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SUMMARY

A key challenge in upgrading bio-oils to renewable fuels and chemicals resides in developing effective and versatile hydrogenation
systems. Herein, a two-step solar thermochemical hydrogenation process that sources hydrogen directly from water and concentrated
solar radiation for furfural upgrading is reported. Superior catalytic performance is achieved at room temperature and atmospheric
pressure, with up to two orders of magnitude higher H; utilization efficiency compared to state-of-the-art catalytic hydrogenation. A
metal or reduced metal oxide provides the active sites for furfural adsorption and H,O dissociation. The in situ generated reactive H
atoms hydrogenate furfural and biomass-derived oxygenates, eliminating the barriers for H dissolution and the subsequent dissociation
at the catalyst surface. The hydrogenation selectivity can be conveniently mediated by solvents with different polarity and

metal/reduced metal oxide catalysts with varying oxophilicity. This work provides an efficient and versatile strategy for bio-oils upgrading
and a promising pathway for renewable energy storage.
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INTRODUCTION

Developing reliable and carbon-neutral energy processes for sustainable fuels and chemicals production is essential for relinquishing
fossil fuel dependency’. Aside from wind and solar, lignocellulosic biomass (i.e., plant dry matter) constitutes one of the most abundant
renewable energy sources®'°. However, the highly oxygenated nature of lignocellulosic biomass (30-50% oxygen by weight) leads to a
low energy density (<19 MJ/kg)*"". Without upgrading through deep hydrogenation, biofuels derived from lignocellulosic biomass are not
suitable as transportation fuels or chemical feedstocks. The conventional catalytic hydrogenation-based biomass-to-fuels processes
typically require large quantities of molecular hydrogen (up to 0.12 kg H; per kg feedstock such as carbohydrates, vegetable oils, and
pyrolysis oils)'2. Cost-effective and sustainable catalytic processes for efficient biofuel upgrading are therefore urgently needed.

Furfural (C4H3sOCHO) is an important biomass platform molecule derived from lignocellulosic biomass. With more than 280,000 metric
tons produced per annum, it has been identified as one of the top 30 building blocks for sustainable chemical transformation due to its
inherent advantages of being renewable and widely available'™'°. Furfural can be converted via hydrogenation and/or selective
deoxygenation into a variety of fuel additives and chemicals including 2-methylfuran (2-MF), furfuryl alcohol (FA), 2-methyltetrahydrofuran
(2-MTHF), tetrahydrofurfuryl alcohol (THFA), furan and tetrahydrofuran (THF), and so on. The selective removal of furfural's excess
oxygen atom is a key step in the upgrading process. Currently, three approaches are employed: catalytic hydrogenation ®2°, catalytic
transfer hydrogenation (CTH)?'22, and electrochemical hydrogenation (ECH)?*2*. The conventional catalytic hydrogenation processes
(2C4H30CHO (furfural) +3H; = C4H30CHj3 (2-MF) + C4H30CH,OH (FA)) utilize molecular hydrogen as the reducing agent given its wide
availability and facile activation on metal catalysts. However, the low solubility of molecular hydrogen in the various reaction media (e.g.,
0.00016g/100g H,O and 0.00069 g/100g benzene at 1 atm, 25°C) necessitates high H, pressures (10-20 MPa) well in excess of the
stoichiometrically required amount®. High reaction temperatures (570-670 K) are also required. Although these conventional catalytic
hydrogenation processes are well-established, the large carbon footprints associated with H, production and purification as well as the
substantial infrastructure costs and safety concerns associated with handling high pressure H, have motivated the development of more
effective methods for furfural hydrogenation. As an alternative to conventional molecular-hydrogen-based processes, CTH employs liquid
organic hydrogen donors such as methanol, ethanol, formic acid, acetic acid, etc., to alleviate the safety concern of handling high-pressure
H. and to enhance the solubility of the hydrogen donor?2. Even so, usage of these liquid donors requires substantial modifications of the
existing hydrogenation infrastructure, such as the addition of separation and recycle units to extract the unconverted hydrogen donor from



the reaction mixture. ECH has recently emerged as another appealing method for hydrogenating furfural through its use of protic
electrolytes and electricity to produce reactive hydrogen at low temperatures and pressures'?, thereby removing the need for externally
supplied hydrogen. While promising results have been achieved, ECH still faces several critical challenges, such as electrode fouling,
polymerization side reactions between the furfural products and the electrolyte, and a low faradaic efficiency resulting from the competing
hydrogen evolution reaction?.

Solar thermochemical water splitting (STWS) constitutes a promising pathway for hydrogen production and efficient storage of intermittent
solar energy?>-?’. The reactions can be exemplified as follows:

MO« + concentrated solar power = MOyeq + 1/202(g) (1)
MOx + HoO = MOyeq + Hz(g) (2)
where MO,y and MOy denote the oxidized and reduced states of a metal oxide, respectively. While promising results have already been
achieved, apart from the generation of hydrogen from water, its potential applications in producing renewable fuels and chemicals remains
largely unexplored. Here, a two-step solar thermochemical hydrogenation (STCH) scheme that sources hydrogen directly from water and
concentrated solar energy for furfural upgrading was proposed and validated. Figure S1a illustrates a simplified schematic of the two-
step STCH process. During the upgrading step, a metal or oxygen deprived metal oxide provides the active sites for furan ring adsorption
and acts as a bulk source of reduction potential to dissociate H,O for in situ hydrogen generation. The reactive H atoms are highly effective
for upgrading furfural and other biomass-derived oxygenates to hydrogenated fuel products. During the regeneration step, the lattice
oxygen is abstracted from the reoxidized metal oxide at elevated temperatures with concentrated solar energy, thus completing the
reaction cycle. These reactions can be considered respectively as:

