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Abstract

While molecular dinitrogen (N2) is widely used as a carrier or inert gas for many catalytic
reactions, it is rarely considered as catalytic promoter. Here, we report that N, could be used to
promote the catalytic activity and reduce the activation energy for catalytic hydrodeoxygenation
(HDO). Hydrodeoxygenation is emerging as important approach for the production of fuels and
chemicals (such as benzene, toluene, and other aromatics with high octane numbers) from cheap
and renewable lignocellulosic biomass. In our work, we report a 4.3-fold activity increase in
catalytic hydrodeoxygenation of p-cresol to toluene over a titanium oxide supported ruthenium
catalyst (Ru/TiO,) by simply introducing 6 bar N, under batch conditions at 160 degrees Celsius
and 1 bar hydrogen. Detail investigations indicate that N> can be adsorbed and activated on
metallic Ru surface to form hydrogenated nitrogen species, which offers protic hydrogen to
lower the activation energy direct carbonaromaiic—0Xygen bond scission and hydrogenation of
hydroxyl. Importantly, we demonstrated N, could also promote HDO activity over a variety of
Ru catalysts on different supports including Ru/TiO2, Ru/Al;Os;, Ru/ZrO, and Ru/C. These
results suggest that N2 promotion of HDO using Ru catalysts could be a general strategy to
enhance new and existing HDO performance. N2 is no longer a simple carrier gas in this

chemistry.

Introduction

Molecular nitrogen (N.) is widely used as a carrier or protective gas for many catalytic reactions
because it is cheap, easy to produce from liquefaction of air and more importantly, considered as inert
due to the strength of the N, triple bond!. In some special cases, N participates in reaction and is
catalytically converted to ammonia? or high value nitrogen compounds such as N-heterocycles® and
amines®. A typical heterogeneous catalytic reaction consists of two or three phases, including solid-
phase catalyst, gas-phase reactant (e.g. N2 and H, for ammonia synthesis>®, CO and H, for Fischer-
Tropsch synthesis’) and/or liquid-phase reactant and solvent (e.g. sugars or phenols in organic or
aqueous solvent for biomass upgrading®). The solid-phase catalyst has shown significant development
due to its primary role in enhancing the reaction activity. Because the catalysis occurs at the
interfacial sites, the species from the other two phases may also affect the catalytic properties. For
example, tuning the composition of solvent mixtures in liquid-phase has been shown to enhance rate
and selectivity of acid-catalysed dehydration reaction, by altering the solvation extents of the initial
and transition states®. However, in heterogeneous catalysis N, from gaseous phase has rarely been
recognised as a promoter or an active component to enhance catalytic performance.

Lignocellulosic biomass is a promising renewable carbon carrier which could dramatically reduce
our dependence on fossil resources; lignin is one of the important constituent of lignocellulosic
biomasses in the form of cross-linked phenolic polymers®®, Hydrodeoxygenation (HDO) is

considered a critical reaction to upgrade pyrolysed lignin, known as bio-oil, to hydrocarbon fuels and



high added-value chemicals (such as benzene, toluene and other aromatics)**2, HDO reaction has
typical heterogeneous catalytic features consisting of solid-phase catalyst, liquid-phase phenol
substrate and gas-phase molecular hydrogen (H2). In an attempt to enhance the performance of HDO
reaction, intensive efforts have been devoted to design solid-phase catalysts with high efficiency for
the cleavage of the Caromatics—OH bond because of its high dissociation enthalpy (465 kJ.mol)3-16,

Herein, we report the use of N, to promote catalytic activity of HDO. In converting p-cresol to
toluene (Scheme 1) over a ruthenium supported on titanium oxide catalyst (Ru/TiO2), we observed
4.3-fold activity increase at 160 degrees Celsius (°C) and 1 bar H, with additional 6 bar N.. Ru/TiO;
was selected due to the strong hydrogenolysis and weak hydrogenation abilities of Ru’ and the
Caromatic—O bond weakening ability of TiO, with deoxygenation sites®®, P-cresol was selected as the
substrate because it is a good representative compound for the components found in lignin derived
pyrolysis bio-0il*®. Our detailed investigations indicate that N, can be activated on Ru metallic surface
to form hydrogenated nitrogen species (N2Hy, X = 1-2) with N-H bonds which may then offer a protic
hydrogen to assist removal of —OH groups adsorbed on the catalyst surface, which may shift the rate-
determining-step of HDO of p-cresol from —OH hydrogenation (1.63 eV) to N, hydrogenation
(1.21 eV), and thus significantly decreasing the overall the activation energy of the HDO process. At
the same time, N> may also help removing the H-poisoned Ru surface so more metal sites can be
available for HDO reaction. Furthermore, we find the N, promotion effect was shown to be effective
for a variety of Ru catalysts on different supports (TiO,, Al.Os, ZrO, and active carbon). Our results
indicate that the incorporation of N, during HDO could become a general approach for other high-
performance HDO Ru-based catalysts.

OH
Ru/TiO,
HZ’ N2

Scheme 1. Hydrodeoxygenation of p-cresol to toluene on Ru/TiO.. N2 is used as a promoter.

Results
Catalyst characterisation of Ru/TiO; catalyst

Ru/TiO, catalyst was prepared using a wet-impregnation method (see Methods and
Supplementary Fig. 1 for preparation). Agueous solution of RuCl; was impregnated into TiO, with
rapid stirring, drying and reduction in H, at 400°C. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images revealed that Ru particles were well-
dispersed on TiO; support (Fig. 1a,b and Supplementary Fig. 2), with an average diameter of 1.2 nm
(Fig. 1c). The composition of Ru/TiO, was shown by energy dispersive X-ray spectroscopy (EDS)
analysis in a STEM mode (Fig. 1d), and the loading amount of Ru was determined to be 0.74 wt%

using inductively coupled plasma mass spectrometry (ICP-AES) analysis (Supplementary Table 1).



