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ABSTRACT

ENGINEERING LEWIS ACIDIC MATERIALS FOR LIGNIN UPCYCLING AND
HIGH-PERFORMANCE LITHIUM METAL BATTERIES

Md. Anwar Hossain

March 23, 2022

My long-term goal is to develop catalytic systems to produce renewable energy for a
sustainable society. The overall research objective of my dissertation is to advance
understanding of Lewis acidic materials for (1) conversion of renewable lignin into
phenolics and (2) enhanced cycling stability of lithium metal batteries to safely store
renewable electricity from wind and solar, thereby laying the groundwork for our transition

to a sustainable society.

Petroleum is a conventional feedstock for current transportation fuels (gasoline,
diesel, and jet fuels). However, petroleum is a finite resource and produces greenhouse
gases (CO2 and CHa) upon processing, which contributes to climate change. Therefore, we
need to develop ways to tap into alternative feedstocks. Many researchers have investigated
the use of catalytic conversion of lignocellulosic biomass to produce biofuels (bioethanol).
During bioethanol production, carbohydrates (cellulose and hemicellulose) are digested to
produce bioethanol. The residual lignin is left behind. The ability to catalytically convert
lignin into high-value chemicals will incentivize biorefineries and promote a sustainable

bioeconomy.

Electricity is another renewable energy that can be produced from wind and solar.
The major challenge in using electricity-driven transportations (electric vehicles) lies in
their storage in lithium metal batteries. However, chemical and electrochemical reactions

in conventional lithium-metal batteries are not stable.

Vi



The movement of undesired anions promotes capacity decay and hazardous lithium
dendrite growth. As a result, these batteries have short lives and short-circuiting, which
leads to fire and explosion. The ability to control the reactivity of the ions in the electrolytes
will enable safety and promote future electric vehicles for a cleaner environment. My
dissertation focuses on the development of Lewis acidic materials to address the challenges
in (1) lignin upcycling and (2) the safety and cyclability of lithium metal batteries. First,
lignin is an oxygen-rich phenolic polymer. To efficiently release the phenolic monomers
from lignin, | developed the Lewis acid catalysts in the form of oxygen vacancies to
activate the oxygen functionality of lignin. Second, | grafted the Lewis acidic metal-
organic frameworks (MOFs) onto the polypropylene separator to immobilize the TFSI
anions in conventional electrolytes (1M LiTFSI in organic solvents). The developed
materials restrict the mobility of anions and polyselenides, thereby improving the lithium-

selenium batteries' capacity retention and cycling stability.

| divided this dissertation into six chapters to cover background about Lewis acidic
materials and their uses for catalytic lignin upgrading and lithium-selenium batteries. The
first four chapters of this dissertation describe the engineering/development of the Lewis
acidic material for the catalysis of bioderived organics, lignin. Then, chapter five describes
the incorporation of the Lewis acidic MOFs into a polypropylene separator to improve
battery capacity and safety. Incorporating the Lewis acidic MOFs controlled ion transport
properties, thereby restricting the mobility of undesired anions and polyselenides and
improving capacity retention in lithium-selenium batteries. Finally, Chapter six suggests
future research directions to create next-generation alkali metal-based batteries that are safe
and powerful to face future challenges for developing a sustainable carbon zero society.

vii
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CHAPTER 1
INTRODUCTION
1.1 Overview

Petroleum is the conventional feedstock for most current fuels, chemicals, and plastics.
However, petroleum is finite, and processing petroleum produces a large amount of
greenhouse gas (CO2 and CHy4), contributing to climate change [1]. Therefore, we need to
(1) find alternative renewable feedstocks and (2) develop catalytic upgrading processes to

transform them into products similar to what we can get from petroleum.

Lignocellulosic biomass and wind/solar are major renewable resources for
energies, chemicals, and materials. The use of these renewable resources for the production
of fuels and chemicals potentially mitigates climate change and promotes a sustainable
society [2-4]. Researchers have processed lignocellulose into fuels and chemicals. Wind
and solar are renewable energy sources, which can be stored in the form of electricity in
batteries. Using renewable energies from lignocellulose and wind/solar will provide a
gateway to a sustainable society. However, tapping into these renewable energies is not an
easy task. Lignocellulose has a lot of oxygen atoms, which makes them reactive and
corrosive. As a result, we need to activate these oxygen atoms with Lewis acid catalysts to
upgrade them into high-value chemicals [5-7]. Common Lewis acid catalysts for
conversion of biomass and biomass-derived compounds include transition metal oxide
(RuO2, MoOs, Al203) [8, 9], porous inorganic materials (modified zeolites, and metal-
organic framework) [10-12]. Similarly, although conventional lithium-based batteries,
such as lithium-ion and lithium metal batteries, have been used in consumer electronics
and electric vehicles, lithium is highly reactive with organic electrolytes, potentially

leading to capacity decay and fire/explosions.



A major reason for the lack of safety and capacity retention of lithium-based batteries is
the movement of anions in the conventional electrolytes, causing polarization gradient,
undesired Li dendrite growth, capacity fade, and thermal runaway. Coincidently, common
anions in electrolytes contain oxygen atoms. As a result, we can apply Lewis acid catalysts
to control the anion movement and improve the safety and longevity of lithium-based
batteries [13-18]. Therefore, we need to develop Lewis acid catalytic strategies to upgrade
lignocellulose and enhance the performance of lithium-based batteries for a sustainable
future. My thesis focuses on the development of Lewis acidic materials to (1) convert
biomass to chemicals and (2) promote the safety and long-term performance of lithium

metal batteries.
1.2 Background
1.2.1 Background of lignin conversion and its relation to Lewis acid sites

Lignin, a major component of plant biomass, is a potential renewable source of phenolics
[19]. Lignin consists of three lignol monomers, p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S), derived from p-coumaryl, coniferyl, and sinapyl alcohols [20]. These lignols
are linked together by Cg-O-4 bonds (C-O bonds) and C-C bonds (i.e., B-5, and B-p). The
lignol’s C-O bonds are the most abundant (~ 40-60% of total lignin bonds) [21, 22].
Therefore, to use lignin for chemicals, it is necessary to beak the abundant Cg-O-4 linkages
to release phenolics. Acid-catalyzed conversion of the lignin to phenolics/aromatics is a
promising approach. Mineral acids such as H2SO4 [23], H3PO4 [24] are well-known acid
catalysts for lignin depolymerization. However, they are corrosive and hard to recycle [25].
Heterogeneous solid acid catalysts, such as zeolites ( ZSM-5, H-MOR, H-Beta) [26, 27],
and metal catalysts, such as Ru/C, Ni/C, Pd/C, Pd/Al,O3, CuMgOyx, NiRu, and
CuCr204-CuO, have been studied to break the Cg-O bonds of lignin [28, 29]. However,
these solid acid catalysts deactivated quickly due to coke formation [30]. Therefore, we

need to develop efficient catalytic systems to maximize the yield of phenolics from lignin.
1.2.2 Background on oxygen vacancies as Lewis acid catalysts

Transition metal oxides (TMOSs) are promising catalyst candidates [31, 32]. Reduced metal

oxides generate oxygen vacancies, which act as Lewis acid sites to activate oxygen atoms



of the lignin and facilitate selective cleavage of the C-O bonds [33]. However, the effect
of oxygen vacancy contents on the C-O cleavage remained unknown. Therefore,
understanding the extent of oxygen vacancies of transition metal oxide catalysts to the C-
O cleavage will aid in the efficient depolymerization of lignin.

1.2.3 Background on metal-organic frameworks as Lewis acid catalysts

Metal-organic frameworks (MOFs) are porous materials with exceptional chemical and
structural tunability. MOFs are synthesized by connecting metal clusters with organic
linkers. Due to the high surface area and porous nature, MOFs have been extensively
studied for gas adsorption, gas sensor development [34-36], catalysis, and energy storage
[37]. The interconnected pores of MOFs enabled the diffusion of ions [38]. MOFs’ defects
(Lewis acidic sites) can interact with anions through Lewis acid-base interaction and
anchor them [39].

Additionally, by size confinement of MOFs’ pore, anion can also get trapped inside
the pore, thus improving Li-ion mobility [40]. Despite their potential, the use of MOFs for
battery applications is still in its infancy. Clearly, further studies are needed to understand
the effect of Lewis acidic MOFs on the improved safety and cycling stability of lithium-

based batteries.

1.2.4 Background on lithium-metal batteries

The rechargeable lithium metal batteries are key components of consumer electronics and
electric vehicles. Lithium metal batteries' safety and long cycle life are desired traits [41,
42]. However, reactive lithium ions and anion gradient in conventional electrolytes cause
non-uniform lithium deposition onto the electrode, leading to undesired Li dendrite growth,
capacity fade, thermal runaway, and fire/explosion [43]. The ability to control the anion
movement in electrolytes can improve safety and capacity retention over prolonged

charge/discharge cycles.



CHAPTER 2

CATALYTIC ISOMERIZATION OF THE DIHYDROXYACETONE TO LACTIC
ACID BY HEAT TREATED ZEOLITES!

L/
¢ o) Lewis acid " =
_>l O il
R o Mo —s /\f o
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@m " @
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ratic Thermal Treatment Tt

Figure 1. Graphical abstract of catalytic Isomerization of dihydroxyacetone to lactic acid
by heat treated zeolites

1. Introduction:

Production of biofuels and bioproducts from lignocellulosic biomass has the potential
to mitigate CO> emissions and contribute to a sustainable economy [44, 45]. Lactic acid

(LA, 2-hydroxypropanoic acid) is an important lignocellulose-derived precursor for the

! This chapter is published in Applied Catalysis A: General (Hossain et al., 2021, Appl. Catal. A:
Gen.V.611, 5 February 2021, 117979)



production of food, chemicals, cosmetics, pharmaceuticals, and biodegradable plastics
[46]. A rising market for lactic acid is in the production of biodegradable poly (lactic acid)
[47-49]. Poly(lactic acid) has many applications, such as in sutures apparel, carpet, and
food containers [50]. Moreover, lactic acid can be used for the synthesis of green solvents
(lactate esters) [51].

Lactic acid is currently produced by bacterial fermentation of sugars and/or glycerol as
feedstocks. The advantage of fermentation is its high selectivity toward lactic acid. Its
major drawback is slow kinetics; adequate yield can require up to 3-6 days [52, 53]. The
chemical pathway is a faster route to the production of LA using glucose, fructose, and
glycerol as feedstocks. Glucose/fructose undergoes retro-aldol to dihydroxyacetone,
whereas glycerol undergoes oxidation to dihydroxyacetone. It is generally accepted that
dihydroxyacetone undergoes a cascade reaction of (1) dihydroxyacetone dehydration to
pyruvaldehyde and (2) subsequent pyruvaldehyde hydration to lactic acid using acid
catalysts (Fig. 2) [54, 55].

OH
o

lT — 0 ——> o

OH OH

Hc:l\/l\p.-,u Pyruvaldehyde Lactic acid

Glyceraldehyde

Figure 2. Scheme of chemical pathway for lactic acid production.

Homogeneous catalysts, such as mineral acids (HCI, H.SO4, and H3PQOa) [54, 55]
and Lewis acid salts (AICIz and CrCl3) [55, 56] are active catalysts for dihydroxyacetone
isomerization to lactic acid. However, homogeneous catalysts have the classic problem of
requiring catalyst separation and product purification. Therefore, it is greatly desirable to

develop highly selective solid acid catalysts for dihydroxyacetone isomerization to lactic



acid. Zeolites are commonly used as solid acid catalysts in the chemical and petroleum
industries [57-59]. Their heat stability, shape selectivity, and tunable acidity make zeolites
versatile in many acid-catalyzed reactions, such as aromatization of alkenes [60-62],
esterification [63-68], alkylation [69-71], and isomerization [69, 72-74]. Among all
zeolites studied for dihydroxyacetone isomerization to lactic acid, Sn-containing zeolites
showed higher selectivity toward lactic acid [75-77]. However, despite their high
selectivity, the commercial-scale production of Sn-containing [B-zeolites is challenging
because of a complicated synthesis procedure; this condition has slowed adoption of Sn-
containing B-zeolites in industrial applications [78]. Clearly, industry needs additional

simple, yet efficient, heterogeneous catalysts with high lactic acid selectivity.

Investigators have found that heat treatment of zeolites enhanced the activity of their Lewis
acids (LAS) and improved paraffin conversion [79], hexane conversion [80], and methane
aromatization [81]. The major reason for activity enhancement was the formation of extra-
framework aluminum (EFAL) species by dehydroxylation of the Bragnsted acid sites (BAS)
of the parental zeolites [82]. These aluminum species of EFAL occur in various forms,
such as AI¥*, AI(OH)2*, AI(OH)?*, AI(OH)2, AIO(OH) and Al.Os, exhibiting the Lewis
acid sites (LAS) [82, 83]. Heat treatment to generate LAS within zeolites is commercially
accessible. However, there is poor understanding of the function of LAS generated from
heat treatment and BAS of zeolites for DHA isomerization to LA in water.