MOreq + H20 + C4H30CHO (furfural) = MOox + C4H3OCH,OH (FA) (3)
MO, + concentrated solar power = MOreq + 1/202(g) (4)
STCH may provide a sustainable alternative to conventional hydrogenation techniques and offer the following potential advantages. 1.
Furfural is commercially produced through acid catalyzed transformation of pentoses in water. Separating of furfural from the dilute
aqueous furfural solution (ca. 5 wt%) is energy demanding and capital intensive'. The STCH scheme can directly utilize a primary furfural
water stream as the feedstock at room temperature, thereby avoiding the use of costly separation units and significantly reducing the
overall energy demand for the process. 2. STCH eliminates the requirement of external molecular hydrogen, as well as organic hydrogen
donors or protic media, and has the potential to produce fuels and chemicals in a carbon-neutral manner. 3. STCH represents an efficient
method of harvesting and storing solar energy via hydrogenation of organic compounds, which can enbable significantly increased fuel
yields over standalone biomass-to-fuels pathways. 4. The reaction pathway for STCH is fundamentally different from the conventional
furfural hydrogenation process since the reactive atomic hydrogen is generated in situ on a metal or oxygen deprived metal oxide surface
through H,O splitting instead of through the dissociation of molecular H,. Therefore, the barriers for H, dissolution in the reaction medium,
mass transfer, and the subsequent dissociation at the catalyst surface are avoided. Thus, reactions that typically require high
temperatures and pressures in conventional systems can readily occur at mild conditions. 5. Controlling the extent of reduction of the
metal oxide during the regeneration step can manipulate its reducing potential for H,O dissociation and the subsequent hydrogenation,
adding an additional degree of freedom in tuning the product distribution. 6. The redox catalyst is renewed upon each regeneration half
cycle, avoiding potential long-term carbon deposition, which is generally encountered in conventional catalytic hydrogenation processes.
It is noted that, in addition to STCH, other sustainable paths for regeneration can also be readily applied in the proposed approach.
Examples include electrochemical reduction of the metal oxide or reduction facilitated by another carbonaceous feedstock. This highlights
the flexibility of the proposed approach. The current work focuses on the unique hydrogenation step since the reduction half cycle of
various redox active oxides have been extensively investigated in the context of metal production?2°, chemical looping®®-*?, and solar
thermochemical water or CO,-splitting?526:33:34,

The attractiveness of the STCH technology depends largely upon the thermodynamic and kinetic properties of the redox catalyst, which
functions as the redox intermediate for oxygen ion delivery between the two redox half cycles. Recent studies have demonstrated solar
thermal or solar electrothermal reduction of Al,O3, MgO, ZnO and Sn0,%3%%°, For instance, a 100 kWth scale pilot plant for thermal
reduction of ZnO has been accomplished with a Zn molar content of as high as 44%2°. Meanwhile, thermochemical cycles utilizing ceria-
based redox materials have exhibited great promise for both H,O and CO, splitting given their relatively low reduction temperature,
superior oxygen ion conductivity, and robust structural and crystallographic stability?540-44,

Herein, the first demonstration of furfural upgrading via a two-step STCH approach was reported. Oxophilic, zero-valent metals including
Zn, Sn, Fe, Al, Mg and Mn, as well as a non-stoichiometric CeO,.s redox catalysts, were screened to investigate the feasibility of the
proposed process. Notably, efficient upgrading of furfural was achieved at room temperature and atmospheric pressure, with hydrogen
utilization efficiency 1-2 orders of magnitude higher than molecular-hydrogen-based hydrogenation processes. By using suitable
metal/reduced metal oxide with different oxophilicities, the hydrogenation reaction can be driven exclusively to FA and 2-MF. Mechanistic
investigations indicate that zero-valent metals or surface oxygen vacancies are active redox centers for in situ generation of reactive
hydrogen species from H,O. Effects of solvent for furfural hydrogenation were investigated using a combined experimental and theoretical
approaches. The STCH approach was further extended to the conversion of other biomass derivatives with similar functional groups,



exhibiting superior catalytic performance. As such, the proposed approach has the potential to open up new opportunities for sustainable
production of fuels and chemicals.

Results and Discussion
Redox Performance

To demonstrate the feasibility of this concept, the redox energetics of metal/metal oxide reaction pairs across the periodic table using the
HSC thermochemical database were screened. Figure S2 plots the thermodynamic potentials for water splitting and metal oxide thermal
regeneration for 19 metal/metal oxide and 1 reduced metal oxide/metal oxide redox pairs versus temperature. Based on thermodynamic
and practical constraints, 7 redox candidates —Zn/ZnO, Sn/SnO, Fe/FeO (FeO/Fe304), Mn/MnO, CeO1g3/Ce0,, Mg/MgO and Al/Al,O3
were highlighted, which are suitable for solar thermochemical H,O splitting or solar electrothermal reduction and investigated their
performance for STCH of furfural. As shown in Figure 1a, H,O splitting is thermodynamic favourable (AGn, < 0) with Zn, Sn, Fe, Mn,
CeO1.83, Mg and Al in the temperature range of 0-300°C. Sn/SnO exhibits similar redox potentials for H.O splitting as Fe/FeO (FeO/Fe30.).
Mg/MgO and Al/Al,O3 show higher oxophilicities and thermodynamic driving forces for H,O splitting (Figure 1a), but at the expense of a
more difficult regeneration, e.g., requiring high temperatures (Figure S2d). CeO1s3/CeO2, Zn/ZnO and Mn/MnO redox pairs intermediate
between. The catalytic performance over different catalysts for the two-step STCH of furfural using H,O as the hydrogen source is
summarized in Table S1. At 150°C, furfural was converted exclusively to FA (>99% selectivity) over Al, AICu alloy (8% Cu), Mn, Fe and
Mg. The conversions ranged between 14.2-28.0% (Table S1, entries 2-6). While for Zn and Sn, 2-MF, FA and THF were the primary
products at 150°C, with enhanced furfural conversions for Zn (Table S1, entry 1) despite a lower oxophilicity compared to Al and Mg.
Interestingly, the product selectivity shifted to 2-MF (>99%) when employing reduced CeO; or 1%Ru/CeO, redox catalyst (Table S1, entry
8 and 9). These findings indicate that the nature of the metal/reduced metal oxide is crucial in regulating the product selectivity. It is noted
that Zn showed >50% furfural conversion even at room temperature and atmospheric pressure (Table S1, entry 10), while no activity was
observed for Al, Mn, Fe, Sn and Mg under identical conditions (Table S1, entries 11-16).