Powder X-ray diffractogram (PXRD) data (Fig. 1e) revealed a mixed rutile and anatase phase of TiO,
and also showed weak Bragg reflections of Ru indicating that large crystalline Ru particles exist but
in a small proportion, which was in consistent with the TEM results. The Lewis acidity of Ru/TiO:
was confirmed (Supplementary Fig. 3), which is in consistent with the deoxygenation ability TiO*,
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Fig. 1| Structure characterisations of the Ru/TiO, catalyst. High-angle annular dark-field scanning
transmission electron microscopy images of a, a representative region and b, an individual particle of
the Ru/TiO; catalyst shown with arrow in panel (a). Scale bar equals 2 nmin a, and equals 1 nm in b.
c, Size distribution of the Ru particles. d, STEM-EDS elemental mapping results for Ru/TiO,. Scale
bars equal 10 nm. e, X-ray diffraction patterns of Ru/TiO, catalyst and TiO.. Inset highlights a

specific region containing Ru diffraction peak.

Catalytic performance of Ru/TiO; in the presence of N

The catalytic performance of Ru/TiO, was evaluated for the HDO of p-cresol in a batch
reactor (details see Methods). Table 1 shows the comparison of catalytic performance of state-of-the-
art HDO catalysts and our catalyst for the conversion of p-cresol or other phenols to aromatics. As
comparison to HDO results from the literature!®4!’ most Ru-based catalysts were studied at
temperature higher than 200 °C (entries 1-3 in Table 1). A higher activity was observed for isolated
Co atoms doped onto MoS; monolayers'® (Co-MoS;, entry 4), but the H, pressure required was
30 bar. Although extremely mild condition was used on Ru catalysts modified by C,N-matrix (entry
5), alicyclic compounds rather than aromatics were the main products!®?. As seen in entry 6, our

Ru/TiO; catalyst showed similar toluene selectivity under similar temperature range and lower H;



pressure. Remarkably, if 6 bar N, is added to the gas mixture as the complementary gas, the
conversion increased as well as toluene selectivity (entry 7). We notice that N> was used as a
complementary gas in a previous study (entry 2)2, but its catalytic effect was not studied. Considering
that N2 is widely considered to be inert for HDO reaction, we have devoted significant efforts in
trying to unravel the origin of the N2 promotion effect.

To identify catalytic trends inherent to the Ru/TiO; catalyst, HDO of p-cresol was conducted
at low and constant conversion of 10% in a region free of external (Supplementary Fig. 4) and
internal (Supplementary Note 1) mass transport limitations. As shown in the left columns in Fig. 2a
(data in Supplementary Table 2), a 1.5-fold higher of toluene selectivity and 4.3-fold increase of
HDO activity were observed in the presence of N,. The promoting effect of N2 in HDO reaction was
also verified at another constant conversion of 21% (right two columns in Fig. 2a). Production of
toluene follows a direct deoxygenation (DDO) pathway, with the formation of methylcyclohexane as
over-hydrogenation product of toluene, and methylcyclohexanone and methylcyclohexanol as
hydrogenation product of p-cresol (Supplementary Fig. 5), which is in agreement with previous

report’,

Table 1| Comparison of HDO activity for the conversion of 4-methylphenol to toluene by using
Ru/TiO; catalysts with/without N, and state-of-the-art HDO catalysts from literature.

P(bar) of P(bar) of Conversion  Toluene selectivity
Entry Catalyst T(°C) o t (h) Ref.
H: additional gas (%) (%)
1 Ru/Nb20s 250 5 - 5 99.9 81.2 14
2 RU/Zr(SOs)2 240 2 6 (N2) 2 99 992 13
3 Ru-WOx/Si-Al 220 10 - 15 100 83 1
4 Co-°MoS: 180 30 8 97.6 98.4 16
5 Ru/C,N-matrix 40 5 - 2 95 0d 19
6 Ru/TiO2 220 1 6 (He) 2 75.5 95.1 This work
7 Ru/TiO2 220 1 6 (N2) 2 97.4 98.4 This work

T, temperature; P, pressure; t, time. Reaction conditions: batch reaction, p-cresol (0.195 mmol), Ru/TiO2 catalyst (25 mg),
decalin (8 mL), reaction mixture stirred at 600 rpm. 2Anisole as the substrate. Activity per mole of ®Mo and °Co, respectively.

4999% selectivity to cyclohexanol.

Catalytic HDO in the presence of N

Before further experiments were carried out to understand the N, promotion effect, the
possibilities of oxidation of Ru and the presence of water was studied, due to the former one may be
affecting the catalytic activity as well as the mechanism, and the latter one having been reported to
promote HDO activity?. Firstly, two Ru/TiO; catalysts with different time of exposure to air (3 hours
and 3 days) showed similar catalytic activity (Supplementary Fig. 6), suggesting that Ru with

different degree of oxidation has little effect on the catalytic activity. The oxidised Ru species could



be reduced during the course of the reaction, as demonstrated by temperature programmed reduction
(TPR, Supplementary Fig. 7) and also by in situ X-ray photoelectron spectroscopy (XPS,
Supplementary Fig. 8), which is in agreement with previous report?®. To study the possibility that
water promoted the HDO activity rather than N> does, the catalytic reaction with a given amount of
water was performed. No obvious difference on the catalytic activity was found (Supplementary Fig.
9), which is probably due to the nonpolar solvent (decalin) inhibiting the effect of water.