Here we show the tunable LAS density of heat treated ZSM-5 catalysts (15 Si/Al ratio)
and their activity in dihydroxyacetone isomerization to lactic acid in water. Heat treatment
of ZSM-5 in the range of 700-900°C created EFAL with AI** Lewis acid sites. The
generation of LAS was confirmed by X-ray diffraction, Fourier Transform Infrared
Spectroscopy, N2 adsorption/desorption, and Diffuse Reflectance Infrared Fourier
Transform Spectroscopy with adsorbed pyridine. The enhancement in lactic acid
selectivity by high-temperature treatment of ZSM-5 implied that the LAS were responsible

for the dihydroxyacetone isomerization to lactic acid.



2. Material and Methods:

2.1.  Materials. All chemicals were used as received unless otherwise noted. Their CAS
numbers, purity, and manufacturers are listed in Table S1. ZSM-5 (15 Si/Al ratio) was
obtained from Zeolyst® International (Conshohocken, PA, USA).

2.2.Catalyst preparation

The modified catalysts were prepared by heating ZSM-5 in air at 500, 700, and 900°C
in a tube furnace. In short, the ZSM-5 samples were placed in the ceramic boat. The
temperature was raised at a rate of 5°C/min and held isothermally for 10 h [84]. The
samples were cooled to ambient temperature and stored in a desiccator. The heat treated
ZSM-5 catalysts at 500, 700, and 900°C were referred to as Z-500, Z-700 and Z-900. The
Z-900 catalyst was washed with 0.1 M HCI at 65°C for 6 h to remove the extra framework
alumina [78]. The acid-washed sample was denoted as Z-900-AW.

2.3.Dihydroxyacetone isomerization to lactic acid and product analysis

Dihydroxyacetone isomerization was performed in 15 mL glass vials in an oil bath. In
short, ~60 mg dihydroxyacetone (0.67 mmol) was dissolved in 4 mL deionized water.
Approximately 20 mg catalyst was added to the pressure vial, which was sealed and stirred
at 140°C for varying reaction times. The reaction product was analyzed with an Agilent
High-Pressure Liquid Chromatography (HPLC, Santa Clara, CA, USA) equipped with a
diode-array detector (DAD) and refractive index detector (RID). The reactants,
intermediates, and products were separated by a Bio-rad® Aminex 87H column with 4 mM
H2S04 as the mobile phase. The dihydroxyacetone conversion, product yield, and product

selectivity were calculated as follows:

. , Dihydroxyacetone reacted (mol)
Dihydroxyacetone conversion (%)= ————— x100
Initial dihydroxyacetone (mol)

Product yield (%)= Product formed (mol) 100
rocue yie " Initial dihydroxyacetone (mol)




Product selectivity (%)= Product yield (%) <100
roguet selectivity 176 Dihydroxyacetone conversion (%)

2.4.Characterization of catalysts

Infrared spectra of the zeolites were recorded on a JASCO-4700 Fourier transform
infrared (FTIR) spectrometer (Easton, MD, USA), equipped with an attenuated total
reflection stage (ATR, Pike Technologies, Madison, W1, USA). The surface area and pore
volume of zeolites were measured using N> adsorption/desorption by a Tristar
Micromeritics (Norcross, GA, USA) instrument. Prior to the measurement, the samples
were pretreated at 160 °C for 2 h with a Micromeritics FlowPrep and sample degasser. The
surface area and pore volume of catalysts were determined by N2 adsorption/desorption
using the Brunauer—Emmett—Teller (BET) [85] and Barrett—Joyner—Halenda (BJH)
equations [86]. X-ray diffraction (XRD) analysis of samples was conducted on a Bruker
D8 Discover diffractometer (Billerica, MA, USA) using CuK, radiation and 26 ranging
from 10° to 60° with 0.2 second/step and 0.02 °/step. The Bransted acid site (BAS) density
of the catalysts was quantified by temperature-programmed desorption-thermal
gravimetric analysis (TPD-TGA) using n-propylamine as a probe molecule [87]. In short,
catalysts were exposed to saturated n-propylamine at 50°C for 12h. The resulting samples
were pretreated at 100°C for 1h under N2 flow (100 cc/min) to remove the physisorbed n-
propylamine. Then, the temperature was increased at a rate of 10°C/min to a maximum of
500°C.

To examine the acid properties, Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS) with adsorbed pyridine was performed on all catalysts using the
JASCO-4700 FTIR spectrometer, equipped with a PIKE DiffuselR® cell. In short, all
samples were first dehydrated at 150°C for 4h to remove physisorbed water.
Approximately 5 mg catalysts were positioned in the aluminum sample cup and exposed
to saturated pyridine vapors by flowing 50 cc/min N2 for 30 min. Then, the physisorbed
pyridine was removed at 150°C under N2 for 30 min. The samples were heated under 50
cc/min N2. The DRIFT spectra were recorded with a resolution of 4 cm™ from 4000—1000

cm ! for 256 scans. The DRIFT spectra of adsorbed pyridine showed three distinct bands



between 1600-1400cm™. The DRIFT bands at 1545 and 1445 cm™* were assigned to the
pyridine coordinated with Brgnsted and Lewis acid sites, respectively [84, 88]. The Lewis
acid/Brgnsted acid (LAS/BAS) ratio was determined from the ratio of intensities (integrals
of peak areas) of the DRIFT bands at 1450 and 1545 cm™ [89].

Spent catalysts were analyzed by thermogravimetric analysis (TGA) under N2 flow
(200 cc/min) ramping from 50 to 700°C. TGA and differential TGA profiles were used to
determine the weight loss of catalysts. Weight loss up to 250°C was attributed to
physisorbed water, and the weight loss between 250-700°C was attributed to the

carbonaceous coke on the spent catalysts [90].

3. Results & Discussion
Results

We studied the effect of heat treatment of ZSM-5 zeolites (Si/Al =15) for
dihydroxyacetone (DHA) isomerization to lactic acid in a batch reactor. We performed
heat pretreatment of ZSM-5 at 500, 700 and 900°C. We refer to the treated zeolites as Z-
500, Z-700, and Z-900. We selected ZSM-5 with a Si/Al ratio of 15 because it had moderate
acid sites, which made it possible to observe changes in acid sites after heat treatment.
Then, we characterized the zeolites for changes in chemical structure and acidity, and we

determined how the changes affected dihydroxyacetone isomerization to lactic acid.

Changes in chemical structure and acid properties of ZSM-5 catalysts after heat

treatment

To measure the effects of heat treatment on the chemical structure of ZSM-5
catalysts, first, we characterized ZSM-5 by XRD and FTIR. The major XRD peaks of all
ZSM-5 catalysts were similar and consistent with reported spectra [84, 91]. Thus, the
crystal structure of ZSM-5 was preserved after heat treatment (Fig. S1). An increase in
treatment temperature from 500 to 900°C caused a right-shift of (051) peak (26 = 23.1°)
(Fig. 3A). This shift of (051) peak with increasing temperature indicated a shortening of
Si-O-Si bond length and contraction of the unit cells due to the reversible monoclinic to



orthorhombic phase transition [92]. We further characterized these catalysts by FTIR to
confirm the shortening of Si-O-Si bond length. One of the characteristic peaks of the ZSM-
5 is its 1055 cm™ band, assigned to the internal vibration of Si, AlO, tetrahedra (Fig. 3B).
Following heat treatment, the internal vibration peak shifted toward the higher
wavenumber because of an increase in Si-O bonds in relation to Al-O bonds [93]. The up-
shift of 1050 cm™ band corroborated our XRD results.
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Figure 3. XRD (A) and FTIR (B) spectra of modified ZSM-5 at different treatment

temperatures.

Next, we performed N. adsorption/desorption on our catalysts to quantify changes
in surface area and pore volume after heat treatments. We calculated BET surface area and
BJH pore volume from the N2 adsorption/desorption isotherms (Fig. S2). The surface area
and pore volume of the heat-treated catalysts increased slightly with increasing temperature
(Table 1).

To examine changes in acid site type and density due to the heat treatment, we
performed TPD-TGA with adsorbed n-propylamine and DRIFTS with adsorbed pyridine
on our catalysts. TPD-TGA profiles of heat-treated zeolites showed a progressive decrease
in the strong acid site (>250°C). We calculated the BAS density. The Z-500 catalyst had
0.55 mmol amine/g catalyst, in agreement with the reported value [94]. The BAS of the

modified catalysts decreased with increasing temperature (Table 1). The DRIFT spectra of
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adsorbed pyridine enabled determination of LAS/BAS ratio (Fig. S3B and Table 1). An

increase in temperature increased LAS/BAS ratio.

Table 1. Physical properties and acid densities of catalysts.

BET surf o | Brensted acid L ASE
surface Pore volume
Catalyst density (BAS)? LAS/BAS®

area (m?/g)  (cm®/g) (umol/g)

(umol/g)

Z-500 402 0.20 550 0.08 42
Z-700 464 0.25 410 0.14 56
Z-900 485 0.23 110 0.58 64
Z-900AW 488 0.27 60 0.05 3

2 measured by TGA-TPD with 2-propylamine, ® measured by DRIFTS with adsorbed pyridine,
¢ calculated using BAS and LAS/BAS

We observed a slight increase in LAS. Hoff et al. showed that an increase in
temperature of ZSM-5 from 550 to 900°C decreased BAS by 4.0-fold and increased
LAS/BAS ratio by 2.5-fold. In theory, zeolites have both BAS and LAS. BAS are derived
from the hydrogen atoms of the zeolite framework [95]. Upon heat treatment, the zeolite
framework undergoes dehydroxylation, which generates extra framework aluminum
(EFAL). The resulting EFAL species are in various forms, such as oxoaluminum cations
(AlO*, AI(OH).*, and AIOH?"), neutral species (AIOOH and Al(OH)s3), and/or alumina
cluster inside the supercage zeolites [96]. As a result, the BAS of the zeolites after heat
treatment decreased and the LAS/BAS ratio increased. These results corroborated our
findings and suggested that we could increase LAS density by heat treatment. As measured
by TPD-TGA, we determined that an increase in treatment temperature caused a slight
increase in LAS. In sum, the heat treatment generated the Lewis acid sites in the form of
EFAL and decreased the Brensted acid sites.
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Catalytic performance of the heat treated ZSM-5 on the dihydroxyacetone isomerization

To examine the performance of the modified -catalysts, we performed
dihydroxyacetone isomerization at 140°C. Dihydroxyacetone conversion progressively
increased over time and reached >90% by 6h in all cases (Fig. 4A). Pyruvaldehyde and
lactic acid were major products of this reaction. We observed a small amount of
glyceraldehyde in the presence of catalysts, which suggested that dihydroxyacetone
isomerization to glyceraldehyde occurred in the presence of these catalysts. As a control,
the blank experiment (no added catalyst) showed that dihydroxyacetone conversion
increased over time and reached >90% by 6h. We observed a gradual increase in
pyruvaldehyde yield with a maximum of 32% by 6h. However, we did not observe lactic
acid in the blank. Takagaki et al. [97] also showed that, in the absence of catalysts,
dihydroxyacetone was converted to pyruvaldehyde, a finding that corroborates our

observations.

Interestingly, with added catalysts, dihydroxyacetone conversion profiles were
similar to the blank experiment. This phenomenon suggested that dihydroxyacetone
conversion was a thermal reaction. With catalysts, the yield of PA increased and reached
the maximum at about 2h, then progressively decreased along with an increase in lactic
acid yield. These results suggested that pyruvaldehyde was an intermediate product of
dihydroxyacetone isomerization to lactic acid. This volcanic behavior of pyruvaldehyde
over time was similar to the reported trend [98, 99]. An increase in treatment temperature
enhanced the selectivity of catalysts toward lactic acid. Z-900 had the highest lactic acid
yield of 50% after 6h compared with 39% for Z-700 and 21% for Z-500. The increasing
trend of lactic acid yield matched a corresponding increase in the LAS density of the
catalysts (Table 1). By plotting the yields of lactic acid and pyruvaldehyde with respect to
LAS density, we observed that PA formation was relatively insensitive to the LAS density
(Fig. 4B). However, an increase in LAS density enhanced the formation of lactic acid. We
hypothesized that dihydroxyacetone dehydration was a thermal reaction. To test this
hypothesis, we performed dihydroxyacetone isomerization in water at 90, 120, and 140°C
(Fig. S4). We observed pyruvaldehyde as the only reaction product. At 90°C, the reaction

mixture was clear, and we observed only a slight dihydroxyacetone conversion (<8%) after
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6h. At 120°C, the pyruvaldehyde yield progressively increased and reached 29% at 69%
dihydroxyacetone conversion (42% pyruvaldehyde selectivity) after 6h. Moreover, the
reaction mixture was homogenous and light brown, which suggested formation of
pyruvaldehyde (pyruvaldehyde is yellow/brown). Similarly, at 140°C, the pyruvaldehyde
yield increased over time and reached 43% at 85% dihydroxyacetone conversion (51%
pyruvaldehyde selectivity) at 6h.
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Figure 4. Product evolution of the dihydroxyacetone isomerization by modified ZSM-5
(A). Relationship between yields of lactic acid and pyruvaldehyde at 6 h as a function of
LAS density (B). Reaction condition. 60 mg dihydroxyacetone, 20 mg catalyst, 4 g H20
at 140 -C. DHA = dihydroxyacetone, GA = glyceraldehyde, PA = pyruvaldehyde, and LA
= lactic acid.