The effects of different solvents on furfural conversion and product distribution for Zn at room temperature were also investigated. As
illustrated in Figure 1b, Zn exhibited promising furfural hydrogenation performance in neat H.O or in different organic solvents using H,O
as the hydrogen source, among which dichloromethane resulted in the highest furfural conversion. Notably, the solvent has a marked
effect on product selectivity. In high polarity solvents such as H,O and a 1,4-Dioxane/H,O mixture, FA is the primary product. While in
lower polarity solvents such as dichloromethane, cyclohexane and dodecane, 2-MF dominates. Similar observations were also reported
by Obaid et al.*® and Sarwat et al.*® in conventional catalytic hydrogenation, who demonstrated that dichloromethane gave the best
catalytic performance for furfural and FA hydrogenation over Pt/TiO; catalyst among different solvents, with a high selectivity to 2-MF. A
comparison of furfural conversion and product distribution in H,O, 1,4-Dioxane/H,O and dichloromethane/H,O mixture as a function of
temperature is summarized in Figure S3. It is interesting to note that the furfural conversions peak at 25 and 50°C. Further increase in
reaction temperatures to 100 and 150°C led to a drop in furfural conversion. We attribute it to the competition from the hydrogen evolution
reaction (the combination of atomic H to produce molecular H; rather than hydrogenation of furfural), which is more favourable at high
reaction temperatures. This is supported by the fact that the hydrogen utilization efficiency decreases (defined as the molar ratio of
hydrogenation products to the total amount of Zn consumed during the reaction) with increasing temperature (Figure S4). Meanwhile, a
significant difference was observed in furanic product selectivity (Figure S3). The hydrogenation of furfural gives predominantly FA in H,O
and 1,4-Dioxane/H.O mixture, while 2-MF dominates in dichloromethane/H,O mixture over 25-150°C. These results indicate that the
hydrogenation selectivity can also be effectively mediated with different solvents, adding an extra dimension in manipulating the product
distribution. Additionally, the effect of reaction time on activity and product distribution over Zn in dichloromethane/H,O mixture was
investigated at 150°C (Figure S5). Furfural conversion and 2-MF selectivity peaked at 4h, reaching 47.6% and 89.3%, respectively. When
further increasing the reaction time to 6 and 8h, furfural conversion decreased slightly, which could be attributed to the polymerization of
furfural and its adsorption on the catalyst surface as indicated by the decreased carbon balance. Note that the carbonaceous deposits
can be removed during the high temperature regeneration half cycle. In conventional catalytic hydrogenation, Chinh et al. demonstrated
a complete furfural conversion with a MF selectivity of 50% after 7 h over a Co30, catalyst (180°C, 20 bar of Hy)*”. Mohammed et al.
showed that the FA selectivity plateaued at 90-100% after 7 h with furfural conversion ranged between 25-60% over Cu-based catalysts
(50°C, 20 bar of H,)*. Feiying et al. showed that a close to complete furfural conversion can be achieved with a MF selectivity of 90%
after 12h over NiCug 33/C catalyst (120°C, 15 bar of H,)*.

The furanic product yield and H, utilization efficiency of Zn in the STCH process was further compared with the conventional molecular-
hydrogen-based hydrogenation process over ZnO in H;0, 1,4-Dioxane/H,0O, and dichloromethane/H,O mixture at 150°C. As shown in
Figure 1c, a two to seven-fold increase in furanic product yield was observed for STCH of furfural over Zn using H,O as the hydrogen
source. These correspond to an eight to eighty-fold increase in hydrogen utilization efficiency compared to the conventional process over
ZnO in the presence of high pressure H, (~2 MPa). The exceptional hydrogen utilization efficiency indicates that the in situ generated
atomic H species are significantly more effective for furfural hydrogenation than molecular H,. No hydrogenation proceeded when using
ZnO in the absence of external H,, suggesting that water dissociation by Zn was a key step for furfural hydrogenation. The hydrogen
utilization efficiency was further compared to state-of-the-art catalysts in either liquid or gas phases with molecular hydrogen (Figure 1d,
see Table S2 for more details). One to two orders of magnitude higher efficiency were achieved, demonstrating the greater efficacy of
the STCH process. The unconverted hydrogen cogenerated for STCH of furfural can be stored, used as a fuel, or a chemical reactant



(e.g., to facilitate the reduction of the metal oxide in this process), or recycled to a second catalytic bed to further hydrogenate the
remaining furfural (Figure S1b). Note that the current study focuses on the Zn oxidation step to demonstrate its unique effectiveness for
hydrogenation reactions. The oxidized ZnO can be converted back to Zn using either the commercial electrolysis approach with renewable
electricity or the emerging solar thermochemical decomposition technology?2%3%%0, In particular, Steinfeld et al®! estimated a solar to
hydrogen efficiency of 29% through solar thermochemical ZnO reduction. Considering that the current approach demonstrated 1 - 2
orders of magnitude higher H; utilization efficiency (compared to state-of-the-art catalytic hydrogenation) and it can be operated at near
ambient temperature and pressure, it's anticipated that the overall process efficiency to be notably higher than traditional catalytic
hydrogenation irrespective of the source of hydrogen utilized. To establish the generality of this approach, the STCH of various carbonyl
containing biofuel surrogates besides furfural (Table 1) were probed. Complete conversions of benzaldehyde and
cyclohexanecarboxaldehyde were achieved with exclusive selectivity to their corresponding unsaturated alcohols (Table 1, entries 1 and
3) at 25°C, without hydrogenation of the aromatic rings. For benzaldehyde and cyclohexanecarboxaldehyde, whose structures are similar
to furfural, the conversions decreased slightly to 96% and 73%, respectively, when further increasing the temperature to 150°C (Table 1,
entries 4 and 6), following similar trends to that of furfural. These results further support the hypothesis that the combination of in-situ
generated atomic H to produce molecular H>, competes with hydrogenation at higher temperatures.