The promoting effect of N, for HDO was investigated under varied Hz and N, pressures. With
increased H; pressure, the toluene selectivity (Fig. 2b) as well as its yield (Supplementary Fig. 10)
promoted by N2 became less pronounced. The reaction order for Hz of Ru/TiO; catalyst was measured
to be -0.57 in the presence of 1-3 bar H, (Supplementary Fig. 11). The negative value could be
attributed to hydrogen adatoms on the Ru surface via hydrogenolysis suppressed the adsorption of N
and thus inhibited the N, promoting effect, which is consistent with hydrogen poisoning effect
observed in ammonia synthesis®. The preferential adsorption of H, was also confirmed by the
observation of higher selectivity for hydrogenation products under higher H; pressure. With increased
N, pressure from O - 4 bar, the conversion increased gradually and the toluene selectivity increased
from 66.0 to 88.1% (Fig. 2c). It is known that the reaction order for N is between 0.8 - 1.0 for
ammonia synthesis over conventional Ru-loaded catalysts and is smaller for catalyst with stronger N
dissociation ability®. In this work, the HDO reaction order for N, was estimated in the range of 0.38-
0.98 (Supplementary Fig. 12), although strictly it is inappropriate to call it ‘HDO reaction order’
because nitrogen is not incorporated in the reaction products. This result implies that N, is activated
on Ru/TiO, with the formation of active species that provide a lower activation barrier for the overall
HDO reaction. The nature of the active species and proposed mechanism for the N, activation is
discussed later. Interestingly, the conversion and toluene selectivity start to decrease when the N
pressure was further increased. Reaction rate is in the function of all surface species concentrations
which include N2, Hz, p-cresol and toluene. So the decrease in rate could be due to higher surface
coverage of N, over the p-cresol.

Besides N2 promotion effect in batch reaction, we have investigated the N, promotion effect
in a fixed-bed reaction. The reaction was carried out at constant total pressure (7 bar) and constant H,
partial pressures (1 bar), while the complementary gas was changed between 6 bar N, and 6 bar He
for three successive cycles. As shown in Fig. 2d, a higher toluene selectivity (i.e. 1.2-fold higher for
the 1% cycle) and conversion were observed in the presence of N, while the selectivities of other
products were not significantly changed. The fixed-bed reaction results showed the efficiency of N in
promoting the HDO reaction. Although the catalytic results for batch and fixed-bed reactions are
difficult to directly compare due to different kinetic factors applied (Supplementary Note 2), both of
the reaction systems show higher toluene selectivity in the HDO of p-cresol with N2. The Ru/TiO.

retained its particle size after reaction, as revealed by STEM imaging (Supplementary Fig. 13). A



long-term stability test of the N> promotion effect still remains to be investigated from an industrial

perspective.
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Fig. 2| Catalytic performance promoted by N in the hydrodeoxygenation of p-cresol using
Ru/TiO; catalyst. Comparison of conversion and selectivity with or without N in batch reaction. a,
Comparison at two different conversions, reaction conditions: a, p-cresol (0.195 mmol), Ru/TiO;
catalyst (25, 10, 25, 25 mg from left to right column), decalin (8 mL), 160 °C, reaction time (1, 1, 4,
1 hour from the left to right column), system pressure of 1 bar H, and 6 bar He (or 1 bar H; and 6 bar
N2), mixture stirred at 600 rpm. b, Comparison at varied H; pressures, reaction conditions: p-cresol
(0.195 mmol), Ru/TiO; catalyst (25 mg), decalin (8 mL), 160 °C, 1 hour, system pressure of 1-6 bar
H, and 6 bar He (or 1-6 bar H, and 6 bar N2), mixture stirred at 600 rpm. ¢, Comparison at varied N
pressures, reaction conditions: p-cresol (0.195mmol), Ru/TiO, catalyst (25 mg), decalin (8 mL),
160 °C, 1 hour, system pressure of 1 bar H,, 6 bar He and 0-6 bar N2, mixture stirred at 600 rpm. d,
Comparison of conversion and selectivity with or without N2 in fixed-bed reaction. Reaction
conditions: p-cresol (concentration of 1.12mg.mL? with decalin as solvent, flow rate of
0.2 mL.min?), Ru/TiO, (100 mg), 180 °C, system pressure of 1 bar H, and 6 bar He (or 1 bar H, and
6 bar Ny), H, flow rate of 5 cm3(STP)min?, N, (or He) flow rate of 30 cm®(STP)min-t, weight hourly
space velocity (WHSV, 0.134 h'1).



Understanding N, promotion in catalytic HDO

In order to clarify the origin of the N2> promotion effect in catalytic HDO, the kinetics of the
HDO reaction with/without N, was studied. The catalytic results were obtained at conversions below
20%, the observed product distribution at this low conversion level could fingerprint the intrinsic
reaction kinetics. Arrhenius plots were obtained based on the least squares linear fitting of In(rate of
toluene production) vs. 1,000/T (Fig. 3a). In the absence of Nj, Ru/TiO, exhibited an apparent
activation energy (E.) value of ~0.97 eV for the HDO of p-cresol, in good agreement with the reported
results?*. Remarkably in the presence of Ny, the Ea was reduced significantly to ~0.58 eV. This finding
suggests that the adsorption of N2 with the formation of active species on Ru/TiO, decreases the
activation energy and thus promotes the catalytic activity for HDO reaction.