The reaction mixture became dark-brown, which suggested a higher amount of
pyruvaldehyde formed compared with reaction at 120°C. In addition, after 3h, we observed
black particles suspended in the reaction mixture, which indicated formation of coke (Fig.

S4 inset). These results showed that dihydroxyacetone dehydration to pyruvaldehyde
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occurred more readily without added catalysts at temperature >120°C. However, as the
temperature rose to 140°C, degradation of pyruvaldehyde became favorable. Our findings
agreed with those of West et al. who observed that pyruvaldehyde degradation was
favorable at high temperature (>115°C) [100]. These results supported our hypothesis that
the dihydroxyacetone dehydration to pyruvaldehyde was driven by the reaction
temperature, and LAS was needed to convert pyruvaldehyde to lactic acid. In addition, our
results suggested that LAS were active sites for pyruvaldehyde rehydration, in agreement
with previous studies [101, 102].

Pyruvaldehyde rehydration by heat treated ZSM-5

To decouple the activities of the catalysts in dihydroxyacetone dehydration and
pyruvaldehyde rehydration, we used pyruvaldehyde as a reactant. Our blank experiment
showed a progressive increased pyruvaldehyde conversion with no observable lactic acid
yield, which suggested that pyruvaldehyde thermally decomposed over time (Fig. 5). Z-
900 gave the highest lactic acid yield of 50% after 6h. Interestingly, the lactic acid yield
profiles of Z-500 (low LAS) and Z-900 (high LAS) with pyruvaldehyde as a reactant were
similar to the yield profiles with dihydroxyacetone as a reactant (Fig. 4). These results
suggested that dihydroxyacetone dehydration to pyruvaldehyde was a thermal reaction,
whereas pyruvaldehyde rehydration to lactic acid was acid-catalyzed. Importantly, the LAS

density controlled the pyruvaldehyde rehydration activity.

To further confirm the importance of LAS for pyruvaldehyde rehydration, we
performed pyruvaldehyde rehydration with the acid-washed Z-900 (Z-900AW). Acid
washing removed the EFAL species, sources of LAS, without modifying the porous
properties of zeolites [103]. The Z-900AW catalyst showed a weak DRIFT band of
adsorbed pyridine (1145 cm™) (Fig. S5), which suggested that most LAS of Z-900AW
were removed after acid-wash. The pyruvaldehyde conversion and lactic acid yield profiles
of Z-900AW were similar to the profiles of Z-500.
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Figure 5. Product evolution of pyruvaldehyde rehydration by modified ZSM-5. Reaction
condition. 60 mg pyruvaldehyde, 20 mg catalyst, 4 g H20 at 140 -C

We further characterized spent catalysts by thermal gravimetric analysis (TGA) and
differential thermogravimetry (DTG) to determine their deactivation mechanism related to
acid site characteristics. Based on the TGA and DTG profiles, we observed the final weight
loss in the order of Z-500 > Z-700 > Z-900. These weight loss values from spent catalysts
were attributed to the formation of unwanted carbonaceous deposits, i.e., coke. These
results suggested that Z-500 formed the highest amount of coke. This order was consistent
with the abundance of BAS (Fig. 6B). These results indicated that BAS was responsible

for the formation of coke.

To determine the stability of lactic acid, we heated lactic acid at 140°C for 6h
without catalyst (blank) and with catalysts, Z-500 and Z-900. Lactic acid conversion was
<10% in all cases (Fig. S6); thus, lactic acid was thermally stable under this experimental
condition. Moreover, these results suggested that the catalysts did not cause side reactions

with lactic acid.
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Discussion

We investigated a heat treatment strategy to generate active Lewis acid sites (LAS)
within ZSM-5. These LAS were active sites for dihydroxyacetone isomerization in water.
The dihydroxyacetone isomerization reaction is a cascade of (1) dihydroxyacetone
dehydration to pyruvaldehyde, followed by (2) pyruvaldehyde rehydration to lactic acid.
Specifically, our results demonstrated that the dihydroxyacetone dehydration step was
driven by reaction temperature, and the LAS were needed for pyruvaldehyde rehydration
to lactic acid. Previously, little was known about the activities of the different acid sites in

the reaction.

One of our most significant findings was that the high temperature treatment drove
the modified ZSM-5 toward a high lactic acid selectivity. The heat treated ZSM-5 had a
high LAS density. The dihydroxyacetone dehydration to pyruvaldehyde was a thermal
reaction and pyruvaldehyde was formed readily at 140°C, whereas LAS were needed to
convert the resulting pyruvaldehyde to lactic acid. Moreover, the amount of LAS was
consistent with the order of the catalytic performance, which suggested that the LAS were
the active sites for pyruvaldehyde rehydration. Dapsens et al. [78] showed that an increase
in LAS density by desilication of MFI zeolites enhanced the lactic acid selectivity of

dihydroxyacetone conversion at 140°C for 6h. After acid washing, the LAS density of the
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desilicated MFI decreased, resulting in a decrease in the lactic acid. Takagaki et al. [97]
used supported chromium and titanium oxide catalysts with varying compositions to
generate catalysts with various LAS/BAS ratios for dihydroxyacetone conversion. They
found that catalysts with a high LAS were more selective toward LA than those with low

LAS. Our results agree with the findings of Dapsens et al. [78] and Takagaki et al. [97]

Another significant finding was that BAS did not have any activity in
dihydroxyacetone isomerization. Moreover, the presence of BAS caused unwanted coke
formation from pyruvaldehyde decomposition under our experimental condition (140°C).
The spent catalyst with high BAS (Z-500) had more coke compared to catalysts treated at
900°C (Z-900). Takagaki et al. [97] showed that the presence of BAS in catalysts lowered
the LA selectivity, results that corroborate our findings. Similarly, Nakajima et al. [101]
used a Bronsted acid catalyst, H>SOs, for dihydroxyacetone isomerization and
pyruvaldehyde rehydration. They did not observe any lactic acid yield at 100°C, a further
confirmation of our findings. In comparing blank controls of dihydroxyacetone
isomerization and pyruvaldehyde rehydration, we found that the blank control of
dihydroxyacetone isomerization produced pyruvaldehyde as the only product, whereas the
blank control of pyruvaldehyde rehydration did not produce any observable products.
These results suggested that dihydroxyacetone dehydration to pyruvaldehyde was a
thermal conversion and LAS was needed to convert pyruvaldehyde to lactic acid.
Considering together the effects of reaction temperature, LAS, and BAS, we propose the
chemical pathway of the modified ZSM-5 for dihydroxyacetone isomerization shown in
Fig. 7. Dihydroxyacetone dehydration to pyruvaldehyde proceeded with reaction
temperature (140°C). The LAS generated within modified ZSM-5 was responsible for the

selective dihydroxyacetone isomerization to lactic acid.
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We summarized the performance of selected catalysts for dihydroxyacetone
isomerization. West et al. compared the catalytic performance of different zeolites with
different Si/Al ratios. They found that all zeolites were active in dihydroxyacetone
isomerization, and the LA selectivity was in the following order: H-USY (Si/Al = 6) > H-
B (Si/Al=12.5) > H-MOR (Si/Al = 10) > H-ZSM-5 (Si/Al = 11.5). Moreover, the zeolite
with a low Si/Al ratio was more selective to lactic acid, and H-USY (Si/Al =6) was the
most selective to lactic acid (71% lactic acid selectivity) (Table S2). Although these
zeolites were active for dihydroxyacetone isomerization, their catalytic performance was
still inferior to the Sn-based catalysts (Sn-containing (-zeolites [104, 105] and Sn-
containing silica [106]) with a high selectivity (>90%) to lactic acid at a full conversion
(Table S3). Two major limitations of using Sn-based catalysts are (1) a long and

complicated synthesis [78], and (2) a scarcity of tin [107].

Clear advantages of this heat treatment approach are (1) the applicability to
commercially available ZSM-5, and (2) the ability to control the LAS and BAS densities
of ZSM-5 is a superior property compared with the active Sn-containing catalysts for
dihydroxyacetone isomerization. Moreover, this strategy can be used for other acid-
catalyzed reactions, such as dehydration [108], esterification [109], isomerization [110],
etherification [111], and cascade reactions in which both LAS and BAS are needed, such
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as hydroxymethylfurfural production from cellulose [112, 113]. The proximity of EFAL
and Brensted acid sites can lead to enhance catalytic activity of alkane cracking [114, 115].
The enhancement of catalytic activity depends on the EFAL properties, such as proximity
of EFAL concentration, speciation, location in the framework, distribution, and proximity
of Bronsted acid sites [116]. Our work could be extended by identifying the EFAL features
using 2°Si and %’Al magic angle spinning nuclear magnetic resonance (MAS-NMR)
spectroscopy in combination with density functional theory calculations [117, 118] and
correlating the results of MAS-NMR and density functional theory with catalytic activity.
This information will be important for the development of a cost-effective and sustainable
catalytic process for lactic acid production from biomass. In addition, the recyclability and
change in mechanical property after catalyst recycling should be assessed to ensure long
catalyst lifetime.

Conclusion

We investigated dihydroxyacetone isomerization in water using heat treated ZSM-
5. The treatment at elevated temperature increased the Lewis acid sites density and
decreased Brognsted acid site density of modified ZSM-5, which promoted high lactic acid
selectivity in water. Dihydroxyacetone isomerization to lactic acid is a cascade of
dehydration to pyruvaldehyde, followed by pyruvaldehyde rehydration to lactic acid. We
demonstrated that dihydroxyacetone dehydration to pyruvaldehyde readily occurred at
140°C and reached 50% lactic acid yield after 6h using heat treated ZSM-5 at 900°C. The
high LAS density of heat treated ZSM-5 was responsible for the pyruvaldehyde
rehydration. This heat treatment strategy offers a new basis to tune LAS density for

biomass processing reactions, including isomerization, dehydration, and esterification.
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Supporting Information Chapter 2

Catalytic Isomerization of dihydroxyacetone to lactic acid by heat treated zeolites

Table S1. List of chemicals/reagents used in this study
Material/Chem Suppli Purity CAS
ical er Number
ZSM-5 Zeolyst® International (Conshohocken, PA, - -
USA)
Dihydroxyaceto | Oakwood Chemical (Estil, SC, USA) 95 96-26-4
ne %
Pyruvaldehyde | VWR International (Radnor, PA, USA) 40 78-98-8
%
Lactic acid VWR International (Radnor, PA, USA) 88 79-33-4
%
Spectrum Chemical MFG Corp (New
Glyceraldehyde BFr)unswick, NJ,USA) P 92.3% 56-82-6
H2S04 VWR International (Radnor, PA, USA) 98 7664-93-9
%
n-propylamine | VWR International (Radnor, PA, USA) >99% 107-10-8
Pyridine Chem-Impex International (Wood Dale, IL, 99.97% 110-86-1
USA)
. . industrial
N2 gas Welder supplies (Louisville, KY, USA) grade: -
99.999%

Table S2. Catalytic performance of selected zeolites for dihydroxyacetone isomerization to lactic

acid
Entr | Catalyst Si/Al Condition Conversio | Lactic acid | Selectivit| Ref.
y ratio n (mol %) | yield (mol | y (mol%)
%)
1 Modified ZSM-5| 15 140 °C, 6 h, in H20| 96 50 52 This
study
2 H-USY 6 99 71 72
3 30 99 47 47 [119]
4 H-beta 12.5 125°C, 24 h, in 99 63 64
6 19 H20 99 37 37
7 H-ZSM-5 11.5 99 32 32
8 20 99 22 22
9 H-MOR 10 99 39 39
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Table S3. Catalytic performance of selected solid catalysts for dihydroxyacetone isomerization to lactic acid

Entry | Catalyst Condition Conversio | Lactic acid Selectivity | Ref.
n (mol %) | yield (mol %)| (mol%)
1 Modified ZSM-5 140 °C, 6 h, in H20 96 50 52 This
study

2 Pb-Sn-containing B-zeolites | 190 °C, 2 h, in H20 99 52 52 [120]

3 Sn-containing Y-zeolites 80 °C, 5 h, in H20 99 89 90 [104]
Sn-containing B-zeolites 125 °C, 24 h, in H20 100 90 90 [121]

4 NbPOa 150 °C, 6 h, in H20 90 42 47 [122]

5 Silica modified tin(iv) 140 °C, 5 h, in H20 100 94 94 [123]
phosphates

6 Cr-Ti oxides/SiO2 130 °C, 5 h, in H20 100 80 80 [124]

7 H-USY-6 (Si/Al = 6) 99 71 72

8 H-beta (Si/Al = 12.5) 125 °C, 24 h, in H20 99 63 64 [119]

9 H-USY-30 (Si/Al = 30) 99 47 47

aContinuous process

Figure S1. XRD spectra of the modified ZSM-5 at diffferetn treatment temperature.
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Figure S2. N, adsorption/desorption isotherm of the modified XSM-5 catalyst.
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Figure S3. TGA Profile of the ZSM-5 with adsorbed n-propylamine (A) and FTIR spectra
of the adsorbed pyridine (Py) on modified ZSM-5 (B)

22



—@— DHA conversion —m— PAyield

100 (A)90°C (B) 120°C (C) 140°C
—~ 80 -
&
=)
2 60 -
=
c
o
240
()]
=
o
(@] 20 -

a—=n
0 ._.é T i T T 1 . T T
0 2 4 6 0 2 4 6 0 2 4 6

Time (h)

Figure S4. Product evolution of dihydroxyacetone isomerization without added catalysts
at 90, 120, and 140 °C. Reaction condition. 60 mg dihydroxyacetone, 4 g H20. DHA =
dihydroxyacetone, PA = pyruvaldehyde
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CHAPTER 3

CATALYTIC CLEAVAGE OF THE B-O-4 ARYL ETHER BOND OF LIGNIN

MODEL COMPOUNDS BY Ru/C CATALYST 2

@0’\/@
No Self-hydrogen

° OH @NO’\/©
B-O-4 aryl \)@
ether bonds @

Self-hydrogen C_-OH @
OH

OO 5

Self-hydrogen
C_-OH groups

Figure 1. Graphical abstract of catalytic cleavage of the B-O-4 aryl ether bonds of lignin
model compounds by Ru/C catalyst

Introduction.