Redox Catalyst Characterizations
Characterization with XRD

Thorough physicochemical characterizations complemented with detailed simulation studies were employed for in-depth understanding
of the redox chemistry and potential reaction pathways. Figure 2a illustrates the XRD patterns of the initial Zn catalyst and the Zn catalyst
after STCH of furfural in H,O and various organic solvent/H,O mixtures at 150°C. The XRD pattern (Figure 2a) of the initial Zn catalyst is
a two-phase mixture consisting of Zn (JCPDS 01-078-7029) and ZnO (JCPDS 00-005-0664), with a Zn percentage of 61.6 wt.%
determined by Rietveld refinement (Figure S6, Table. S3). This Zn content is comparable to those obtained from a solar reactor pilot plant
via thermal reduction of ZnO%. Diffraction peaks attributable to metallic Zn completely disappeared after STCH of furfural in H,0,
cyclohexane/H,O and dodecane/H.O mixtures at 150°C, while a trace of Zn (0.6% wt.%) remained in 1,4-Dioxane/H.O mixture, indicating
a complete or near complete oxidation of Zn. After the reaction in CH,Cl,/H.O mixture, peaks associated with Zns(OH)sCl,-H.O (JCPDS
00-007-0155) were identified aside from ZnO, and the sample showed decreased crystallinity. These results indicate that Zn was oxidized
to Zn?* after the reaction. Meanwhile, an interaction between Zn or ZnO with the solvents, e.g., CH,Cl, and H,O, can occur, producing
hydrogen chloride and further reacting with Zn or ZnO. The metallic Zn was partially converted to ZnO even at a low temperature of 25°C
in H2O and different organic solvent/H,O mixtures (see Figure S7 and Table S3 for more details). This again highlights Zn’s superior
furfural hydrogenation performance at ambient conditions. Similarly, metallic Zn was partially oxidized after STCH with all the other
reactants explored at 25°C (Figure S8). At 150°C, complete oxidation to ZnO was observed in all cases. The possible crystalline phase
transition of Fe, Sn, Mn, Mg, Al, AICu alloy (8% Cu), reduced CeO; as well as reduced 1% Ru/CeO; catalysts after STCH of furfural in
H20 at 25°C and 150°C were also investigated (see Figure S9-11 for more details). For Fe, Mn, Mg and Al, new reflections identified after
reaction at 150°C are indexable to Fe304, MNO and Mn3O.4, Mg(OH), as well as Al,Os (Figure S9). For the Sn catalyst, a decrease in Sn
weight ratio (from 89.0 wt.% to 56.4 wt.%) was observed after reaction at 150°C (Figure S9). For AICu alloy (8% Cu), reduced CeO, and
1% Ru/CeO., partial oxidation of the catalysts was evidenced by peak shifts as opposed to appearance of new phases (Figure S9, Figure
S10). This shift in 26 corresponds to an increase in ceria oxidation state and a decrease in oxygen nonstoichiometry (CeO25 — CeOy),
and a partial oxidation of zero-valent Al. In contrast, there was no apparent structure change observed for Fe, Sn, Mn, Mg, and Al catalysts
after the furfural hydrogenation step at 25°C, likely due to the kinetic limitations (Figure S11), which correlates well with the absence of
observed furfural conversion at 25°C (Table S1, entries 11-16). To summarize, the XRD analysis indicates that zero-valent metals or
surface oxygen vacancies of metal oxide provide the active redox centres and bulk sources of reducing potential for H,O dissociation and
furfural hydrogenation. Such a reaction scheme draws comparison with a recently reported reverse Mars-van Krevelen mechanism®5+
in terms of lattice oxygen replenishment via oxygen abstraction (from H»O in this case) and the important role of the coordinatively
unsaturated atoms at the interface, as will be discussed in subsequent sections.

Characterization with BET

The textural properties of the Zn catalyst before and after STCH of furfural in neat H,O, dichloromethane/H,O and 1,4-Dioxane/H,O
mixtures were further characterized (Figure 2b, Figure S12, Table S4-6). The BET surface area (Sger) of the initial Zn is 4.3 m? g! with a
total pore volume of 0.02 cm- g and average pore diameter of 20 nm (Table S4). It is interesting to note that the Sger increased by about
3 times after reaction in neat H,O at 50 and 100°C (Table S4), as indicated by the enhanced N; adsorption in Nitrogen sorption isotherms
in Figure 2b. Moreover, a 3 times and even 10 times increase in Sger was observed after reaction in dichloromethane/H,O mixture at 25
and 50°C, respectively (Table S5). This increase was likely induced by the phase transformation from Zn to ZnO and Zns(OH)sCl,-H,0,
as confirmed by XRD patterns and the observed morphological change, which will be discussed later. In 1,4-Dioxane/H,O mixture, the
Sger after reaction was close to the initial Zn catalyst from 25-150°C (Table S6). The Sger decreased in H,O (3.4 m? g™') and especially in
dichloromethane/H,0 mixture (0.2 m? g-') when further increasing to temperature to 150°C (Table S4 and S5). Despite the change in Sger
at 150°C, no significant loss in reactivity was observed (Figure S3), suggesting that ionic diffusion in the bulk, as opposed to molecular
diffusion at the surface, is the rate controlling step for the oxidation of the Zn catalyst.

Characterization with XPS



The surface elemental states of the Zn catalyst before and after the redox process were characterized by XPS. For the initial Zn catalyst
(Figure 2c), two components associated to Zn 2ps, in metallic state (52.3 %) and zinc oxide (47.7 %) were identified with a binding energy
of 1021.7 and 1022.2 eV, respectively>®>%8, For the Zn catalyst after reaction in H,O, a shift toward higher binding energies was observed
at 100 and 150°C with one single component dominant by zinc oxide. This observation is in good agreement with the XRD results and
can be explained by the change from metallic zinc to zinc oxide with increasing reaction temperature. Additionally, the O (1s) spectra
presented in Figure S13 displayed three contributions located at 530.0, 531.5 and 533.4 eV attributable to lattice oxygen (Zn-0),
chemically adsorbed surface oxygen originated from H,O (Zn—-OH) and CO; groups (Zn—C03)%57. The intensity of the latter contributions
increased after reaction in H,O as compared to the initial Zn catalyst.

