygen atom/
ion adsorbed on the NP surface. If the HMFCA molecule utilized all
the energy gained during its adsorption, it would need an additional
energy of only 0.39 eV to reach the TS. Once it was reached, H" from
the -OH group was transferred to the oxygen atom adsorbed on the
NP surface, neutralizingthe HMFCA-H™ intermediate, and forming the
FFCA molecule, whichreleased an energy of 1.51 eV. Itis expected that
theenergy of the TS could belowered ifthe H"and H' transfer occurred
simultaneously. However, the complex nature of the TS calculations
currently prevents deeper investigations of this aspect. The last step
of the reaction involved FFCA desorption. Although its adsorption
energy was smaller than that of HMFCA due to fewer hydrogen bonds
being involved, it needed to overcome a barrier of 0.72 eV caused by
thevander Waalsinteractions. After overcoming this barrier, the FFCA
molecule wasreleased and the NP relaxed, reaching atotal energy only
0.07 eV higher than before the FFCA desorption. A total of 1.04 eV of
energy was released once the entire reaction was complete.

Overall, both experimental and theoretical results support the
picture that molecular oxygenis activated through a unique mechanism
onthe surface of TIN-RuPt and it is crucial for FDCA formation. This is
further confirmed by gas chromatography-mass spectrometry (GC-MS)
analysis of the reaction mixture obtained from KIE experiments under
illumination (Supplementary Fig. 44). The mass spectrum shows that
the most prominent peak has m/z=160, corresponding to the FDCA
moleculebearing two ®0 deriving from the *0, used as areactant. This
underliesadynamic exchange between the light-activated O atom pre-
senton the surface of the NP-"80 complex, water and HMF, viagem-diol
formation, which leads to®0 atomincorporationinthe FDCA molecule™.

Conclusions

Inthis study, we introduce a plasmonic antenna-reactor photocatalyst
consisting of TiNand RuPtNPs that under NIR light and base-free condi-
tions exhibits the full and selective conversion of HMF to FDCA. By using
electromagnetic simulations, we disclose the formation of plasmonic
photocatalytic hot spots, in which nanoscale patches of hot electrons
are formed in various key components of the photocatalyst such as on
thereactor surface and at the antenna-reactor interface. We show that
our plasmonic photocatalyst shows a distinct reactivity in comparison
to semiconductors and metal-semiconductor hybrids. In contrast to
these systems, the hot electrons generated by the photoexcitation of
TiN-RuPt nanocubes do not favour the formation of radical species,
but rather enhance the basic character of the photocatalyst-oxygen
complex. An atomistic model of the molecular mechanism, including
oxygen dissociation at the photocatalyst surface and hydrogen removal
duringtheRDS, is provided by DFT calculations. We critically examine the
thermal and nonthermal catalytic activity, highlighting that the action of
plasmonic hot electrons ensures amarked increase in FDCA selectivity
and afaster HMF conversionin comparisonto the temperaturerise alone.

Methods

Photocatalyst preparation

In a typical synthesis of photocatalysts, 100 mg of commercial TiN
nanocubes (PlasmaChem, ~50 nm average size) was suspended in

20 mL of ethylene glycol anhydrous (99.8%) and sonicated for 20 min.
An appropriate amount of metal precursors, namely, potassium
tetrachloroplatinate(ll) (K,PtCl,, Sigma-Aldrich) for the preparation of
TiN-Pt, ruthenium(lll) chloride (RuCl,, Sigma-Aldrich) for TiN-Ru, and
bothfor TiN-RuPt, were dissolvedin 2.5 mL ethylene glycol and added
dropwise to the aforementioned suspension of TiN nanocubes under
vigorous stirring and stirred for 30 min in an ice bath. Subsequently,
1mLof 0.2 MNaOH aqueous solution (Alfa Aesar) was added dropwise
to adjust the solution pH to ~12, followed by stirring for 10 min. The
mixture was kept at room temperature for 5 min under a continuous
nitrogen flow to remove the dissolved O, and then placed ina preheated
water bath at 150 °C for 3 hunder sealed conditions. Upon completion
of the reaction, the TiN nanocubes were washed once with 1:1 water/
ethanol mixture and twice more with anhydrous ethanol. Centrifuged
samples were then concentratedin 5 mL of anhydrous ethanoland were
treated with 10 vol% HCl to clean the TiN surface stirring overnight at
roomtemperature. Next day the samples were centrifuged three times
with al:1water/ethanol mixture. The as-synthesized metal-loaded TiN
nanocubes were concentrated in 5 mL of anhydrous ethanol and dried
inanovenat 80 °C. The so-obtained powders were reducedinafurnace
under a H,/N, flow (10:90 vol%, 200 sccm) for 1h at 200 °C. A similar
synthesis procedure was applied but varying the platinum and ruthe-
niumloadingamount. The Ru/Ptratios indicated in the manuscriptare
based on nominal metal loading.