Aliphatic and aromatic hydroxyl groups [125]. These linkages and functional
groups make lignin a stiff and rigid structure, giving plants strength and protecting them
rom external disturbances such as insects, disease, and weather. This rigid structure of

lignin is another reason why it is difficult to break lignin into aromatic monomers.

2 This chapter is published in Applied Catalysis A: General (Hossain et al., 2019, Appl. Catal. A: Gen., V.

582, 25 July 2019, 117100
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To release renewable aromatic monomers, investigators have used hydrogenolysis
by metal catalysts, such as Ru/C, Ni/C, Pd/C, Pd/Al,O3, CuMgOyx, NiRu, and
CuCr204-CuO, to break the abundant Cg-O bonds of lignin [126-137]. Typically, a high H
pressure (> 10 bar) is required for hydrogenolysis [133, 138, 139]; however, the high H>
pressure causes undesired side reactions of over-hydrogenating the aromatic rings,
cracking, and coke formation [138]. Moreover, the hydrogen sources are not naturally
available and renewable, making H>-mediated hydrogenolysis uneconomic on a large scale
[140, 141]. To minimize the effect of side reactions, the industry requires hydrogen-lean

or hydrogen-free catalytic systems.

Oxophilic metals, such as ruthenium (Ru), have partially filled d-bands. The
oxophilicity of Ru enables strong interaction with oxygen atoms in the adsorbates,
resulting in the direct cleavage of C-O bonds [142-144]. Previous studies have shown that
reducible RuO: catalysts have Lewis acid sites that facilitate the hydrodeoxygenation of
furanics in the liquid phase[145, 146]. Supported Ru catalysts have been applied to the
hydrogenolysis of lignin and its model compounds [147, 148], the effect of Ru and RuO:
on the hydrogenolysis and hydrodeoxygenation of lignin is not well understood. The partial
oxidation of Ru to RuURuO:- creates a bifunctional catalyst containing: (1) Ru metal sites,
catalyzing hydrogenolysis/hydrogenation; and (2) RuO> Lewis acid sites, facilitating
hydrogenolysis[145]. We hypothesized that the aliphatic -OH groups (C«-OH) of lignin
could serve as internal hydrogen donors; the released hydrogen would break lignin’s Cp-O
bonds without further aromatic ring saturation. We further expected that this
hydrogenolysis reaction would occur with a Ru/C catalyst having an optimal Ru/RuO:

composition.

To test these conjectures, we synthesized Ru/C catalysts with various ratios of
Ru/RuO; and assessed their activities in hydrogenolysis of the Cg-O bond in two lignin
model compounds: 2-phenoxy-1-phenylethanol and 2-phenyl ethyl phenyl ether. The
aliphatic Co-OH group of 2-phenoxy-1-phenylethanol enabled the hydrogenolysis of the
Cp-O bonds in the absence of H>. An increase in Ru content enhanced hydrogenolysis
activity. The elimination of the H, requirement in lignin hydrogenolysis provides a simple

yet efficient approach for lignin conversion to aromatic chemicals.
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Figure 2. An example of truncated (poplar) lignin structure. This lignin model depicts -

O-4 aryl ether bonds as the abundant linkages.

2. Experimental

2.1. Materials
All reagents were used as received. Their manufacturers, purity, and CAS numbers are

shown in Table S1.

2.2. Catalysts pretreatment and characterization

To tailor the catalyst composition, the commercial Ru/C catalyst (parental Ru/C)
was treated in various conditions before catalytic testing. For reduction, the fresh Ru/C
catalyst was reduced in H> flow of 40 cc/min at 250°C for 3h, followed by the 12h
passivation in air, to form the Ru/C-Red catalyst. For oxidation, the fresh Ru/C catalyst
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was oxidized in pure O flow of 40 cc/min at 200°C for 3h to create the Ru/C-Ox catalyst.
The commercial Ru/C and commercial pre-reduced Ru/C catalysts were also used as
references. Descriptions of these Ru/C catalysts and their pretreatment conditions are

summarized in Table S2.

X-ray diffraction (XRD) was performed with a Bruker D8 Discover diffractometer
(Billerica, MA, USA) using CuK, radiation in the 20 range from 20° to 60° with 1
second/step (0.02 increment). H, Temperature-Programmed Reduction (H2-TPR)
experiments were performed with a Micromeritics ChemiSorb 2720 equipped with a
thermal conductivity detector (TCD) (Norcross, GA, USA). About 20-40 mg of sample
was pretreated at 250°C for 1h under He flow to remove adsorbed water. Then, the sample
was cooled to room temperature under He flow. TPR profiles were recorded by heating the
samples from room temperature to 800°C at a heating rate of 10°C/min in the 10.01%
H2/Ar at a flow rate of 40 cc/min. The RuO; content in the Ru/C catalysts was calculated

by the following reaction:
RuO, + 2H, — Ru’ + 2H,0 (Ru**— Ru’)

H> consumption and mole of metallic Ru and RuO2 were calculated using the known H:

(vol.%) as a calibrant as follows:

z:Areaoutlet peaks % mOIecalibrant(mOI)

Areacalibrant masscatalyst(g)

H, consumption (mol H,/g total Ru)=

1
Ru loading (wt.%)

1’IlOleRuo2 (mol) = 1’1’101602: 5 mOIeH2 consumption

nIIOIemetallic Ru (mOD = mOIetotal Ru'm01eRu02

moleg,o, 100

RuO, in total Ru (mol.%) =
moleg,+moleg,o,
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Energy Dispersive X-ray Spectroscopy (EDS) was conducted on the spent Ru/C catalyst
to assess the change in the Ru content after the reaction. EDS was performed on the Thermo
Scientific™ FEI Nova600 FEG Scanning Electron Microscope (SEM) equipped with EDS
(Hillsboro, OR, USA).

2.3. Hydrogenolysis of lignin model compounds

All reactions were performed in a 25 mL autoclave reactor (Parr Instrument,
Moline, IL, USA). The reactant concentrations were 1 wt.% of 2-phenoxy-1-phenylethanol
or 2-phenyl ethyl phenyl ether in ethanol. The catalyst loading was 20 wt.% (~18.9 mg
catalyst) with respect to the reactant (94.68 mg reactant in 12 mL ethanol solution). Prior
to the reaction, the reactor was purged three times with N> to remove O». The reactor was
then pressurized to 8 bar under N2 at room temperature (for consistency). The
hydrogenolysis reaction was performed at 280°C for 4h with a stirring rate of 500 rpm. The
reaction was stopped by quenching in a cold water bath. The reaction sample was
centrifuged to remove any residual solids, then diluted with ethanol prior to the product
analysis. Dodecane was used as an internal standard.

The reactants and products were identified and quantified by the Agilent 7890B GC
(Agilent Technologies, Santa Clara, CA, USA) equipped with Mass spectrometry (MS)
and Flame lonization Detectors (FID). An HP-5MS column (30mx0.25mmx0.25um,
Agilent Technologies, Santa Clara, CA, USA) was used for product separation with the
following temperature program: injection temperature 275°C and FID detector temperature
300°C; split ratio 1:50. The temperature program started at 45°C and increased at 10°C/min
to 250°C, then held for 20 min. Reactant conversion, product selectivity, and specific
activity were calculated using the pre-determined response factors with dodecane as an

internal standard. The calculations are as follows:

_ mole of reactant reacted
Conversion (%) =—— x100%
initial mole of reactant

o mole of product generated
Selectivity (%) = mole of feed reacted *100%
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mole of feed reacted

Specific activity (mmol/(g, *h)) = weight of Ru x fime

2.4. Catalyst stability evaluation

The catalyst stability was examined by conducting catalyst recycling experiments
for four times. After the reaction, the spent catalyst was recovered by filtration and reused
without washing/drying in the next experiment. The reactants and products from each
recycle run were quantified by GC-MS/FID. The Ru content of the spent catalyst from each
recycle run was analyzed by H>-TPR. In separate experiments, the spent catalyst was
sampled with the reaction products after each recycle run into the U-shaped reactors

directly for H>-TPR to minimize the catalyst oxidation in air.

3. Results and Discussion

To examine the effect of metallic Ru and RuO- on the hydrogenolysis of the Cg-O
bonds, we varied the amount of Ru and RuO: by treating the parental Ru/C in various
conditions (Table S2). The commercial pre-reduced Ru/C served as the control. We used
H>-TPR and XRD to determine the amount of RuO: in these four catalysts and identify
their phases, respectively. We correlated changes in Ru content with the hydrogenolysis

activities of the catalysts toward the Cg-O bonds of the lignin model compounds.

3.1. Catalysts pretreatment and their reducibility

The relative Ru and RuO2 content in Ru/C catalyst play an important role in
hydrogenolysis of the Cg-O bonds. We first used the H>-TPR technique to determine the
amount of Ru and RuO: in the four catalysts. Using H> as a stoichiometric reductant, we
found that, as the catalyst temperature increased from 50 to 350°C, the reduction profiles
of Ru/C catalysts showed two major reduction peaks. The first reduction peak appeared at
<100°C and the second reduction peak occurred at >100°C (Figure 3). The presence of
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two reduction peaks suggested that ruthenium took different oxidation states while
reducing from Ru** (RuO2) to Ru® (metallic Ru). The H2-TPR profile of the pre-reduced-
Ru/C showed a small reduction peak at 74°C. This reduction peak was observed previously
in Ru/CeO2 and Ru/C catalysts [149]. The commercial Ru/C catalyst (parent) had two
observable reduction peaks at <100°C and >200°C with a shoulder peak at 246°C. The first
reduction peak at low temperature appeared to be broad doublets. Other investigators have
observed doublets with Ru supported on Al203, ZrO2, CeO2, and carbon [143, 149, 150].
Doublets are hypothesized to form because of (1) the strong interaction between Ru species
and the support [149, 151], and (2) the reduction of Ru** to Ru?*, suggesting the formation
of easily reducible surface species. The second reduction peak (>200°C) could be assigned
to the reduction of Ru?* to Ru* or the reduction of Ru?* to Ru® (metallic Ru) [152-157].
After reducing the parental Ru/C in H, the second reduction peak at 205°C and the
shoulder peak at 246°C disappeared (Figure S1) and the H2-TPR profile became similar
to that of pre-reduced Ru/C. This result suggested that this Ho-TPR condition was sufficient
to completely reduce the Ru** to RuC. Then, we allowed this catalyst to passivate in the air
for 12 h to generate partial RuO> phase. We used the term Ru/C-Red to represent this
sample. The Ru/C-Red had a similar H2-TPR profile to that of Ru/C. However, its first
reduction peak was rather broad and the second reduction peak was shifted to a higher
temperature (217°C) compared with that of the parental Ru/C (205°C). Next, we oxidized
the parental Ru/C using O flow at 200°C for 3h to obtain the Ru/C-Ox sample. We
observed a shift of the second reduction peak from 205°C to 135°C, indicating that there
were structural changes in RuO2 from oxidation. The large reduction peak at 135°C on the
Ru/C-Ox resulted from the formation of larger RuO: particle sizes, decreasing the
interaction between supports and RuO> [158-162]. We also used these H>-TPR profiles to

determine the Ru and RuO: content in all catalysts.
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Figure 3. H2-TPR profiles of Ru/C catalyst from different pretreatment conditions.