To characterise the formation of active species from N, adsorption, an on-line mass
spectroscopy (MS) analysis for the effluent of reaction gas phase under fixed-bed reaction condition
was implemented (for details see Methods). A N2/H, mixture was flowed through a fixed-bed reactor
packed with Ru/TiO; catalyst and the eluent was analysed by on-line mass spectrometry (MS). A
number of species were detected at elevated temperatures, including H., N, and possible
hydrogenated nitrogen species including diimide (N2H2), hydrazine (N2Hs) and ammonia (NHs), with
m/z of 2, 28, 30, 32 and 17, respectively. Among them, the only species showing increased intensity
at elevated temperature was m/z = 30 (Fig. 3c, Supplementary Fig. 14). Although generally
considered to be unstable, it has been reported that the lifetime of N2H; is long enough to be detected
by MS%2 thereby we tentatively identified the species with m/z = 30 to it.

To study the formation of hydrogenated nitrogen species at high pressure with N2 and H;
atmosphere, in situ Fourier-transform infrared spectroscopy (FTIR) was carried out. As shown in Fig.
3c and 3d, the IR band at 3375 cm™ and 3478 cm™ are assigned to the N—-H and =N—H species,
respectively, and the primary IR band at 1623 cm™ is attributed to the N=N stretching mode of N;Hx
species,?” whereas no IR band was observed at atmosphere pressure (Supplementary Fig. 15).
Moreover, the intensity of IR band (N=N at 1623 cm™) increased gradually with an elevated
temperature, which is consistent with the result from on-line MS measurements (Fig. 3b). It is
generally accepted that the O—H stretching vibration of surface hydroxyls is located at 1630 cm™to
1650 cm™. In order to demonstrate that the IR band at 1623 cm™ is not influenced by the surface
hydroxyl species, only H, was introduced into the in situ cell system after the sample was maintained
at pressure of 7 bar (6 bar N2 and 1 bar Hy) for 30 min. As shown in Supplementary Fig. 16, the IR
band at 1623 cm™ assigned to N=N double bond decreases gradually with the increment of time after
introducing H. atmosphere at pressure of 7 bar, whereas the bands at the region of 3600 to 3750 cm™
show inconspicuous change, indicating that the IR band at 1623 cm™ is not induced by the vibration
of surface O—H and can’t be formed without N. To further confirm that the IR band at 1623 cm™ is
attributed to the N2Hy species, N isotope exchanged experiments were carried out under pressure of 7

bar with a stoichiometric N, to H, ratio of 6:1. As N, was switched from N, by N, the



characteristic IR band of *N=2N bond (1623 cm™?) shifts toward lower wavenumbers located at 1617
cm ! attributed to the vibration of *N='N bond (Supplementary Fig. 17.

To further study the formation of N2Hy species adsorbed on the catalyst surface under reaction
condition, in situ X-ray absorption near edge structure (XANES, Fig. 3e) measurements were carried
out. The existence of nitrogen-containing species on the surface of Ru/TiO, under reaction conditions
was shown by the presence of absorptions (centred at 398.1 and 401.0 eV) arising from transitions
from the K shell (N 1s) to unoccupied n* orbital, and absorptions (centred at 405.5 and 413.0 eV)
from the transition into o* orbital®®. The intensities for the absorption peaks centred at 401.0, 405.5
and 413.0 eV decrease with temperature, which were presumably associated with desorption of
molecular N at increased temperature. In contrast, the absorption peak at 398.1 eV, which can be
ascribed to the =N- group in NzHx species, exhibits an intensity enhancement with temperature. It
indicates a dominance of an asymmetric species as NzHi, which is in good agreement with the
following DFT calculation that N2H; is kinetically more favourable to form on the Ru/TiO; surface
than the symmetric species as N2Ha.

In addition, it was reported that small molecules with amine groups such as ethylenediamine?®
and 4-aminobenzylamine® adsorbed on metal catalysts surface could influence the electronic
structure of metal surface by electron donation and thus control the catalytic properties. To investigate
if the formation of N:Hy species changed the electron structure of Ru surface, in situ XPS
measurements were conducted (Supplementary Fig. 18). The Ru photoemission features showed no
shift after the adsorption of N, under elevated temperature. A previous study®, also observed no
change in the Ru chemical shifts following N, adsorption, these studies indicate that the electronic
structure of surface Ru was not influenced by N2Hyx species formation. The experimental data suggest
that the role of N2Hy species in promoting HDO is not mainly through tuning the electron structure of

Ru/TiO- but possibly through chemical interaction with the reactants or intermediates during HDO.
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Fig 3| Understanding the promotion of HDO by N,. a, The Arrhenius plots of Ru/TiO;
with/without N,. Reaction conditions: batch reaction, p-cresol (0.195 mmol), Ru/TiO, (10 mg), 160-
190°C, 1 bar Hz and 6 bar He (or 1 bar H, and 6 bar N2), 1 hour, decalin (8 mL), mixture stirred at
600 rpm. Error bars represent standard deviation from three independent measurements. b, A fixed-
bed reaction with on-line mass spectroscopy fed with H, and N, at elevated temperatures, showing the
presence of N2H. (m/z = 30) over the Ru/TiO; catalyst. Reaction conditions: Ru/TiO; or TiO;
(200 mg), 5.6 bar, velocity (N2) = 30 cm*(STP)minutes, velocity (Hz) = 10 cm3(STP)minutes™. In
situ FTIR spectra over Ru/TiO; catalyst recorded in ¢, 3800—3000 cm™ and d, 1800—-1400 cm™ at
pressure of 7 bar with a stoichiometric N2 to H, ratio of 6:1 at 160, 180 and 200 °C, respectively. e, in
situ N XANES spectra of Ru/TiO, under exposure of mixture gas of N2/H, (vol/vol = 3/1) at 120, 180
and 240 °C.