Characterization

The structures of catalyst samples were determined by powder X-ray
diffraction analysis performed on an X’Pert PRO MPD diffractometer
(PANalytical) equipped with iron-filtered cobalt Ka radiation (40 kV,
30 mA, 1=0.1789 nm). The XPS measurements were taken in three
different locations on the investigated samples using a PHI5000 Ver-
saProbe IIXPS system (Physical Electronics) withamonochromatized
aluminium Ka source (15kV, 50 W) and a photon energy of 1,486.7 eV.
The low-resolution imaging of catalyst morphology was obtained
with a JEOL transmission electron microscope equipped with a LaB,
emission gun and operating at 160 kV. High-resolution micrographs
and scanning transmission electron microscope elemental mapping
were acquired using a FEI Titan HRTEM microscope equipped with
an X-FEG electron gun operating at 80 kV. Absorption spectra were
measured using an ultraviolet-visible spectrophotometer (SPECORDS
600, Analytik Jena). The metal loading was determined using ICP-
MS (Agilent Technologies 7900). ICP-MS analysis of platinum- and
ruthenium-supported TiN catalysts involved digesting the catalysts
(20 mg) in a 1:3 mixture of concentrated HNO; (65%) and HCI (36%)
usingamicrowave oven for20 min. Calibration solutions with aseries of
platinum and ruthenium concentrations (0,0.5,1,1.5and 2 ppm) were
prepared by diluting a 50-ppm standard solution. The catalyst solutions
for platinum and ruthenium determination were prepared by heating
the catalysts in 4.0 mL of the acid mixture at 100 °C, transferring the
mixture to a 50-mL flask, and adding deionized water to reach a total
volume of 50 mL. XAS measurements at the platinum L, edge in both
transmission (for platinum foil) and fluorescence (for TiIN-RuPt) mode
were performed at the BL1I4W1beamline of the Shanghai Synchrotron
Radiation Facility (see details in Supplementary Methods). Infrared
spectra were collected in diffuse reflectance mode using a Bruker
Equinox 55 spectrometer equipped with a Spectra Tech DRIFT acces-
sory (model 0030-011) and a mercury cadmium telluride detector,
averaging128interferograms. The reflectance datawere successively
converted in pseudoabsorbance: A = -log R, where R is the measured
reflectance. The catalysts were diluted in silicon powder. Before per-
forming CO adsorption experiments, the samples were always reduced
at200 °Cfor1hinH,at50 mbar. Then, after cooling to room tempera-
ture, CO at 50 mbar was dosed and the excess of CO in the gas phase was
subsequently outgassed. For the experiments studying the O, effect, O,
at 50 mbar was dosed at room temperature after the reduction step and
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then outgassed before CO adsorption. Spin-trapping experiments were
carried out on an X-band EPR benchtop instrument (ADANI). Instru-
ment settings: microwave power, 5 mW; modulation amplitude, 0.1 mT;
sweep time, 40 s; time constant, 0.031 s; three scans. Measurements of
the hydrodynamic diameters of nanocrystals and the zeta potentials
were carried out using a Zetasizer Nano ZS (Malvern) instrument.

Electromagnetic and photophysical simulations
Thesimulations were carried out using classical electrodynamic formal-
ism implemented in COMSOL Multiphysics, with the aim of studying
the optoelectronic and photothermal properties of our photocatalytic
plasmonichybrids. Our modelincluded a40-nm TiN nanocube witha
corner radius of 8 nmin water; the TiO, shell of the TiN nanocube was
1.5 nm. Additionally, 16 RuPt semispheres, each with a diameter of
5.5 nm (taken from experimental measurements), were evenly distrib-
uted oneach nanocube facet. The calculations assumed an average over
all six orientations of the nanocube for the incident electromagnetic
beam propagating in the +z direction; the computations were done
for asingle NP. Using these conditions, the calculations produced the
absorption, scattering and extinction cross-sections, the surface field
maps, the surface T-maps, and the HE generation rates at the interfaces
of our nanostructure. The local dielectric functions € for the compo-
nents (TiN, TiO,, Ruand Pt) were taken from the literature®*°, For the
RuPt, we took the average &g p, = (€g, + &p0)/2; for local thermal param-
eters of the RuPt, we used the same averaging approach. The matrix’s
dielectric constant was taken as 1.8 (water) as commonly used in optical
calculations of asolution. For the HE generationrates at the interfaces
we used our self-consistent quantum-electromagnetic formalism?®.
For the T-surface maps, we utilized the thermal-diffusion module of
COMSOL fed with the experimental numbers for the local heat capacity
and heat conductivity (Supplementary Table 5).