Characterization with In situ FT-IR
In situ FT-IR measurements were employed to gain molecular insights into the interaction of the reactant with the active site. Literature

results show that there are two types of aldehyde chemisorption modes depending on the nature of the metal surface: (1) n'(O)
configuration in which only the carbonyl O is adsorbed on top of a metal atom, or (2) n?(C,0) configuration where both the C and O interact
with the surface%®%. For furfural adsorption on metallic Zn, the C=0 stretching band ascribed to the n'(O) mode appears at 1675 cm™,
indicating a vertical aldehyde group adsorption through its terminal O (Figure 2d). Three additional vibration modes were observed, which
are assigned to C=C (1568 and 1475 cm™"), C-O-C (1278 and 1078 cm™"), and furfural ring stretching (1020, 930, 883 and 756 cm™")80:61,
Notably, these bands over ZnO are of much lower intensity, indicating a strong interaction between furfural and the Zn catalyst. The
strong interaction of furan and carbonyl groups over metallic Zn may contribute to its superior STCH of furfural performance.

Characterization with SEM
SEM was carried out to investigate the morphological and microstructural changes of Zn catalyst before and after reaction. The initial

catalyst was composed of small, nanosized, pyramid-like grains with relatively uniform diameters of 50-100 nm (Figure 2e4, ey).
Interestingly, for the spent catalysts in H,O, the pyramid-like grains transformed into conical stake-like crystallites with increased crystal
size when the reaction temperature increased to 100 and 150°C (Figure 3es-€g). It is noteworthy that for the spent catalysts in CH,Cl,/H.O
mixture (Figure S14a-d), the pyramid-like grains transformed into platelet-like crystallites with a lateral dimension ranging from 0.1-0.2
pm and a longitudinal dimension between 0.5—4 pm, which contributes to its high surface area as indicated by the BET measurements.
The SEM images for the spent catalysts in cyclohexane/H,0O, 1,4-Dioxane/H.O and dodecane/H.O mixture are also shown (Figure S15a-
c). Similar to the spent catalyst in neat H,O, the pyramid-like crystallites transformed into conical stake-like crystallites with no pronounced
grain growth after reaction.

Characterization with HRTEM-EDX

The elemental distribution and microstructure of the Zn material mixtures were further characterized by HRTEM-EDX. As shown in Figure
3b4-bs, HRTEM-EDX mappings of the initial Zn material exhibit a Zn rich region (red) with oxidized ZnO enriched near the surface layer
(see Figure S16 for further details). Meanwhile, clear lattice fringes of 0.25 and 0.26 nm corresponding to Zn (002) and ZnO (002)
structural domains were revealed (Figure 3c4, c2). The above results indicate that the initial Zn is composed of a mixture of Zn and ZnO.
For the spent catalyst in H,O (Figure 3es-e3) as well as in cyclohexane/H,O mixture (Figure S17), a uniformly distributed Zn (red) and O
(green) elements were observed, with well-resolved lattice fringes of 0.26 nm corresponding to ZnO (002) facet. These results reveal that
the metallic Zn was completely converted to ZnO after reaction at 150°C. This agrees well with the XRD analysis. On the other hand, for
the spent catalyst in CH,Clo/H2O mixture (Figure S18), Zn and O were well-dispersed with the presence of Cl in some regions, indicating
that the spent catalyst is composed of a mixture of Zns(OH)sCl,-H2O and ZnO. Hence, the above STEM-EDX mapping and HRTEM
analysis confirmed that the as-prepared catalyst existed in the form of metallic Zn with oxide enrichment near the surface. It was
subsequently transformed into ZnO or Zn5(OH)sCl>'H,O and ZnO after STCH of furfural.

DFT Studies
To gain additional fundamental insights, density functional theory (DFT) calculations were carried out to elucidate the reaction landscape

of furfural hydrogenation with Zn in water, and ZnO with molecular H,. Structure models containing both Zn and ZnO phases (see Figure
S19), consistent with the XRD, XPS, and HRTEM characterizations, were built and optimized to simulate the Zn catalyst for STCH of
furfural. As shown in Figure 4a, water dissociation has a barrier of 0.51 eV on the Zn atom over the ZnO/Zn interface and a negative
reaction energy, supporting the hypothesized facile production of atomic H through H,O dissociation. The generated H adsorbs on the O
atom of the ZnO and the remaining OH groups bonded with Zn atoms over the ZnO/Zn interface. In comparison, the barrier for H,
dissociation on ZnO is 0.64 eV, which is slightly higher than that for H,O dissociation on the ZnO/Zn interface. More importantly, the
subsequent furfural hydrogenation on ZnO/Zn is -0.31 eV exergonic, with an energy barrier of merely 0.62 eV. In comparison, the
corresponding step is 1.15 eV endergonic and kinetically hindered with a barrier of 1.40 eV on ZnO with H,. These results indicate the
facile generation of atomic H through H2O dissociation on ZnO/Zn interface, and the resulting atomic H will preferably react with furfural
and its derivatives with low reaction barriers, thus exhibiting superior hydrogenation reactivity for STCH of furfural on Zn. On the other
hand, the hydrogenation activity of ZnO with H; is hindered by the high energy barrier for furfural hydrogenation. Therefore, the furfural
hydrogenation on ZnO/Zn interface in water is kinetically favorable, due to its much lower barrier than that on ZnO (0.62 vs. 1.40 eV), and
the furfural hydrogenation on ZnO/Zn interface in water is also thermodynamically favorable over furfural hydrogenation on ZnO with
molecular H, (-0.31 vs. 1.15 eV). Nakamura et al.®? investigated the oxidation behaviour of Zn nanoparticles from 110 to 150°C in air,
which showed the oxidation of Zn through rapid outward diffusion across ZnO film by transmission electron microscopy. Hartley et al .
demonstrated the Zn migration to the ZnO surface to when reacting with H.O and CO; via micrographs and temperature program reaction
study. The DFT calculation indicates a 0.86-1.00 eV energy barrier for the migration of Zn cation vacancies in ZnO (Figure S20). As such,



Zn can be relatively easily oxidized to ZnO through outwards diffusion of Zn cations®2*. The reaction barriers of atomic H combination
for H, formation and furfural hydrogenation by atomic H as functions of reaction temperatures were also compared (Figure S21). Results
show that the energy barriers of atomic H combination are (~1.1 eV) higher than that of furfural hydrogenation. The difference also slightly
decreases with increasing reaction temperature, indicating that an increase in reaction temperature would disproportionally accelerate H
combination to produce molecular H,. This is consistent with experimental observations where furfural conversion and H. utilization
efficiency peaked at lower reaction temperatures, while the H, evolution reaction increased at higher temperatures (Figure S3, Figure
S4).