The Ru content in the Ru/C catalysts, calculated based on the H> consumption, was
in the following order: pre-reduced Ru/C (95.3%) > Ru/C-Red (85.5%) > Ru/C (82.0%) >
Ru/C-Ox (74.7%) (Table S3). The parental Ru/C catalyst had ~82% Ru (metallic) and
~18% RuO>. Ru/C-Red, reduced Ru/C catalyst by H> and passivated in the air to generate
RuO», had a 22% decrease in RuO content. After oxidizing the parental Ru/C, the RuO-
content of the Ru/C-Ox increased ~28% compared to that of parental Ru/C. For Ru/C-Ox,
the carbon support was oxidized during the pretreatment, causing a relative increase in Ru
content per total gram of Ru/C-Ox. We used thermogravimetric analysis of the Ru/C
catalysts, phase identification by XRD spectra, and an estimated amount of RuO; and Ru
content by Ho-TPR to determine the mass percentage of Ru, RuO2, and C (Table S4). These
results indicated that after oxidation, the Ru/C-Ox lost carbon support by ~22 wt.%. These

Ru/C catalysts were used in the hydrogenolysis of the lignin model compounds.
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H>-TPR results confirmed the reducibility of the Ru/C catalysts. They demonstrated
that we could tune the oxidation state of Ru/C under various pretreatment conditions [147].
Our results also illustrated that ruthenium was easily passivated, as shown in the formation
of RuO under the ambient condition. The use of commercial Ru/C catalyst needs to be
with cautions because it can be passivated, affecting the Ru and RuO2 contents. The
catalyst pretreatment conditions affected the grain size and dispersion/agglomeration of Ru
catalysts on supports. For example, the shift of the reduction peak to the lower reduction
temperature of the Ru/C-Ox (compared to that of parental Ru/C) suggested an increase in
the grain size of the RuO2. The change in grain size of catalyst also affects its catalytic
activity [163]. To identify changes in Ru and RuO- phases and grain size of catalysts, we

applied the XRD technique on all catalysts.

3.2. Identification of Ru and RuO:z phases and determination of catalyst grain sizes

XRD spectra of Ru/C catalysts revealed the Ru and RuO> phases and their degrees
of dispersion on the carbon support (Figure 4). The parental Ru/C and pre-reduced Ru/C
catalysts had broad XRD spectra, suggesting that (1) the metallic Ru and RuO2 were highly
dispersed on the carbon, and (2) their grain sizes were small [137]. After the reduction in
H> and passivation, the Ru/C-Red illustrated three XRD peaks, associated with the
presence of metallic Ru at 26 of ~39° for Ru(100), 42° for Ru(002), and 44° for Ru(101)
[157, 164]. The crystallite sizes of the Ru catalysts were calculated from the Debye-
Scherrer equation and the broadening of the main peaks [165]. The mean crystallite size
was ~4.4 nm for Ru(100) and Ru(101). The peak Ru(002) had low intensity, and we did
not calculate its crystallite size. In the case of Ru/C-Ox, we observed sharp XRD peaks
associated with the presence of Ru and RuO». The three XRD diffraction peaks of Ru (100),
(002), and (101) became more pronounced compared with the diffraction peaks from the
Ru/C post-reduction. This increase in peak intensity resulted from (1) the lower content of
the carbon support due to the oxidation of carbon and (2) the sintering of the Ru, which
formed larger Ru aggregates. Our calculation showed that the crystallite size of the Ru was
~19-25 nm. Three XRD peaks of RuO. emerged, corresponding to RuO>(110), RuO>(101),
and RuO2(211) at 20 of 28, 35, and 54° respectively [155-157]. We attributed the
emergence of these RuO2 peaks to (1) the oxidation of the metallic Ru, forming RuO-
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and/or (2) the sintering of the RuO> particles into larger RuO. particles. The crystallite
sizes of RuO; were determined to be ~6-10 nm. The formation of the larger RuO- particles
observed by XRD corroborated the shift of the reduction temperature to lower temperature
in the H2-TPR profile.

Intensity (a.u.)

20 30 40 50 60
2 theta (deg)

Figure 4. XRD patterns of investigated catalysts. Note: metallic Ru (o) and RuO2 (*).

3.3. Catalytic activity of parental Ru/C catalyst in hydrogenolysis of the f-O-4 aryl ether
bond

We tuned the Ru/C catalyst’s oxidation states under various oxidation and reduction
conditions, generating four catalysts, Ru/C, pre-reduced Ru/C, Ru/C-Red and Ru/C-Ox.
Then we characterized these catalysts by H>-TPR to determine the Ru content and probed
for their hydrogenolysis activity on lignin model compounds. To assess the activity of the
Co-hydroxyl (Co-OH) group on the hydrogenolysis of the Cg-O bond, we first tested the
parental Ru/C on 2-phenethyl phenyl ether (1a) and 2-phenoxy-1-phenylethanol (1b) under
N>. The parental Ru/C was not active for hydrogenolysis of 2-phenethyl phenyl ether (1a),
whereas it promoted 52.5% conversion on 2-phenoxy-1-phenylethanol (1b) (Table 1).
Ethylbenzene (2) and phenol (4) were major reaction products, confirming the occurrence
of the hydrogenolysis reaction. Typically, hydrogenolysis of the Cs-O bond requires high
H> pressure and metal catalysts, including NiMo sulfide, Ni, and Pd [31, 133, 138, 139].
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However, our results showed that the -OH group at the C, position (Co-OH) enabled
cleavage of the Cg-O bond by Ru/C at 280°C in the absence of Ha.

Table 1. Conversion and product selectivity from hydrogenolysis of 2-phenethyl phenyl ether (1a)
and 2-phenoxy-1-phenylethanol (1b) over Ru/C catalyst.

O O Ru/C

280°C; N,

280°CN2©\/+@\4+©’+©)’\+\/@}\+
a

Selectivity (%)

Entry Feed Conversion (%)
2 3 4 5 6 1a
1 1a - - - - - - -
2 1b 525 254 6.8 34.6 8.2 3.7 20.1
3 1b* 52.7 13.2 7.4 33.6 21.9 - 13.6

Reaction condition: 280°C, 4 h, 8 bar N,, 1 wt.% reactant/ethanol, 20 wt.% catalyst loading. * 1,4-
dioxane was used as a solvent.

Zhang et al. observed similar products for hydrogenolysis of 2-phenoxy-1-phenylethanol
on NiMo sulfide catalysts, but H> and alcohol were needed [139]. Based on our identified
reaction products (Table 1), we proposed a reaction pathway (Figure 5) wherein Ru/C
catalyzed the hydrogenolysis of Cg-O bond of 2-phenoxy-1-phenylethanol (1b) by
activation of Co-OH. The activation of Co-OH resulted in hydrogen transfer and the
hydrogenolysis of Cp-O bond and yielded phenol (4) and phenylethanone (5). If the Ru/C
catalyst only catalyzed hydrogenolysis of the Cg-O bond of 2-phenoxy-1-phenylethanol
(1b), we could only observe phenol (4) and phenylethanone (5). In our case, the presence
of 2-phenethyl phenyl ether (1a), ethylbenzene (2), styrene (3), and p-ethylacetophenone
(6) indicated that Ru also catalyzed side reactions. The presence of styrene (3) and
ethylbenzene (2) suggested that 1-phenylethanone (5) underwent hydrodeoxygenation to
form styrene as an intermediate. The styrene was then hydrogenated to ethylbenzene.

The formation of p-ethylacetophenone (6) occurred by the alkylation of phenylethanone (5)

and ethanol. We did not observe this product when the reaction was run in dioxane.
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Moreover, in dioxane as a solvent, the selectivity toward p-ethylacetophenone (6) was low
(<4%). Ru/C also catalytically cleaved Ca-OH of 2-phenoxy-1-phenylethanol, forming 2-
phenethyl phenyl ether (1a) by the undesired deoxygenation pathway [166]. Cao et al. used
PdCI2, Pd/C, and Ru/C under 70 bar CO2 and found a high yield of 2-phenethyl phenyl
ether (1a) [167]. In that study, the formation of 2-phenethyl phenyl ether (1a) resulted from
the formation of the better leaving group, —OH2+, derived from the hydroxyl group at the
Ca-OH position with the second hydrogen derived from ethanol [167].

Although our result suggested that Ru/C activated the Ca-OH to release its
hydrogen for hydrogenolysis of the CB-O bond in an ethanol solvent, we could not rule out
the possibility that hydrogen was derived from ethanol. Ethanol is a polar protic solvent,
known to donate hydrogen under the reaction condition we employed. Thus, to decouple
the contribution of hydrogen from Ca-OH and ethanol, we ran a similar experiment using
a non-hydrogen donor solvent, the aprotic polar solvent 1,4-dioxane. Interestingly, we
obtained 52.7% conversion of 2-phenoxy-1-phenylethanol (1b), similar to the yield in the
ethanol solvent (Entry 3, Table 1).

Deoxygenation
Hydrogen transfer
e @\o/\@
—
-H,0
: : 1a
0

o}
OH OH
1b —_— + @
Hydrogen transfer
from C,-OH 5 4 Hydrodeoxygenation
e —— —
7
3 2
Hydrogenolysis 0
—
EtOH
: 6
Alkylation

Figure 5. The proposed reaction pathway of hydrogenolysis of 2-phenoxy-1-phenylethanol
over Ru/C catalyst with Co-OH as the hydrogen source.
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However, using dioxane as a solvent, we found a lower selectivity toward aromatic
hydrocarbon products (X(2,3) = 20.6%) compared with selectivity in ethanol (32.2%). A
previous study on hydrogenolysis of 2-phenethyl phenyl ether (1a) on Pd/C showed a 30%
yield of ethylbenzene (2) in isopropanol, but ethylbenzene is not observed in dioxane and
toluene [167]. These results demonstrated that Ru activated C.-OH, releasing hydrogen to
form “hydrogen pool” for hydrogenation to cleave Cg-O bond [167]. Moreover, ethanol
promoted the hydrodeoxygenation reaction as shown by a higher selectivity toward
aromatic hydrocarbon products compared with selectivity in dioxane. In addition, ethanol
can be obtained from renewable resources. For these reasons, we used ethanol in the
remaining studies. Next, we wanted to compare the effect of Ru content in the Ru/C catalyst
in hydrogenolysis of Cg-O bond. We tuned the Ru content by applying various pretreatment

conditions.

3.4. Catalytic activity of Ru and RuO: catalysts in hydrogenolysis of the f-O-4 aryl ether

bond

To assess the effects of Ru and RuO: in hydrogenolysis of the Cg-O bond, we evaluated
Ru/C catalysts under various pretreatment conditions to obtain various Ru content (Table
S5). For each Ru/C catalyst, we calculated the catalytic activity for reactant conversion per
(total) gram of Ru per unit time. The reaction using the pre-reduced Ru/C had the highest
hydrogenolysis activity of 112 mmol reactant/gry*h, whereas the Ru/C-Ox had the lowest
hydrogenolysis activity of 4 mmol reactant/gry*h. One reason for this difference is that the
Ru/C-Ox had the highest RuO. content (25%) and large crystallite sizes of Ru and RuO>
(~19-25 nm for Ru and ~6-10 nm for RuO.) from aggregation and/or sintering of the small
Ru and RuO particles. The large Ru crystallite size lowered the surface of the active sites,
resulting in lower catalytic activity [163]. Moreover, RuO has a weak oxygen surface

bonding to bridge oxygen atoms on the RuO> surface [168]. Conversely, metallic Ru has a
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strong adsorption interaction with oxygen and —OH group [169-171], which promotes the
hydrodeoxygenation of 2-phenethyl phenyl ether (1a) and ethylbenzene (2). The increasing
trend of the catalytic activity with increasing metallic Ru suggested that the metallic Ru
was the active phase for the hydrogenolysis of Cg-O bonds. Moreover, metallic Ru was the
active site that activated Co-OH, releasing this “self-hydrogen” from 2-phenoxy-1
phenylethanol (1b). The surface of RuO2 on the Ru/C catalyst exists upon oxidation of Ru
when exposed to air during storage/handling. Our Hz-TPR results also showed that Ru was
passivated under the ambient condition, changing the Ru and RuO> contents and affecting
catalytic activity. The use of alcohol as a solvent is beneficial because alcohol can reduce
the RuO> in-situ, maintaining the catalyst in the active form and enhancing the catalytic
activity over time [172]. We hypothesized that, during the reaction, RuO2 would be reduced
in-situ when ethanol was the solvent [173, 174], enhancing the catalytic activity. To test
this hypothesis, we performed the hydrogenolysis of the 2-phenethyl phenyl ethanol (1b)
in ethanol over 12h. We determined the Ru content of the spent catalyst by sampling the
spent catalyst with the reaction products after each reaction into the U-shaped reactors
directly for H>-TPR. By doing so, we minimized the catalyst oxidation in air. We observed
an increase in reactant conversion over time and reached 99.7% after 12h (Table S6).
Moreover, the Ru content of the spent catalyst increased as a function of time and reached
3.5 % at 12h (Figure S2). The selectivity toward aromatic product yields (£(2,3)) remained
~31-35% regardless of reaction time. This increase in reactant conversion was correlated

with an increase in metallic Ru from the in-situ RuO2 reduction in ethanol.
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3.5. Catalyst stability and its recyclability

Metallic Ru was an active phase for hydrogenolysis of 1b and the Ru/C catalysts were
reduced in-situ in the presence of ethanol. To assess the stability of the Ru/C catalyst, we
recycled our catalyst four times and determined the reactant conversion and product
selectivity. We used H2-TPR to determine changes in the Ru content of the spent Ru/C
catalysts after each recycle. We observed a slight increase in metallic Ru content after
recycles (Figure S3). The reactant conversion increased in the second recycle from 52.5%
(fresh Ru/C) to 73.1% (after second recycle) (Table S7) and progressively decreased to
55.5% after four recycles. With these results, we hypothesized that the catalyst deactivated
because of the Ru leaching out of the carbon support into the solution. Thus, we performed
an elemental analysis of the spent catalyst by EDS. Our EDS results showed ~50 wt.%
decrease in Ru content in the spent catalyst after four recycles. These results suggested that
the Ru was not stable in ethanol under the investigated condition and leached out in the
solution. Previous studies have shown a similar leaching behavior of Ru into the reaction
solution [175-177]. The stability of supported Ru depends on many factors, such as Ru
precursors, types of supports, reaction solvents, and interactions between catalyst with
reactants/intermediates/products [178]. Further investigation is needed to identify the root
cause of Ru leaching and to improve the stability of the supported Ru for hydrogenolysis

of lignin model compounds.