Photocatalytic experiments

The photoreactor used was a double-neck quartz tube (10 mL) in which
2 mg of plasmonic photocatalyst was sonicated in water and then
added to the reaction solution (HMF and water) under stirring. The
tube was then closed with arubber cap and a needle was used to vent
the reactor under an O, flow rate of 5 mL min™. The light source was
ared light-emitting diode (LED) (Thorlabs SOLIS-740C, 1 =740 nm)
kept at 5 cm from the centre of the reaction solution. The initial HMF
concentration and volume of suspension were 2.5 mM and 3.1 mL,
respectively. Before switching the LED on, the reaction suspension was
stirred for 15 minin the dark to reach adsorption/desorption equilib-
rium. The dark reactions were carried out using ablack box to prevent
ambient light penetration, while a thermostatic water bath was used
to conduct dark thermal experiments. The quantitative analysis of
reactants and products was performed on a HPLC system (Thermo
Scientific Dionex UltiMate 3000; Waters 2487) equipped witha C18 AQ
columnusinganeluent consisting of 5 mM H,SO, inultrapure water at
a flow rate of 1 mL min™at 50 °C. Prior to HPLC analysis, the reaction
suspensions were filtered using 0.2-mm PTFE filters. KIE experiments
were carried for 2 h in the presence of isotope labelled *0, (97 at.%
80, Sigma-Aldrich) or normal 0, flow, keeping the other reaction
parameters fixed. The temperature for dark thermal experiments was
setat 58 °C, while the photocatalytic reactions were carried out using
the 740-nm LED at a power density of 0.222 W cm™.

DFT calculations

DFT calculations were carried out using the Vienna Ab initio Simu-
lation Package (VASP)***, which uses the projected augmented
wave method*** to describe the electron-ion interactions. The
exchange and correlation energy of electrons was treated within a
generalized-gradient approximation using the revised Perdew-Burke-
Ernzerhof functional**. Dispersion energies were accounted for using
the DFT-D3 method®. An on-site Hubbard U correction was applied

to the d electrons of specific elements: titanium, 6 €V; oxygen, 6 eV;
ruthenium, 2 eV; platinum, 2 eV. For the final geometries of TiO,-based
systems, including adsorbed oxygen molecules and atoms, and hydro-
genatoms, static calculations were executed using a hybrid functional
of Heyd, Scuseria and Ernzerhof (HSE03)*¢, motivated by its correct
predictions of the properties of TiO, without the need for an empirical
parameter such as U. The basis set of plane waves was limited to 415 eV.
Symmetry was switched offin all calculations.

Our computational models are shown in Supplementary Fig. 9 and
described in Supplementary Note 5. lonic relaxations were executed
using the conjugate gradient algorithm (initial steps) and the RMM-DIIS
algorithm (final steps), until the forces acting on atoms dropped below
0.025eV A™., Electron relaxations in metal-based reference systems
were performed using acombination of Davidson and RMM-DIIS algo-
rithms. For relaxation in TiO, systems, a preconditioned conjugated
gradient algorithm was used, continuing until the change in total
energy between two consecutive self-consistent steps was smaller
than 107 eV. To sample the Brillouin zone, a I-point-centred 6 x 6 x 1
k-point meshwas used for metal-based systems, whilea2 x 2 x 1 k-point
meshwas used for TiO,-based systems. Due to their high computational
demands the HSEO3 calculations were performed only for the I~point.

The NEB method, compiled with the Transition State Tools for
VASP (VTST)*, was used to determine the potential energy profile
for the dissociation of the O, molecule and of the HMFCA to FFCA
oxidation. The limited-memory Broyden-Fletcher-Goldfarb-Shanno
(LBFGS)*® algorithm was utilized for the NEB calculations.

Gibbs binding energy assessments were performed by inspecting
the vibrational modes of O, in vacuum as well as in the TiO,~NP and
TiO,-NP + O, systems. These evaluations were conducted at a fixed
total supercell magnetic moment, whose value was selected by com-
paringthetotal energies of different spinisomers, with total magnetic
moments ranging from 0 to 1641,.

Data availability

All data in the manuscript and the Supplementary Information are
available from Zenodo via https://doi.org/10.5281/zenodo0.17256929
(ref. 49).
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