To study the solvent effects on the product selectivity for STCH of furfural, the DFT results in water and in cyclohexane were compared,
which correspond to polar and nonpolar solvents, respectively. The energy profiles of furfural hydrogenation reactions over the two
solvents are given in Figure 4b. All the reaction intermediates and transition states except FA in the cyclohexane are lower than those in
water, suggesting these intermediates are more stabilized in cyclohexane. The stabilization of intermediate product FA is further described
by Eara — |Eadsral, in Which E, pa represents the hydrogenation barrier of FA and Eagsra is the adsorption energy of FA. A larger value of
Earn — |Eadsral indicates higher possibility of the desorption of FA from surface. This method was often adopted in hydrogenation
studies.®®>%¢ The E,ra — |Eadsral| difference between water and cyclohexane was calculated to be -0.16 eV, suggesting that FA has a
stronger tendency to desorb from the surface in water than in cyclohexane. These results are in good agreement with experiment
observations that the selectivity of FA in polar solvents is higher than that in nonpolar solvents. Therefore, solvent polarity may affect the
stability of intermediates and transition states, adding an additional degree of freedom to tailor the reactivity and selectivity for STCH of
furfural and other oxygenate compounds.

This article demonstrates the feasibility, effectiveness, and underlying mechanism of using water as the atomic hydrogen source for
furfural and bio-oils upgrading, through a two-step STCH process facilitated by redox active metals/metal oxides. The STCH process
offers the potential to harness renewable energy sources, e.g., solar irradiation or renewable electricity, in the metal oxide reduction step
to facilitate the subsequent in-situ hydrogen generation and hydrogenation reactions. 7 redox candidates—Zn/ZnO, Sn/SnO, Fe/FeO,
Mn/MnO, CeQ1 53/Ce0,, Mg/MgO and Al/Al,O3, were investigated. Furfural was efficiently upgraded at ambient conditions in the presence
of Zn with superior hydrogen utilization efficiencies (18.4-51.0% at 25°C), which are 1-2 orders of magnitude higher than molecular-
hydrogen-based catalytic hydrogenation (0.1-2.4% over 2% Pd-Ir(Ru, Rh, Pt)/SiO; at 25°C, 8 MPa of H,%; 0.8-1.1% over 3% Pd/a-Al,0;
at 40°C, 5.52 MPa of H,%). Employing suitable metal/reduced metal oxide catalysts with different oxophilicities, the hydrogenation of
furfural can be driven exclusively to FA (Al, AlCu alloy, Mn, Fe and Mg) and 2-MF (reduced CeO; and 1%Ru/CeO,). Solvent was also
found to play a crucial role in determining the selectivity: FA was the primary product with high polarity solvents while 2-MF dominates
with lower polarity solvents. The STCH scheme was also investigated with various carbonyl substrates besides furfural, exhibiting
excellent conversion and selectivity at room temperature and atmospheric pressure. The proposed approach introduces alternative
mechanistic pathways to conventional catalytic hydrogenation using molecular H,, as substantiated by detailed experimental studies and
DFT calculations. Specifically, zero-valent metals or reduced metal oxides are shown as a new class of catalysts for STCH, which provide
the active sites for furan rings adsorption and a source to dissociate H,O for in situ hydrogen generation. The in situ generated reactive
H atoms hydrogenate furfural and other biomass-derived oxygenates, eliminating the barriers for H; dissolution in the reaction medium
and the subsequent dissociation on the catalyst surface. The hydrogenation selectivity can be conveniently mediated by solvents with
different polarity and metal/reduced metal oxide catalysts with different oxophilicities, providing additional degrees of freedom in tailoring
the product distribution. The two-step STCH approach and the redox active catalysts demonstrated herein can be broadly applicable
towards other hydrogenation processes. Therefore, it can open up new possibilities for intensified chemical production while integrating
renewable energy sources.
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Materials

Furfural (FUR) (99%), furfuryl alcohol (FA) (Analytical standard, 299.9%), 2-methylfuran (2-MF) (Analytical standard, 299.9%), 2-methyl
tetrahydrofuran (2-MTHF) (BioRenewable, anhydrous, 299%, inhibitor-free), tetrahydrofurfuryl alcohol (THFA) (Analytical standard,
299.9%), tetrahydrofuran (THF) (Certified, 299.9%), furan (299%), benzaldehyde (ReagentPlus®, 99%), benzyl alcohol (anhydrous,
99.8%), cyclohexanecarboxaldehyde (97%), cyclohexanemethanol (ReagentPlus®, 299.0%), cyclohexane (suitable for HPLC, 299.9%),
cyclohexanone (ACS reagent, 299.0%), cyclohexanol (ReagentPlus®, 99%) were of analytical grade and purchased from Sigma-Aldrich.



Catalyst Preparation

Zn (nanopowder, 40-60 nm avg. part. size, 299% trace metals basis), Fe (299%, power (fine)), Sn (nanopowder, <150 nm particle size
(SEM), 299% trace metals basis), Al (powder, -325 mesh), Al alloy (8.0% Cu, granularity 5 pm), Mg (powder, 299% trace metals basis),
Mn (powder, -325 mesh, 299% trace metals basis) were purchased from Sigma-Aldrich and used without further treatment. CeO; (99.9%)
was purchased from Noah Technologies Corporation. Prior to the experiment, the as-received CeO, was reduced in 10% H/Ar (100
mL/min) at 800°C for 2 h.

The supported catalyst loaded on CeO with nominal Ru loadings of 1 wt% was prepared via the incipient wetness impregnation method,
and is identified as 1Ru/CeO-. In a typical experiment, 0.05g of RuClz-xH,O (Sigma-Aldrich, ~40% Ru base) was dissolved in 5 mL
deionized water to obtain a homogeneous solution. Subsequently, 2g of support CeO, was added and well mixed. The resultant slurry
was dried in an oven at 120°C overnight, followed by calcining at 800°C (heating rate of 5°C/min from ambient) under stagnant air for 4
h. Prior to catalytic testing, the supported metal oxide catalysts were reduced in 10% H2/Ar (100 mL/min) at 800°C for 2 h, after which it
was charged into the reactor.