4. Conclusions

Lignin is a potential renewable aromatic feedstock. Rigidity and cross-linked lignin
polymers make lignin difficult to be cleaved, releasing monoaromatic compounds. Lignin
consists of ~50-65% B-O-4 aryl ether (Cp-O) bonds and abundant aliphatic and aromatic
hydroxyl groups. We have demonstrated that the Ru catalyst catalyzed the hydrogenolysis
of Cg-O bonds of a lignin model compound using the internal hydrogen source from Ce-
OH. These results provide an alternative and efficient strategy for lignin conversion
without a requirement for external, high-pressure Hz. We pretreated Ru catalysts in various
conditions and identified the metallic Ru as the active phase for hydrogenolysis of Cg-O
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bonds. X-ray diffraction (XRD) and H> Temperature-programmed reduction (TPR)

measurements supported that the Ru was the active site for hydrogenolysis of Cg-O bonds.

The use of alcohol as a reaction solvent enabled the in-situ reduction of RuO2 from Ru/C,

increasing catalytic activity over time. These results have potential application in lignin

conversion to aromatic chemicals from pulp and paper manufacturing and from

biorefineries.

Supporting information Chapter 3

Catalytic cleavage of the B-O-4 aryl ether bonds of lignin model compounds by Ru/C

catalyst

Table S1. List of chemicals/reagents used in this study

Chemical Supplier Purity CAS Number

2-phenoxy-1- Ark Pharm Inc. 97% 42487-72-3

phenylethanol

2-phenethyl  phenyl Frinton Laboratories Inc. 98-99% 40515-89-7

ether

Ethanol VWR 200 proof 64-17-5

H, gas Welder supplies research grade: -
99.999%

0O, gas Welder supplies research grade: -
99.998%

N, gas Welder supplies industrial grade: -
99.9995%
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Table S2. Pretreatment conditions for the Ru/C catalyst

Catalyst Notation Source
1 Ru/C Commercial 5% Ru/C
2 pre-reduced Ru/C Commercial pre-reduced 5% Ru/C
3 Ru/C-Red Commercial 5% Ru/C (catalyst #1) reduced under H2
flow (40 cc/min) at 250°C for 3h and passivated in the
air for 12h
4 Ru/C-Ox Commercial 5% Ru/C (catalyst #1) oxidized under O 5

flow (40 cc/min) at 200°C for 3h

Ru**> Ru* R+ 2> Ru /RUP
W
>
o l Reduced in H> reduced
>~ -/\ RU/C
=
‘@™
C
g,
— Passivated in air
= Ru/C-Red
RuOsgenerated
from passivation
v T A L) - L
0 100 200 300

Temperature (°C)

Figure S1. Changes in H>-TPR profiles of Ru/C after reduction and passivation

Table S3. The Ru and RuO> content (mol.%) calculated from H>-TPR

Catalyst Ru metallic (%) RuO, (%)
Pre-reduced Ru/C 87 13
Ru/C-Red 86 14
Ru/C 82 18
Ru/C-Ox 75 25
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Table S4. Composition of the Ru/C catalysts calculated from H>-TPR and gravimetric
analysis
Ruin

Catalyst Rl;vtrot/:;lic RuO, Ez‘),‘tyog/:)n Carbon (wt.%)
(wt.%)

pre-reduced Ru/C 415 0.64 0.20 95.00

Ru/C-Red 4.09 0.69 0.22 95.00

Ru/C 3.88 0.85 0.27 95.00

Ru/C-Ox 18.71 6.35 2.01 72.94

Table S5. Conversion and product selectivity of 2-phenoxy-1-phenylethanol over investigated
catalysts.

ZBOR‘:‘IC‘K,:N2 ©\/ + @\9 + @OH+ @A+\/@ﬁ\+

2

Catalyst Specific activity Selectivity (%)

(mmol)/(gru * h) ) 3 4 5 6 1a
pre-reduced Ru/C 112 394 - 26.7 1.3 2.6 27.1
Ru/C-Red 77 263 5.8 34.8 10.1 1.9 20.7
Ru/C 65 254 6.8 34.6 8.2 3.7 20.1
Ru/C-Ox 4 92 109 392 250 94 6.2

Reaction condition: 280°C, 4 h, 8 bar N,, 1 wt.% reactant/ethanol, 20 wt.% catalyst loading.

42




Ru'*2>Ru* Ru?*2>Ru' /RS

12h

,—.../\.._ el

Y ¢ [—

4h
Py

Intensity (a.u.)

Fresh Ru/C

Redtiction of
RuO,

0 100 200 300

Temperature (°C)

Figure S2. Ho-TPR profiles of the Ru/C catalyst over reaction time

Table S6. The evolution of conversion and product selectivity from the hydrogenolysis of 2-
phenoxy-1-phenylethanol (1b) on the Ru/C catalyst as a function of reaction time and Ru
content.

o, O+ O+ @ @t ot

Selectivity (%)

Time (h) Conversion (%) Ru (%)
¥ (2,3) la
4 52.5 32.2 20.1 87.9*
6 94.8 354 26.5 88.1
12 99.7 31.3 30.5 96.5

Reaction condition: 280°C, 8 bar N», 1 wt.% reactant/ethanol, 20 wt.% catalyst loading. Ru
(%) was determined from the Ho-TPR. *The fresh Ru/C had ~82% Ru content.
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Figure S3. H2-TPR profiles of the spent Ru/C catalyst after four recycles

Table S7. The change in conversion and product selectivity from the hydrogenolysis of 2-
phenoxy-1-phenylethanol (1b) over Ru/C catalyst as a function of recycling and Ru content.

‘ ‘ Ru/C OH 2 0
1b 280°CN2@V+@?+©+@)\+\/@)\+
la

Selectivity (%)
Run#  Conversion (%) Ru (%)
X (2,3) 1a
1 52.5 32.2 20.1 87.9%
2 73.1 33.8 21.0 86.2
3 63.3 33.1 19.8 87.3
4 55.5 25.3 12.5 92.9
1 52.5 322 20.1 87.9%

Reaction condition: 280°C, 4 h, 8 bar N», 1 wt.% reactant/ethanol, 20 wt.% catalyst loading.

Ru (%) was determined from the H2-TPR. *The fresh Ru/C had ~82% Ru content.
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CHAPTER 4
UNLOCKING SELF-HYDROGEN FOR HYDROGENOLYSIS AND MEERWEIN-
PONNDORF VERLEY REDUCTION OF LIGNIN BY DUAL FUNCTIONAL
Ru/RuOx/C CATALYST

1. Introduction

Catalytic cleavage of aryl C-O ethers is an important step for lignin conversion to small
phenolics for subsequent upgrading to fuels and chemicals [179-186]. The 3-O-4 bonds are
~ 40-60% of total lignin linkages [22, 187]. As a result, to use lignin, it is important to
break the abundant B-O-4 linkages to release phenolic monomers [188]. Hydrogenolytic
cleavage of B-O-4 linkages is effective at breaking C-O bonds [189-199]. However, it
requires a combination of high hydrogen pressure (> 10 bar) and polar solvents to improve
hydrogen solubility for the reaction [191, 200]. The high hydrogen pressure leads to
aromatic ring saturation (e.g., alkyl cyclohexanes and cyclohexanols), wasting the valuable
hydrogen and aromaticity of the compounds.[201-203] The major challenge in lignin
hydrogenolysis is the selective C-O cleavage without hydrogenating the aromatic rings
[204-206]. Moreover, high pressure necessitates expensive equipment, increasing both the
operating and capital costs of the process.[207] In addition, the limited amount of dissolved
hydrogen in the solvents can cause undesired side reactions (coke formation) [208]. Hence,
the amount of hydrogen in the reaction needs to be balanced for efficient hydrogenolysis

of lignin.
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Ru-based catalysts have been reported as active catalysts in lignin hydrogenolysis in
the liquid phase [209-212]. Xiao et al. showed that the hydrogenolysis of enzymatic mild
acidolysis lignin from willow was accomplished by Ru catalysts in methanol and 30 bar
H2[213]. Wu et al. revealed that the Ru catalyst catalyzed hydrogenolysis of lignin model
C-O compounds using 2-propanol as the hydrogen-donor source [214]. Li et al. used Ru
catalysts to hydrogenolyze birch organosolv lignin in methanol under 30 bar H, which
provided 26.6 wt.% monomers [215]. Liu et al. used Ru/C catalyst to hydrogenolyze deep-
eutectic solvent fractionated lignin at 220-220°C under 40 bar Hz [216]. The resulting
monomer yield was 24 wt.%. Recently, we found that Ru catalyst was active in catalyzing
the model p-O-4 compound with C,-OH groups without hydrogen-donor solvents and/or
external Hz [202]. The Ru catalyst was easily passivated and contained RuOx. However,
the mechanism of this hydrogenolytic cleavage of C,-OH groups by the Ru/RuOx catalyst
has not been explained. The lack of this information slows down the conversion of lignin

in biorefineries.

In this contribution, we reported the mechanic study by which the aliphatic OH groups
(Co-OH) affected the hydrogenolysis of lignin model compounds and four technical lignin
by the Ru/RuO,/C catalyst. We demonstrated that the presence of Co-OH groups promoted
Ru-catalyzed dehydrogenation of the lignin model compound into the keto intermediate
and facilitated the B-O-4 cleavage using self-hydrogen; the use of hydrogen-donor solvents
was not necessary. Further, we elucidated alcohols, hydrogen-donor solvents, enabled the
Meerwein-Ponndorf-Verley reduction of the keto products by RuOx, and facilitated

subsequent hydrodeoxygenation and hydrogenation to hydrocarbons.

1. Materials & Methods

1.1. Materials

The 2-phenoxy-1-phenylethanol (PPE-OH) [190, 217, 218], 2-phenethyl pheny! ether
(PPE) [219-221], veratrylglycerol-B-guaiacyl ether (VGE)[222-224] were used as model
B-O-4 compounds. PPE-OH and PPE contained Ca-OH and Ca-H, respectively. VGE had

Ca-OH with methoxy substitute on the ring to represent the realistic functional groups on
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technical lignin. The Ru/RuOx/C catalyst used in this study was the commercial 5%
supported Ru catalyst on activated carbon from Alfa Aesar (Haverhill, MA, USA). The
Ru0 and RuOx, measured by H2 temperature-programmed reduction (H2-TPR), were 59
and 41 wt.%, respectively. The H2-TPR procedure was explained in the Method section.
The pre-reduced Ru/C catalyst was used as a control. All reagents and catalysts were used
as received unless otherwise noted. They were stored in the glove box to prevent oxidation.

Their manufacturers, purity, and CAS numbers are shown in Table S1.

1.2. Hydrogenolysis of lignin model g-O-4 compounds

All reactions were performed in a 25 mL autoclave reactor (Parr Instrument, Moline,
IL, USA). The reactant concentration was ~1 wt.% of lignin model compounds in organic
solvents unless otherwise noted. The catalyst loading was 20 wt.% (~20 mg catalyst, 2 mol.
% Ru) with respect to reactant (100 mg reactant in 10 g solvent solution). Before the
reaction, the reactor was purged three times with N> to remove air. The reactor was then
pressurized to 8 bar N2 or Hz at ambient temperature to minimize the evolution of hydrogen
and the consistency of the experiment. The hydrogenolysis reaction was performed at
280 °C for 4 h with a stirring rate of 600 rpm to minimize mass transfer limitation. The
reaction was stopped by quenching in a cold water bath. The reaction sample was
withdrawn, centrifuged to remove residual solids, and diluted with ethanol before product
analysis.