First principle calculations

Density functional theory (DFT) calculations were performed in an effort to illustrate the role
of N, and deduce the possible reaction mechanism. A Ruig cluster on an anatase TiO»(101) slab was
adopted as the computational model. A Ruis moiety was selected due to it has two atomic layers
0.8 nm in diameter (Supplementary Fig. 19)*?, which is a good model to represent the structure of
Ru/TiO, observed from TEM image. An anatase TiO,(101) was selected based on the structural
results from XRD (Fig. 1e shows (101) peak at 26 = 25.3°) and from HAADF images, which was well
studied®. Charge transfer from Russ cluster to TiO; interface led to partial oxidation of the Ru atoms,
the charge on the Ruig cluster increases to +1.8 |e| based on Bader charge analysis, which promotes

the n-d type adsorption of p-cresol to —1.61 eV upon the charge transfer with a strong metal-support

10



interaction. Previous work demonstrated that on the surface of small Ru clusters (< 2 nm) there was
no so-called B5 site, where dissociative adsorption occurs®. As shown in Figs. 4a and 4b, N
dissociative barrier is as high as 1.48 eV on Ruyg cluster, but the barrier for associative hydrogenation
from N2 to N2H: is only 0.79 eV, which is possible under these reaction conditions. This result agrees
well with °N; isotope results, which shows that dissociation adsorption of N, was not favourable over
Ru/TiO under reaction conditions (Supplementary Fig. 20). In addition, the adsorption by side-on
way is important to activate N2 by back donation of electron from 3d of metal to =" orbital of Ny,
which could reduce the bond order of triple bond of N23. Further hydrogenation from N,H; to N2H;
has a barrier of 1.21 eV with an endothermic energy of 0.20 eV. Such endothermic process was also
observed in other hydrogenation reaction®. The N-N bond length is elongated from 1.24 A in N;H; to
1.39 A in N2H, and net charge of dinitrogen decreases from —1.88 to —2.69 |e|. For comparison, the
pathway of hydrogenation from NzH; to N2H. is more difficult, with barrier of 1.91 eV. Further
hydrogenation from N2H. to N2H3 needs to overcome a barrier of 1.38 eV with endothermic energy of
0.42 eV, which is harder under HDO reaction conditions (Supplementary Fig. 21). The theoretical
results are consistent with the on-line MS study, where N2H4 or NH3; were not observed under reaction
conditions. Thus, the calculations show that the reduction of N> does not follow a dissociative
pathway but an associative one, with the most possible product being N:Hi, which is in good
agreement with experimental results (Fig. 3c).

Formation of N-H bonds in N2Hy species provides new reaction pathway for HDO process in
addition to simple hydrogenation with H,. We therefore can compare the reaction mechanism with
and without N>Hx species (Fig. 4c and Supplementary Fig. 22). On small Ru clusters, there are
plentiful low-coordinated Ru atoms at the corner site of the clusters, where p-cresol binds with the Ru
atoms by m—d donation with an adsorption energy ca. —1.61eV. The dissociation barrier for a
Caromatics—O bond is 0.88 eV with the OH group migrating to adjacent Ru site. Energy change for this
step is about —0.98 eV, so the formed OH group is relatively stable on the Ru cluster and is difficult to
be removed by hydride (H*) atoms on Ru, which is from H; dissociative adsorption. The calculated
barrier for OH + H = H>O on Ru cluster is as high as 1.63 eV because of unfavourable repulsion
between the negatively charged OH groups (-1.52 |e|) and hydride (—0.26 |e|). For comparison in the
step of OH group removing, when NH; is induced to this system, the N;H, provides extra protic
hydrogen (H®', Bader charge of +1.00 |e|) to eliminate the OH groups from the Ru surface by
overcoming a much lower barrier of 0.41 eV. Finally, the Caomaics Obtained by capture of another H
from the Ru surface forming toluene has a barrier of 0.68 eV. The rate-determining step (RDS) for the
HDO process without N assistance is OH group hydrogenation with the barrier of 1.63 eV, whereas
in the presence of N assistance and N;H, formation the barrier for OH hydrogenation is decreased
significantly, leading to N, hydrogenation as the RDS. It worth mentioning that the formed NzH: is

able to reversely convert to N2 and H, on Ru surface due to the low E. with equilibrium being
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established. In the presence of HDO, it is plausible that the produced N2H, could be largely consumed,
which renders the promotion of N2H> formation. Besides N2H2, N>H: could also be responsible for
removing surface OH, This reaction, OH + NNH - H;O + Nj, also has a low barrier of 0.42 eV and a
exothermic reaction energy of -0.04 eV, which is very similar with the N;H, pathway. Note that at
Ru/TiO; interface, H,O and OH group could also accelerate the C-OH dissociation. The activation
barrier is only 0.33 eV, but regeneration of such interface H,O is a strong endothermic step of about
0.96 eV (Supplementary Table. 3), which is similar to the reported data?*. We also considered the
migration of OH group from Ru to TiO,, The calculated OH diffusion barrier from Ru to bare Ti site
at interface is only about 0.60 eV, but the regeneration of interface Ti site by H,O formation need to
overcome a much higher barrier of about 1.41 eV (Supplementary Fig. 23). The original activity
without N2 could be attributed to the interface reactions. In summary, the origin of the N, promotion
effect for HDO activity is proposed in Fig. 4c, in which N2Hy species are produced by N activation
(left part in Fig. 4c) which provides protic hydrogen to hydrodeoxygenate p-cresol (right part in Fig.
4c).
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Fig 4| DFT results of the reaction mechanism. a, b, Reaction energy profiles and its corresponding
structures of N dissociation (red curve) and hydrogenation on Ru1o/TiO; (black curve). c, Illustration
of the proposed reaction mechanism combining of N, activation and HDO reaction. Colour code of
the spheres: Ru (light orange), Ti (light grey), O (red), N (blue), C (dark grey) and H (white).