Catalyst Characterization

X-ray powder diffraction (XRD) patterns were recorded on a Rigaku SmartLab X-ray diffractometer with Cu Ka X-ray radiation (A = 1.5418
A), operated at 45 kV and 40 mA. Diffraction profiles were collected in the 28 range between 10-80° with a step size of 0.02° and a
counting time of 40s/step. Phase identification and quantification were conducted based on whole pattern fitting using Rietveld refinement
with the PANalytical X'Pert HighScore Plus software. The BET (Brunauer-Emmett-Teller) surface areas (Sget) and pore volumes of the
samples were determined via nitrogen sorption in a Micromeritics ASAP 2020 at 77 K. Prior to the measurement, the samples were
degassed (< 5 ym Hg) at 200°C for 4 h. The Sger was determined according to the multipoint BET method in the pressure range of P/Pg
= 0.06-0.29. The X-ray photoelectron spectroscopy (XPS) measurements were carried out with a Kratos Analytical AXIS Ultra DLD
instrument equipped with a monochromatic Al Ka X-ray source. XPS spectra were recorded at 10 mA and 15 kV, with a pass energy of
20 eV and a step size of 0.1 eV. Deconvolution of the peaks was performed with Casa XPS software (Casa Software Ltd., U.K.) using a
Shirley background subtraction and mixed Gaussian—Lorentzian functions. Binding energies were calibrated with C 1s at 284.6 eV. Diffuse
reflectance infrared Fourier transform (DRIFT) spectra were performed on a Thermo Scientific Nicolet iS50 FT-IR spectrometer in a Pike
DiffusIR cell equipped with a KBr window. Typically, samples were homogenously blended with KBr in a weight ratio of 1:3 and loaded in
the alumina crucible. Pretreatment up to 150°C in flowing Ar (30 mL/min) was performed to remove physically adsorbed H,O and gases,
mainly carbon dioxide. The sample was then cooled down to 25°C and a spectrum was collected and used as a background for the
following measurements. An Ar carrier gas (30 mL/min) saturated with furfural vapor at room temperature was introduce to the cell for 60
min, followed by purging with Ar for another 60 min at 30 mL/min to remove gaseous and physically adsorbed molecules. The FT-IR
spectra were measured at room temperature, accumulating 64 scans with a resolution of 4 cm'. Surface morphology of the catalyst was
investigated on a ThermoFisher Verios 460L Field Emission scanning electron microscopy (SEM) operated at 2 kV. Samples were
adhered to conductive carbon tape and secondary electron images were collected without any coating. High-resolution transmission
electron microscopy (HRTEM) was performed on a FEI Titan 80-300 transmission electron microscope with a linear resolution of 0.10
nm, which was equipped with a liquid nitrogen cooled energy-dispersive X-ray spectroscopy (EDS) detector for elemental analysis under
a working voltage of 200 kV. All samples were crushed into fine powders and dispersed in ethanol by ultrasonication. The suspension
was then drop casted onto a holey-carbon coated Cu grid and dried in air under ambient conditions.

Reactivity Evaluation

The reactivity was investigated in a 50 mL stainless-steel batch reactor with an inserted Teflon liner (Parr 4579). The reaction was carried
out at 25-150°C for 4h at a stirring speed of 400 rpm. (i) For furfural hydrogenation with H,O as the hydrogen donor, the reactor was
loaded with 1 mmol of furfural, 15 mL of de-ionized water (13 mL of de-ionized water and 2 mL of 1,4 — Dioxane, or dichloromethane
(CH2Cly), or cyclohexane, or dodecane), and 0.4 g of catalyst in each test. Prior to the heating, the reactor was flushed with inert Ar
(>99.999%, Air gas) three times before being charged with Ar at 1 atm in absence of hydrogen. (ii) For conventional furfural hydrogenation
reactions with Hy, the feedstock was composed of 1 mmol of furfural, 15 mL of de-ionized water (13 mL of de-ionized water and 2 mL of
1,4 — Dioxane, or CH.Cl,, or cyclohexane, or dodecane), and 0.4 g of catalyst. After being purged with H> (>99.999%, Air gas) three
times, the reactor was pressurized to 2 MPa with H, and subsequently heated to the set temperature. After reaction and cooling to room
temperature, the reactor was depressurized, and the products were filtered and analysed.

The reaction products were analysed by an online gas chromatograph (Agilent model 7820A) equipped with a flame ionization detector
(FID) and an J&W DB-5 GC Column (30 m, 0.25 mm, 0.25 um, 7 inch cage) using an external standard method. Gas chromatograph—
mass spectrometry (GC-MS) was performed using an Agilent 7820 GC equipped with a spectrometer operating in the electron-impact
mode (EI 70 eV), with an HP-1 MS capillary column (100% dimethylpolysiloxane) installed. The accuracy of the measurement was
assured by performing carbon balances.

Carbon balance: moles of C measured in the reactor effluent = mole of C in the feedstock (5)

The furfural conversion and product selectivity are calculated as follows:



. Moles of product in the reactor effluent
Furfural conversion = - (6)
Moles of furfural in the feedstock

Moles of product produced (7)

Product SeleCtiVity = Moles of furfural consumed

For furfural hydrogenation with H,O as the hydrogen donor, the hydrogen utilization efficiency is defined as the molar ratio of hydrogen
consumed to produce the hydrogenated products per amount of hydrogen produced. The latter is determined by the extent of oxidation
of the redox catalyst based on Rietveld refinement of XRD spectra. Using Zn as an example:

2?:1"1‘*%

Initial Zn® amount — Zn® amount after reaction

Hydrogen utilization efficiency =

__ Molesof H; consumed (8)
~ Moles of H; Prodcued

where n; donates the mole amount of the hydrogenation product i; a; donates the stoichiometric coefficient of the corresponding
hydrogenation reaction. All the parameters in the above equation are expressed in a Hy-equivalent basis, even though atomic hydrogen
is consumed for the hydrogenation reactions in the STCH process.

For conventional furfural hydrogenation reactions with Hz, the hydrogen utilization efficiency can be evaluated as

Ty niag
Liz M 9)

H, utilization efficiency = e
2

where nH, donates the total amount of H, charged in the reactor and can be calculated using the ideal-gas equation of state PV=nRT.