1.3. Reaction product identifications and quantifications

Changes in reactants and products during the cleavage of -O-4 bonds were identified
and quantified by the Agilent 7890B GC (Agilent Technologies, Santa Clara, CA, USA)
equipped with Mass spectrometry (MS) and Flame lonization Detectors (FID). An HP-
SMS column (30mx0.25mmx0.25um, Agilent Technologies, Santa Clara, CA, USA) was
used for product separation with the following temperature program: injection temperature
275 °C and FID detector temperature 300 °C; split ratio 1:50. The temperature program
started at 45 °C and increased at 10 °C/min to 250 °C, then held for 20 min. The change in
reactant and products was determined using dodecane as the internal standard. Reactant

conversion, product yield, and product selectivity were calculated as follows:
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) reactant reacted (mol)
Conversion (%)= — x100%
reactant initial (mol)

. product formed (mol)
Yield (%)= — x100%
reactant initial (mol)

Selectivity (%)= — 290D 1000
electivity L7 conversion (%) °

1.4.Elemental analysis of technical lignins

The C, H, N, S contents of technical lignins were analyzed by the Perkin Elmer CHNS
2400 Series Il Analyzer (Waltham, MA, USA). The detection limit for C, H, N, and S is
0.2%. The oxygen content was calculated by subtraction (O [wt.%] = 100-the sum of
CHNS).

1.5.Nuclear Magnetic Resonance Spectroscopy

To quantify the relative amounts of hydroxyls at the C,-position in each of the technical
lignins, we used two-dimensional (2D) heteronuclear single quantum correlation (HSQC)
Nuclear Magnetic Resonance (NMR) experiments. Briefly, approximately 60 mg of
technical lignins (steam-exploded yellow poplar, soda, organosolv, and kraft lignins) were
weighed into a 7 inch 5-mm NMR tube and dissolved directly in 500 ul DMSO-ds and
sonicated for 1 h. The dissolved samples were homogeneous, translucent, and flowable
solutions. NMR spectra were acquired on a Bruker-Biospin AVANCE I11 HD™ 500 MHz
spectrometer (Rheinstetten, Germany) fitted with a nitrogen-cooled 5-mm Prodigy™ TCI
gradient cryoprobe with inverse geometry. HSQC experiments were acquired using
adiabatic Bruker pulse program hsqcetgpsisp2.2 with an FID size (TD) of 2048 and 1024
(F2 and F1), acquisition time (AQ) of 0.170 and 0.0189 sec. (F2 and F1), 8 scans, and delay
(D1) of 1. The HSQC spectra were processed and integrated as previously described[225]
using TopSpin 3.6.2 software such that the *H and ‘3C of the C, contour were semi-

quantifiable relative to the methoxyl contour.
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1.6. H2 temperature-programmed reduction

To investigate the reduction of the Ru/RuOx/C catalyst, H2 Temperature-Programmed
Reduction (H>-TPR) experiments were performed by a Micromeritics ChemiSorb 2720
equipped with a thermal conductivity detector (TCD) (Norcross, GA, USA). About 20-40
mg of sample was pretreated at 250°C for 1h under He flow to remove adsorbed water.
Then, the sample was cooled to ambient temperature under He flow. TPR profiles were
recorded by heating the samples from ambient temperature to 800°C at 10°C/min in
10.01% H2/Ar at a flow rate of 40 cc/min. The amount of metallic Ru and RuOx was
determined by integrating the H2 consumption profile with respect to the H. standard. The
Ru and RuOx were 59 and 41 wt.%, respectively. Hence, we referred to our catalyst as

Ru/RuOx/C throughout the manuscript.

1.7. Computational methods

To elucidate the hydrogenolytic mechanism, the density functional theory (DFT) was
performed by creating the model Ru catalyst and lignin model compounds using the
Vienna ab initio simulation package (VASP) Version 5.4.4.[226-229] The detailed
information of computational parameters, model construction of the Ru surface, and
optimized structures of model compounds (Figs. S1-S3 and Table S2), are shown in

Supplementary Information.

2. Results

2.1. Effect of Ca-hydroxyl groups on the cleavage lignin model compounds by
Ru/RuOx/C

To asses the impotance of the C,-OH on the hydrogenolysis of the f-O-4 bond, we
run reaction in 2-Butanone over Ru/RuOx/C catalyst under N2, using 2-pheny| ethyl phenyl
ether (PPE, 1a), 2-phenoxy-1-phenylethanol (PPE-OH, 1b), and veratrylglycerol-p-
guaiacyl ether (VGE, 1c) as model compound of lignin. We choose 2-Butanone and N2 to
eluminate the contribution of of H, from external sources. There were only ~4%
conversion of the PPE model compound after 4h of reaction in 2-Butanon at 280 °C

reaction temperature. On the conterery, when the reaction was conducted with the PPE-
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OH and VGE model compound, 88 and 69 % conversion were achived respectably. In case
of the PPE-OH (1B), phenola (4) and acetophenone (5) are the majore products from the
clevage of the B-O-4 bond, where 4-methoxyphenol/ guaiacol (6) and 4-allyl-1,2-
dimethoxybenzene /methyl egenol (7) are the majore product from VGE (1c). This product
distribution from the reactions suggest for the selective cleavage of the B-O-4 bond
functionl group plays a important rule. Moreover, the unreactivity of PPE (1a) suggested
that Ca-OH was critical in the enhanced reactivity of model B-O-4 compounds for

hydrogenolysis by Ru/RuOx/C catalyst without hydrogen-donor solvents and external Ho.

We furthure asses the impoatance of the C,-OH, we performed conversion of these
three model 3-O-4 compounds, using Ru/RuOx/C catalyst in dioxane under N2 (Fig. 1). We
chose dioxane and N2 to decouple the hydrogen contribution from hydrogen-donor solvents
(alcohols) and external Hz. Heating these model compounds with Ru/RuOy/C catalyst in
dioxane under N2 differed in reactant conversion. When using PPE, we observed little to
no conversion. Whereas PPE-OH and VGE showed a similar conversion of ~51-53%. We
observed phenol (4) and acetophenone (5) as major products from PPE-OH (1b) and 4-
methoxyphenol/ guaiacol (6) and 4-allyl-1,2-dimethoxybenzene /methyl egenol (7) from
VGE (1c). These products suggested that PPE-OH (1b) and VGE (1c) underwent
hydrogenolysis and the presence of methoxy groups in VGE (1c) did not hinder the
reactivity to hydrogenolysis. Moreover, the unreactivity of PPE (1a) suggested that
Co-OH was critical in the enhanced reactivity of model B-O-4 compounds for

hydrogenolysis by Ru/RuOx/C catalyst without hydrogen-donor solvents and external H..

To determine the effect of alcohols as hydrogen-donor solvents in hydrogenolysis
of lignin model compounds, we conducted hydrogenolysis by Ru/RuOx/C catalyst in
ethanol under N2 on PPE (1a), PPE-OH (1b), and VGE (1c) (Fig. S4A). PPE (1a) was not
reactive to hydrogenolysis by Ru/RuOx/C catalyst. Whereas heating PPE-OH (1b) and
VGE (1c) with Ru/RuOy/C catalyst in ethanol resulted in cleavage of 3-O-4 bond. PPE-
OH (1c) yielded 53% conversion with 25% ethylbenzene (2), 7% styrene (3), 35% phenol
(4), and 8% acetophenone (5), and 20% PPE (1a) selectivities. A greater ethylbenzene (2)

selectivity in ethanol compared with that in dioxane suggested that ethanol promoted
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hydrodeoxygenation and hydrogenation reactions. VGE (1c) yielded 99% conversion with
45% 1-ethyl-4-methoxybenzene (6), 43% 4-methoxyphenol (7), 10% 4-methoxyphenethyl
alcohol (8) selectivities. These results suggested (1) C,-OH played a crucial role in the
hydrogenolysis of B-O-4 bond, and (2) hydrogen-donor solvent (ethanol) promoted

subsequent side reactions, but it was not necessary.

Next, we performed the same hydrogenolysis of PPE (1a) and PPE-OH (1b) in Ha
by Ru/RuO,/C catalyst. Under H», we obtained 51% PPE conversion with 13%
ethylbenzene (2), 8% phenol (4), and 68% 4-methoxyphenol (7) selectivities, compared
with no activity under N2. Moreover, we obtained 89% PPE-OH conversion under Hz with
26% phenol (4), 3% acetophenone (5), and 27% 4-methoxyphenethyl alcohol (8)
selectivities, a conversion higher than under N2 (53%). These results suggested that added
H> enhanced the hydrogenolysis rates of f-O-4 bonds by Ru/RuOx/C. Together, these
results confirmed that the presence of C«-OH group was important in activating the

hydrogenolysis of the -O-4 bond.
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Figure 1. Cleavage of p-O-4 linkages of veratrylglycerol-p-guaiacyl ether (1c), 2-phenoxy-
1-phenylethanol (1b), and 2-phenyl ethyl phenyl ether (1a) by Ru/RuOy/C in dioxane under
N2. Reaction condition: 280°C, 8 bar N2, 1 wt.% reactant/dioxane, 20 wt.% catalyst

loading, 4h.



To decouple the contribution from Ru and RuOx, we tested the RuO» catalyst for
hydrogenolysis PPE, PPE-OH, and VGE in dioxane. The RuO; catalyst was not active for
hydrogenolysis of PPE, PPE-OH, and VGE in dioxane (Fig. S5). Whereas RuO: in ethanol
yielded similar products as those in dioxane (Fig. 1). These results suggested that Ru in
Ru/RuO,/C activated Co-OH group for hydrogenolysis of p-O-4 bonds of model B-O-4

compounds.

2.2. Charge analysis of reactant adsorption on Ru(111) surface

To elucidate how Cqo-OH group promoted B-O-4 hydrogenolysis, we performed the
charge analysis using charge density differences (CDD), and the Bader charge analysis to
investigate the adsorption stability of PPE and PPE-OH on the Ru (111) surface (Fig. S6).
The positive and negative Bader charge change values (p) described electron gain and loss
during an adsorption process, respectively. During PPE and PPE-OH adsorption, the
electron depletion from the top Ru (111) surface and electron accumulation around carbon
atoms of the benzene rings suggested that strong adsorption of PPE and PPE-OH take place
by an electron transfer from Ru (111) surface to the two benzene rings of PPE and PPE-
OH. Moreover, in the case of PPE, a shorter atomic distance between O1 of PPE and Ru
(111) surface indicated another contact point between PPE and Ru (111) surface apart from
the benzene rings, which resulted in stronger adsorption between PPE molecule and Ru
(111) surface (Table S3).

Compared with PPE adsorption on Ru (111), PPE-OH adsorption increased the
distance between the O1 atom and the Ru (111) surface and decreased the distance between
H1 and Ru (111). These results suggested that the presence of -OH reduced the O1-Ru
(111) interaction and promoted the H1-Ru (111) interaction (which is weaker than O1-Ru
interaction).[230] Furthermore, the Bader charge analysis suggested that the Ru (111)
surface acted as an electron donor to the adsorbed PPE and PPE-OH. Moreover, a higher
electron gain of the PPE-OH molecule (+2.17 |e|) indicated the PPE-OH was more active
than PPE. Interestingly, the majority of the electron gain on the PPE-OH was located
around the H1 atom. Whereas the electron gains were dispersed throughout the PPE
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molecule. Thus, we postulated that the electron accumulation at the H1 atom of PPE-OH
promoted the dehydrogenation of the PPE-OH molecule. This dehydrogenation step of H1
in PPE-OH was essential to the O1-C1 bond activation (B-O-4 cleavage), which
corroborated previous findings [134, 231, 232]. The undetected O1-C1 bond cleavage in
PPE was speculated due to the lack of this dehydrogenation step.

3.3 Mechanistic study of O1-C1 bond cleavage in PPE and PPE-OH on Ru (111)

surface

To test the abovesaid hypothesis, we further investigated the O1-C1 activation (B-O-4)
mechanism in PPE and PPE-OH using their stable configurations and calculated the
enthalpy of the proposed reaction step (Fig. 2). The initial PPE and PPE-OH adsorption on
the Ru (111) surface was denoted as ISA and ISB, respectively. For the PPE system, the
01-C1 bond of ISA was directly cleaved to the distance of 3.96 A, which formed the final
hydrogenolysis product, FSA, with the reaction enthalpy of -0.93 eV (Fig. 2A). Based on
our charge analysis, we concluded that the cleavage of PPE-OH proceeded by the
formation of an intermediate. Thus, we postulated that for the PPE-OH system, the O1-C1
bond of ISB was cleaved by two possible pathways: (1) direct cleavage to FSB1 (Fig. 2B)
and (2) indirect cleavage by forming intermediate (int B) before the final product FSB2
(Fig. 2C). We found that the direct O1-C1 cleavage in the direct cleavage had the AH of -
1.31 eV with the O1-C1 atomic distance in FSB1 of 2.99 A (Table 1).

The indirect O1-C1 cleavage proceeded with the deprotonation of H1 in ISB to Ru(111)
surface to form an intermediate int B with AH of -0.78 eV and then hydrogenolysis to form
FSB2 with the AH of -1.07 eV. The indirect cleavage of PPE-OH resulted in the total
enthalpy changes of 1.85 eV, higher than that of the direct cleavage. These results
suggested that the indirect pathway (ISB to FSB2) was more favorable than that of the
direct one (ISB to FSB1). These results further suggested the C,-OH group in PPE-OH
promoted the dehydrogenation of H1 and formed a keto intermediate (PPE=0) before
hydrogenolysis of B-O-4 bonds into keto product (acetophenone) and phenol. These
calculations were in good agreement with the hydrogenolysis results of lignin model

compounds (Fig. 1).
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Figure 2. Mechanistic study of the hydrogenolysis of O1-C1 bond on Ru(111) of the PPE

and PPE-OH reactant proceeding by (A) direct hydrogenolysis of PPE and (B) PPE-OH
and (C) indirect hydrogenolysis of PPE-OH. Note that IS, int, and FS denoted initial

I1SB (-4.17)

O

structure, intermediate, and final structure, respectively. The value in the bracket is the

enthalpy of that stage.