Discussion

We have investigated if N2 promotion effect is a generalised phenomenon for other Ru-based
catalysts with different supports (Ru/TiO2, Ru/Al.Os;, Ru/ZrO, and Ru/C). All the catalysts were
synthesised by wet-impregnation method (see Method) except Ru/C which was supplied by Alfa
Aesar. The weight loading of Ru was determined by ICP-AES analysis (Supplementary Table 1) and
Ru particles were formed in nano size regime (Supplementary Fig. 24). Increase in HDO activity in
the presence of N2 was observed over these catalysts with varied supports (Supplementary Fig. 25),
in which TiO; exhibited a higher selectivity and conversion promoted by N.

Our experimental and theoretical studies show that associative N, reduction through reaction
with H-containing species provide N2Hy species which help to promote the p-cresol to toluene
conversion over a series of Ru supported on various metal oxides or carbon catalysts. Associative
reduction of N, was also demonstrated on other supported small metal clusters and is effective under
mild conditions®3, The preferred mechanism is an associative pathway of N, reduction rather than
the dissociative pathway is reminiscent of the activation of O, where the facile formation of OOH via
an associative pathway plays a critical role®”:®, This low-barrier associative pathway for N reduction
may explain why the inert N, can have such an unexpected promotion role. In addition, the
competition for same Ru site between H, N2, p-cresol and toluene may also exist under the reaction
condition and make contribution to the activity enhancement in the presence of N,. H poisoning is
commonly taken place on Ru over 200 °C®, and any surface species, for example N in our case, that

can remove H and vacant the Ru site will facilitate faster adsorption of p-cresol hence higher rate.

Conclusion

We have discovered an efficient strategy for promoting HDO activity by introducing N2 into
the HDO reaction. Experimental and theoretical calculations suggest that N, may be converted to
N2Hyx species, which provide protic hydrogen to assist hydrogenation of hydroxyl on p-cresol with
lower activation energy than direct deoxygenation by H,. The key steps of the proposed mechanism
are illustrated in Scheme 2, highlighting the combination of N, activation and HDO reaction via N..
At the same time, N> may remove H, vacant the Ru site and facilitate faster adsorption of p-cresol
hence higher rate. Our data suggest that N, should no longer be considered as a simple inert carrier

gas.
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Scheme 2. Illustration of combination of N activation and HDO reaction over Ru/TiO,. N2 was
catalysed to NNH and HNNH over Ru/TiO,, offering protic hydrogen for converting p-cresol to
toluene over the same catalyst. Colour code of the spheres: Ru (light orange), Ti (light grey), O (red),
N (blue), C (dark grey) and H (white).

Methods
Sample preparation

For the synthesis of Ru/TiO, catalyst, RuClz (0.03 mmol) was dissolved in 3 mL de-ionised water.
The mixture was stirred for 1 h and then added dropwise to TiO; (0.24 g). In the wet-impregnation
method for preparing the catalyst, the water volume we used was larger than that needed to saturate
the TiO, surface, so suspension liquid (Supplementary Fig. 1) rather than glue-like sample was
formed. The formation of the suspension liquid allows to be stirred vigorously for 2 hours and then
the sample was dried overnight in an oven at 120 °C and then reduced in Hy, at a flow rate of 20
cm®/min and a heating rate of 2 °C/min to 400 °C, with the target temperature held for 3 hours. The
sample was subsequently cooled down to room temperature and protected with N, for 1 h prior to
removal from the tube reactor for catalytic reactions or other tests. For the synthesis of other Ru
catalysts, including Ru/Al.Os; and Ru/ZrO, the synthetic recipes are similar expect the support. RuCls,
Ru/C, TiOz, Al,O3 and ZrO. were purchased from Sigma-Aldrich.

High-angle annular dark-field scanning transmission electron microscopy

An aberration-corrected JEOL ARM300 CF operated at 300 kV in STEM mode was used for
microstructure characterisation. The convergence angle of the probe was 26 mrad [if 30 um aperture
used] with imaging performed at 9 cm camera length. With this configuration, we collected the
scattered electrons between 77 to 210 mrad (annual dark-field - ADF- signal) and 13 to 28 mrad
(annular bright field - ABF- signal). Energy-dispersive X-ray elemental maps and spectra were
collected using a window-less Oxford Instruments XMAX 100 TLE silicon drift detector. For STEM
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imaging, the probe current used was around 25 pA. The probe current was increased to around 500 pA

for EDX elemental mapping.

Powder X-ray Diffraction

Powder X-ray Diffraction (PXRD) data were obtained on a PANAnalytical X’Pert Pro diffractometer

in reflection mode at 40 kV and 40 mA using Cu Ka radiation.

Fourier-transform infrared spectra of pyridine adsorption

Fourier transform infrared (FTIR) spectra of pyridine adsorption were collected on the Bruker Tensor
27 spectrometer. A self-supporting pellet made of 200 mg (20wt% of Ru/TiO, was mixed with KBr)
sample was placed in the flow cell and evacuated at 673 K for 2 h. After the sample temperature was
cooled down to 150 °C, the background spectrum of the sample was recorded. Pyridine vapour was
adsorbed on the sample for 30 minutes at 150 °C followed by desorption at 150, 175, 200 and 250 °C
for 30 minutes, respectively, and the spectra of the sample were recorded in between each temperature

ramp. The spectral bands at 1605 and 1450 cm™ were used to identify Lewis acid site.