Computational Details

Density functional theory (DFT) calculations within periodic slabs were conducted by Vienna ab initio simulation package (VASP).%° The
generalized gradient approximation (GGA) method was employed to calculate the electronic structures, and the Perdew-Burke-Ernzerhof
functional was employed.” The calculations utilized the projector-augmented wave (PAW) method to depict the interaction between
electrons and atomic cores.”" The cutoff energy was 450 eV and force convergence criterion was set to 0.05 eV A-'. The lattice parameters
of Zn and ZnO were fully optimized; 3-layer 5x5 Zn(001) and 3x2 ZnO(1010) supercell slabs were built with the bottom layer of atoms
fixed and the upmost two layers of atoms and the adsorbates were relaxed during all of the calculations. The ZnO/Zn structure was built
by placing extra ZnO clusters onto Zn(001) and, the resulting structure underwent thorough optimizations to obtain a stable structure. The
vacuum layer was set larger than 12 A. All the surface structures have dimensions larger than 10 A x 10 A and hence all of the calculations
were performed by 2 x 2 x 1 k-point grid. The transition-state structures were obtained by climbing image nudged elastic band (CI-NEB).”?
Vibrational frequency analysis were conducted to characterize the transition state structures and also to calculate the zero-point energies.
Solvent effects significantly affect the catalytic activity,”>"* thus here the implicit solvation models by VASPsol were used to describe the
interaction between solvents and sorbents.” The dielectric constants were 80 for water and 2 for cyclohexane solvents, and the water
and cyclohexane represent polar and nonpolar solvents, respectively.
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Figure 1. Thermodynamic and reaction performance of STCH of furfural

(a) Variations of Gibbs free energy for H,O splitting with metal or reduced metal oxide (metal/reduced metal oxide + 2H,O — metal oxide
+ 2H,) as a function of temperature at 1 bar. (b) Conversion and furanic product selectivity for STCH of furfural over Zn catalyst in neat
H20, 1,4-Dioxane/H.0, dichloromethane/H,0O, cyclohexane/H,0, dodecane/H,O mixture (2 mL H,O, 13 mL organic solvent) at 25°C and
1 atm of Ar. (c) Furanic product yield and H, utilization efficiency of Zn sample for STCH of furfural as compared with the conventional
molecular-hydrogen-based hydrogenation process over ZnO catalyst (2 MPa H;) in neat H,O, 1,4-Dioxane/H,O mixture and
dichloromethane/H,O mixture at 150°C. Furanic product yield and H; utilization efficiency of ZnO catalyst in H,O medium at 150°C (1 atm
of Ar) are also included. Error bars represent the standard deviation from three independent measurements. (d) Comparison of hydrogen



utilization efficiency for STCH of furfural over Zn catalyst with the state-of-the-art catalysts in either the liquid or gas phases employing
molecular hydrogen as the reducing agent. |, ref.67; II, ref.78; IIl, ref.88; IV, ref.”7; V, ref’®; VI, ref™®; VII, ref?; VIII, ref?'; IX, ref*’; X, ref?; X,
ref®3; XIl, ref*; XIII, ref8®; X1V, refé®; XV, ref®”. See Table S2 for more details.

Figure 2. Physicochemical characterizations of Zn catalyst before and after STCH of furfural

(a) X-ray powder diffraction patterns of Zn catalyst before and after STCH of furfural in neat H.O, 1,4-Dioxane/H,0, cyclohexane/H;0,
dodecane/H,0, dichloromethane/H,O mixture (2 mL H,0, 13 mL organic solvent) at 150°C. (b) N, adsorption—desorption isotherms of Zn
catalyst before and after reaction in neat H,O from 25 to 150°C. (c) High-resolution Zn 2p3/2 XPS spectra of initial Zn catalyst before and
after STCH of furfural in H,O from 25 to 150°C. (d) DRIFT spectra of furfural adsorbed on Zn and ZnO catalysts. Insert shows the furfural
adsorption through n'(O) configuration. Colour code: Zn (light grey), O (red), C (dark gray) and H (white). Representative SEM images of
Zn catalyst before (e1, e2) and after STCH of furfural in neat H,O at (e3) 25°C, (e4) 50°C, (es) 100°C and (es) 150°C. Scale bars in the
images represent 1um unless otherwise noted.

Figure 3. Structure and element distributions of initial Zn and Zn catalyst after STCH of furfural in neat H20 at 150°C

(a) Representative STEM image and the corresponding element-mapping images of (b1) Zn, (b2) O and (bs) combination of Zn and O for
the initial Zn catalyst. (c) HRTEM image of the initial Zn catalyst; (c4, c2) HRTEM images of the initial Zn catalyst of regions 1 and 2 in c.
(d) Representative STEM image and the corresponding elemental-mapping images of (e1) Zn, (e2) O and (es) combination of Zn and O
for Zn catalyst after STCH of furfural in neat H,O at 150°C. (f) HRTEM image of Zn catalyst after STCH of furfural in neat H,O at 150°C,
along with the respective FFT pattern characteristics of ZnO; (¢4, ¢2) HRTEM image of spent Zn catalyst of regions 1 in f.

Figure 4. Energy profile of furfural hydrogenation via Density functional theory (DFT) calculations

(a) Energy profile of H production through H,O/H, dissociation and the subsequent furfural hydrogenation by the produced H. Red line
indicates water dissociation on ZnO/Zn structure while black line indicates the H, dissociation on ZnO structure. The structures of
corresponding states are given. The calculations are based on water solvent. (b) Energy profile of furfural hydrogenation to 2-methylfuran
(2-MF) under water (black line) and cyclohexane (blue line). Colour code: Zn (grey), O (red), C (brown), H (pink). Energy unit in eV.

Table 1. Catalytic activity of Zn for two-step STCH of various carbonyl containing reactants. Reaction conditions: 4 h, 150°C, 1
atm of Ar, 0.4 g of catalyst, 1Immol of reactant and 15 mL H20

Entry  Catalyst Substrate Product Temp. Conv. (%) Sele. (%)
(°C)

1 Zn ©/\o ©/\OH 25 >09 >99

2 Zn 25 9.7 >99

<
~

3 Zn oH 25 >99 >99

on 150 96 >99

oH 150 73 >99

S
-
@Aou 150 19 >99
S

QQ3Q
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