Catalysis testing in batch reaction

Using the hydrodeoxygenation of p-cresol over Ru/TiO; with N2 incorporation as an example, we
loaded p-cresol (0.195 mmol) into a stainless steel Parr autoclave (reactor volume, 50 mL) with
decalin (8 mL) and Ru/TiO; (2.5-50 mg). After the autoclave was sealed, it was cleaned with N for
three times, purged 6 bar N> and then 1 bar H, at room temperature. The reaction was carried out at
60-240 °C for 1-24 h with a stirring speed of 600 rpm. After the reaction was completed and cooled
down to room temperature, the products were collected and was qualitatively analysed by gas
chromatograph-mass spectrometry (GC-MS) and quantitatively analysed by a flame ionisation
detector (GC-FID) using external standard method. The gases composition and pressure maybe

changed depending on the reaction.

Catalysis testing in fixed-bed reaction

The reactions were performed on a HEL made continuous trickle bed reactor (mode FlowCAT),

connected with on-line mass spectroscopy. The Ru/TiO- catalyst (100 mg) was located in the middle
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of the tubular reactor with quartz wool plugs on both the sides. Liquid feed (p-cresol dissolved in
decalin with concentration of 1.12 mg.mL™) was fed by using a HPLC pump with constant flow rate
of 0.2 mL.min. The N, and H, mixing gases or H, gas were alternatively passed in downward
direction with velocity controlled by mass-flow controllers, with the N> and H; flow rates of 10 and
30 cm3(STP)minutes™, respectively, and total pressure of 8 bar mixing gas (2 bar H, + 6 bar N) or
2 bar Hy, respectively. The flow rates are respectively calibrated by using a soap film bubble
flowmeter. Weight hourly space velocity was maintained at 0.134 h. The reaction was carried out at
180 °C. The products were collected and were qualitatively analysed by GC-MS and quantitatively
analysed by GC-FID using external standard method.

Gas chromatograph-mass spectrometry analysis

GC-MS and GC-FID analysis was conducted simultaneously by using an Agilent gas chromatograph
equipped with an Agilent 19091N-133 column of mode HP-INNOWax with high polarity,
30m*250um*0.25 um connected column splitter which connects to mass spectrometer and FID. The
GC oven was programmed as: hold at initial temperature of 313 K for 5 minutes, ramp at 15 K
minutes™ to 523 K and hold at 523 K for 5 minutes. The peaks were analysed by comparing the
corresponding spectra with those of the NIST 2011 MS library.

X-ray photoelectron spectroscopy measurements

XPS measurements for investigation of oxidation degree of Ru/TiO; and its reduction ability at
increased temperature were performed using Axis Ultra Imaging Photoelectron Spectrometer (Kratos
Analytical Ltd.). The Ru/TiO; catalyst was made into a small tablet (6.0 mm diameter) and held on
the sample holder. The tablet of catalyst was reduced in H; in the pre-treatment chamber of the XPS
spectrometer at 100, 160, 220 °C, respectively, for 0.5 h. The sample was then introduced into the
UHV chamber for XPS measurement at room temperature. XPS measurements for study of N2/H.
mixture gas adsorption on Ru/TiO; at increased temperature were performed at the photoemission
end-station at beamline BL10B in the National Synchrotron Radiation Laboratory (NSRL) in Hefei,
China. Briefly, the beamline is connected to a bending magnet and covers photon energies from 100
to 1000 eV with a resolving power (E/AE) better than 1000. The end-station is composed of four
chambers, i.e., analysis chamber, preparation chamber, quick sample load-lock chamber and high
pressure reactor. The analysis chamber, with a base pressure of <5 x107° torr, is connected to the
beamline and equipped with a VG Scienta R3000 electron energy analyser and a twin anode X-ray
source. The high pressure reactor houses a reaction cell where the samples can be treated with

different gases up to 20 bar and simultaneously heated up to 650 °C. After the sample treatment, the
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reactor can be pumped down to high vacuum (<1078 torr) for sample transfer. In the current work, the
sample was treated with H. at 400 °C for 3 hours in the high pressure reactor and then treated with a
mixture gas of N./H, (vol/vol = 3/1) at 120, 180 and 240 °C for 1 hour, respectively, after which it
was transferred to analysis chamber for XPS measurement without exposing to air.

On-line mass spectroscopy measurements

Identification of formation of nitrogen-involved intermediate was performed on a HEL made
continuous trickle bed reactor (mode FIowCAT), connected with on-line mass spectroscopy. The
Ru/TiO; catalyst (200 mg) was located in the middle of the tubular reactor with quartz wool plugs on
both the sides. The N, and H, gases were passed in downward direction with velocity controlled by
mass-flow controllers, with the N and H, flow rates of 10 and 30 cm3(STP)minutes™, respectively,
and total pressure of 5.6 bar. The flow rates are respectively calibrated by using a soap film bubble
flowmeter. The reaction temperature was elevated from 25 to 150, 210 and 270 °C and stabilised at
each temperature for 30 min, and then back to 25 °C. The effluent of the gas was separated into two
streams: the main stream was passing to a back pressure regulator which controlled the pressure, and
the side stream was passing to a mass spectroscopy (MS) with the stream volume carefully controlled
by a needle valve to ensure the reactor pressure was maintained at set value. The MS mode is HPR-20
QIC Benchtop Gas Analysis System. The MS testing mode is Multiple lon Detection (MID) mode.
Mass fragments of m/z=17 (NHs), 28 (N.), 30 (N2H>) and 32 (N2H4) were monitored at the same time.

In situ Fourier-transform infrared spectroscopy measurements

In situ Fourier-transform infrared spectroscopy (FTIR) were carried out in a modified in situ
transmission reaction cell on a VERTEX 70 spectrometer equipped with a MCT narrow-band detector,
with a resolution of 4 cm™. The experiments were carried out over Ru/TiO, catalyst at with a
stoichiometric N to H; ratio of 6:1 with flow rate of 30 ml/min at different temperature and pressure.
In a typical process, the fresh powered Ru/TiO, sample with 20 mg were pressed into sheet and
activated in 10%H»/He at 200 °C for 30 min. When the temperature was cooled to 160 °C, a mixed gas
with a stoichiometric N, to H; ratio of 6:1 with a flow of 30 ml/min was introduced into the reactor,
and the pressure was increased to 7 bar. After the reaction equilibrium for 30 min, in situ FTIR
spectra were recorded in (a) 3800-3000 cm™* and (b) 1800—1400 cm™. For the H, treating experiment,
after the reaction equilibrium for 30 min, 10%H,/He was introduced into the reactor with flow rate of
30 ml/min. For the N isotope exchanged experiment, after the reaction equilibrium for 30 min, *N,

and H was introduced into the reactor with flow rate of 30 and 5 ml/min, respectively.
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In situ X-ray absorption near edge structure measurements

In situ N K-edge XANES spectra for N»/H, mixture gas adsorption at increased temperature were
measured at the photoemission end-station at beamline BL10B in the National Synchrotron Radiation
Laboratory (NSRL) in Hefei, China. A bending magnet is connected to the beamline, which is
equipped with three gratings covering photon energies from 100 to 1000 eV. In this experiment, the
samples were kept in the total electron yield mode under an ultrahigh vacuum at 5 101° mbar. The
resolving power of the grating was typically E//AE = 1000, and the photon flux was 1 X 10-1° photons
per s. Spectra were collected at energies from 386.8 to 440.2 eV in 0.2 eV energy steps.

The sample was initially treated with the H, gas at 400 °C for 3 hours, and then was treated
with a mixture gas of Na/H, (vol/vol = 3/1) at 120, 180 and 240 °C for 1 hour, respectively, after
which it was transferred to the analysis chamber for XANES measurement (without being exposed to
air). The XANES raw data were normalised by a procedure consisting of several steps. First, the
photon energy was calibrated from the 4f spectral peak of a freshly sputtered gold wafer, and then
substrate a line to set the pre-edge to be zero. Finally, the spectra were normalised to yield an edge-

jump to one.

N isotope exchanged study

N> isotope exchanged study was conducted on a HEL made continuous trickle bed reactor (mode
FlowCAT), connected with on-line mass spectroscopy. The Ru/TiO, catalyst (200 mg) was located in
the middle of the tubular reactor with quartz wool plugs on both the sides. The ¥*N, and *N, gases
were passed in downward direction with velocity controlled by mass-flow controllers, with both the
N, and N, flow rates of 8 cm3(STP)minutes® and atmospheric pressure. The flow rates are
respectively calibrated by using a soap film bubble flowmeter. Temperature programming surface
reaction was performed from 50 to 400 °C with ramping rate of 15 °C/min. The effluent of the gas was
passing to a mass spectroscopy (MS) with the stream volume carefully controlled by a needle valve.
The MS mode is HPR-20 QIC Benchtop Gas Analysis System. The MS testing mode is Multiple lon
Detection (MID) mode. Mass fragments of m/z = 28 (**N.), 29 (**N**N) and 30 (**N) were monitored.

Theoretical and Computational Details

DFT parameters. Density functional theory (DFT) was used to perform the energetics and theoretical
analyses of the reaction mechanism. To account for the strong on-site Coulomb interaction of

localized d-electrons, DFT+U method was used, with an additional Hubbard-like term (U) added to
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the DFT terms. All DFT + U calculations were performed using spin-polarised Kohn-Sham formalism
with generalised gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE), as implemented
in VASP 5.4.4 code®**. From previous works, the value of intra-atomic coulomb term minus
exchange term (U — J) was chosen to be 4.0 eV to reproduce the correct strongly correlated
systems*2*3, The valence electronic states of all atoms were expanded in a plane-wave basis set with a
cutoff energy of 400 eV, and gamma points was used for Brillouin Zone integration. Atomic positions
were optimised by conjugate gradient algorithm until the forces were less than 0.03 eV/A for all
intermediates and transition states. Vibrational analysis was performed to test the imaginary frequency

and vibration modes to confirm the CI-NEB results*.

Computational models. The anatase TiO»(101) slab was represented as a p(3 x 4) slab with two O-
Ti-O layer and the bottom one is fixed. It has been shown that such large model is enough to
accommodate a Ruie cluster and reduce the interactions between neighbouring adsorbed Ru clusters®,
Ruig is the size-matched multilayer Ru cluster that contains hcp(0001) facet, which would be the most
abundant exposed surface for small Ru nanoparticles and accommodate N, and H, simultaneously.
And the adsorption energy of Ruis on TiO,(101) is as high as -5.88 eV by following equation, Eags =
E(Ruie/TiO2(101)) - E(TiO(101)) - E(Ruig), Indicating Ruig can be stably anchored. So we choose
Ru1/TiO2 to model the catalytic process. The DIPOL tag was set to 3 to switch on dipole corrections
to the total energy along the z-direction. All the supercell slabs were repeated periodically with a 15 A

vacuum layer between the images in the direction of the surface normal.
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