To understand how reaction solvents affected -O-4 hydrogenolysis and promoted
side reactions (hydrodeoxygenation and hydrogenation), we performed hydrogenolysis of
PPE-OH by Ru/RuOx/C catalyst under N2 in (1) aprotic solvents (dioxane, ethyl acetate,
and 2-butanone) and (2) protic solvents (ethanol, 1-propanol, 2- propanol, and 2-butanol)

(Fig. 3).
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Table 1. Enthalpy (AH) in eV of direct PPE and PPE-OH hydrogenolysis, and the indirect
hydrogenolysis of PPE-OH all on Ru(111) surface

Reaction Pathway Reaction step AH (eV)
_ ) ISA to FSA -0.93

Direct hydrogenolysis
ISB to FSB1 -1.31
ISB to int B -0.78

_ _ (dehydrogenation)

Indirect hydrogenolysis
Int B to FSB2 -1.07
(hydrogenolysis)

3.5. Effect of solvents on the formation of keto intermediate and -O-4 bond cleavage
of lignin model compounds

On the basis of our computational findings that the presence of the C,-OH group in
PPE-OH facilitated the dehydrogenation and -O-4 bond cleavage, we expected to observe
the B-O-4 bond cleavage of PPE-OH in both aprotic and protic solvents. As expected, the
Ru/RuO/C catalyst was active in hydrogenolysis of PPE-OH (1b) in both aprotic and
protic solvents, with the conversion of PPE-OH higher than 50% (see detail in
Supplementary Information). The 2-phenoxy-1-phenylethanone (PPE=0) (8) was formed
as a product in both solvent systems. The evolution of PPE=0 over time in dioxane had a
volcano shape (Fig. S7). Moreover, the decrease in PPE=O corresponded to increased
phenol (4) and acetophenone (5) selectivities. These results suggested that PPE=0 was an
intermediate product and converted to phenol and acetophenone (see details in the
Supplementary Information). It should be noted that the formation of PPE=0O was fast in
2-propanol (Fig. S8). Moreover, we observed the saturated phenolics and aromatics, which
is in agreement with the literature reported findings.[233-236] These results suggested that
protic solvents facilitated not only the hydrogenolysis but also subsequent

hydrodeoxygenation and hydrogenation.
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Figure 3. Cleavage of the B-O-4 bond of 2-phenoxy-1-phenylethanol (PPE-OH, 1b) by
Ru/RuOx/C in selected protic and aprotic polar solvents. Reaction condition: 280°C, 4 h, 8

bar N2, 1 wt.% 2-phenoxy-1-phenylethanol/solvent, 20 wt.% catalyst loading.

Next, we determined the effect of donor number of solvents on the C-O cleavage or
hydrodeoxygenation selectivity (Fig. S9). The B-O-4 cleavage took place in both solvent
systems. However, protic solvents promoted hydrodeoxygenation. An increase in donor
number enhanced the hydrodeoxygenation. Finally, we characterized the used Ru/RuOy/C
catalyst in selected solvents by H,-TPR to determine the Ru/RuOx ratio change. The
Ru/RuOx ratio of used catalysts followed the donor number of reaction solvents (Table
S4). Together, these results suggested that (1) PPE-OH underwent dehydrogenation into
PPE=0, a keto intermediate, in both aprotic and protic solvents, which corroborated our
quantum calculations showing C.-OH promoted the dehydrogenation by Ru catalyst (Fig.
2) and (2) hydrogen donating ability of solvents affected the oxidation state of Ru catalysts

and subsequent hydrodeoxygenation.
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2.3. Meerwein—Ponndorf-Verley (MPV) reduction initiated hydrodeoxygenation

To identify the formation pathway of styrene and ethylbenzene, we performed similar
experiments using Ru/RuOx/C catalyst and acetophenone (keto product, 5) as the reactant
in dioxane and ethanol. We selected these solvents as proxies for aprotic and protic
solvents. Using dioxane as a solvent, we had no catalytic activity (<3%) (Table 2). In
contrast, we had 24% acetophenone conversion in ethanol after 0.5 h. We observed three
reaction products, ethylbenzene (2), styrene (3), and 1-phenylethanol (5*). The presence
of ethylbenzene and styrene suggested the hydrodeoxygenation of acetophenone only took
place in protic solvents. The presence of 1-phenylethanol suggested the occurrence of
MPV reduction. Moreover, we observed a decrease in benzyl alcohol and an increase in
ethylbenzene yields over time. These results indicated that 1-phenylethanol underwent

hydrodeoxygenation into styrene and subsequent hydrogenation into ethylbenzene.

Table 2. Acetophenone conversion by Ru/RuOx/C in ethanol and dioxane

o]

@A RW/RUO,/C @v @\9 @(
H + . + 5’(OH

acetophenone 280°C, N, Ethylbenzene styrene 1-Phenylethanol
: Conversion  Selectivity (%)
Solvent Entry Time (h) (%) ) 3 £+
= 1 0.5 24 58 4 22
(c% 2 1 33 77 5 18
i 3 2 73 83 4 2
3 4 0.5 <3 - - -
g 6 2 <3 - - -
O o

Reaction condition: 280°C, 4 h, 8 bar N2, 1 wt.% 2-phenoxy-1-phenylethanol/solvent, 20
wt.% catalyst loading. HDO extent = sum of 2 and 3 seletivities. MPV extent = selectivity
of 5*.

Our catalyst contained 41% RuOx (Ru/RuOx ratio = 1.4, Table S4). The Ru/RuOx ratio of
the used catalysts in dioxane remained fairly constant (1.6). Whereas used catalysts in
ethanol showed an increase in Ru/RuOx ratio (3.8), which suggested that RuOx was

reduced into metallic Ru in ethanol. We expected that the oxygen vacancies in RuOx were
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the active sites for the MPV reaction of acetophenone to styrene and subsequent
ethylbenzene. So we reduced the Ru/RuO,/C catalyst in ethanol for 12h to increase the
Ru/RuOx ratio from 1.4 to 10.1 and used acetophenone as a reactant. As a control, the fresh
Ru/RuOx/C catalyst was active for MPV as evidenced by 96% selectivity to ethylbenzene
and benzyl alcohol at 73% acetophenone conversion after 2 h (Table S5). Whereas the
reduced Ru/RuOyx/C catalyst in ethanol for 2h showed only 25.5% conversion of
acetophenone after 2h. At a prolonged reaction time of 6h, the reduced catalyst showed
40% MPV extent, lower than that of fresh catalyst at a similar conversion. We also
observed a byproduct, (1-ethoxyl)benzene, 6*), which suggested that etherification
occurred. These results suggested that RuOx was the active site for the MPV. Moreover,

MPV initiated hydrodeoxygenation and hydrogenation.

2.4. Validation with technical lignin and proposed chemical pathway of breaking

lignin by Ru/RuO«/C

The chemical structure of technical lignin is more complex than that of model
compounds. Although the 3-O-4 bond is the most abundant lignin linkage, technical lignin
contains functional groups (i.e., methoxy) and other C-O bonds (a-O-4 and 4-O-5) and C-
C bonds (B-5 and B-B) [237, 238]. These functionalities and bonds affected the
hydrogenolysis activity of catalysts and product distribution. To validate the importance of
the Co-OH group of lignin’s p-O-4 cleavage, we applied Ru/RuOy/C to four types of
technical lignin: (1) steam-exploded yellow poplar lignin (YL), (2) organosolv lignin (OL),
(3) kraft lignin (KL) and (4) soda lignin (SL) using ethanol as a solvent. We identified nine
phenolic monomers as reaction products (Fig. 4). Of the technical lignin, YL gave the
highest monomer yield of 28 wt.% after 12h (Table S6). A further increase in reaction time
from 12 to 24h did not improve the product yield. Similarly, OL and SL gave an increase
in monomer yield from 4 to 12h. A further increase in reaction time from 12 to 24h did not
improve their monomer yields. The overall monomer yield of 28 wt.% from YL is higher
than those in the literature [25, 239]. For example, Wang et al. reported ~10 wt.% yields
of phenolic monomers from technical lignin by Mo-derived catalysts.[240] Because we

expected that the foregoing monomer yield of 28 wt.% from YL lignin was due to its high
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C«-OH and C,=0 concentrations, we performed HSQC NMR on technical lignin samples
to determine the C,-OH and C,=0 contents (Fig. S10).
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Figure 4. Hydrogenolysis of the technical lignin over Ru/RuOx/C catalyst in ethanol under

N>. Reaction condition. 280°C, 8 bar N2, 1 wt.% lignin, 20 wt.% catalyst loading.

From the HSQC spectra of the technical lignin and the corresponding integral data
(Table S7), the quantity of C,-OH groups was the highest in the YL, closely followed by
the KL and SL. The OL gave the lowest amount of C, hydroxyls. The quantify of C,=0
groups was the highest in SL, followed by YL and KL. Looking at the percent of the sum
of the integrals for C,, YL had the highest total integral, followed by KL, SL, and OL.
Interestingly, the ranking of the total C, integral was in the same order as the
hydrogenolysis yield. These results suggested the importance of C,-OH groups in the
cleavage of the 3-O-4 bond. Since YL has a higher C, integral compared to other lignin,
using YL provided a higher amount of monomer yields. Similarly, after C,-OH and C,=0
were utilized, no further hydrogenolysis of YL occurred. We found that there was a
threshold in relative integrals of C,-OH that promoted the total hydrogenolysis yield (Fig.
5). The total integrals of C, higher than 0.04 considerably enhanced the hydrogenolysis of
lignin. Surprisingly, although KL had a high sulfur content of 0.9 wt.%, the hydrogenolysis
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yield of KL at 24h was 24 wt.%, higher than those of OL and SL, which had 0.2-0.3 wt.%
sulfur. Sulfur typically poisoned metal catalysts, such as Pt, Co, and Ni [241-243]. Future
studies will determine the fate of sulfur in lignin and how sulfur content affects metal
catalysts and lignin hydrogenolysis activity.
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Figure 5. Correlation between total C. integral and hydrogenolysis yield of technical
lignin. Total Cy integral = area of C«-OH + Co=0. Condition: Reaction condition: 280°C,
8 bar N2, 1 wt.% Lignin, 20 wt.% catalyst loading, and 24 h. YL= yellow poplar steam-
exploded lignin, OL = organosolv lignin. KL= kraft lignin, SL = soda lignin

3. Discussion

In this work, we identified the effect of C,-OH groups for hydrogenolysis of model f3-
0-4 compounds and technical lignin by the Ru/RuOy/C catalyst using combined
experiments and computations. The challenge in lignin hydrogenolysis is the selective
cleavage of C-O bonds without hydrogenating the aromatic rings to preserve the aromatic
values of monomers [204-206, 244]. Here, we showed the presence of C,-OH groups in
lignin model compounds initiated the dehydrogenation of C,-OH into the keto intermediate
(Co=0), which facilitated the hydrogenolysis of 3-O-4 bonds into phenol and keto product
(acetophenone) without added hydrogen-donor solvents and external Hz gas. Using
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hydrogen-donor solvents enabled the Meerwein—Ponndorf-Verley (MPV) reduction of the
keto product and facilitated the hydrodeoxygenation and hydrogenation. We applied this
concept to four technical lignin with varying C,-OH and C,=0O contents to validate this
concept of C,-OH promoted hydrogenolysis of lignin.

Our most significant finding was that hydrogen-donor solvents initiated the MPV
reduction of the keto product (acetophenone) by Ru/RuO./C catalyst and facilitated its
subsequent hydrodeoxygenation to styrene and hydrogenation to ethylbenzene. Most lignin
hydrogenolysis studies used H gas and/or alcohols as reaction solvents to enhance the H;
solubility for C-O cleavage. The oxophilic nature of the Ru catalysts enables the formation
of the RuOx Lewis acid sites under a reducing environment, such as alcohols [245-248].
These RuOx species are active sites for MPV reduction. Jae et al. reported that RuO2 mainly
catalyzed MPV reaction of the 5-hydroxymethylfurfural to 2,5-bis(hydroxymethyl)furan
in propanol and metallic Ru catalyzed hydrogenolysis of 2,5-bis(hydroxymethyl)furan to
dimethylfuran [172]. Jenness et al. used Density Functional Theory to demonstrate that
RuO: surface catalyzed MPV of furfural to furfuryl alcohol [249]. These results
corroborate our findings. In contrast, Mironenko et al. [248] and Gilkey et al. [245] showed
the both Ru and RuO: catalyzed MPV reduction of furfural to furfuryl alcohol in 2-
propanol. The RuO: catalyzed direct intermolecular hydride transfer from alcohol to
furfural. However, the metallic Ru followed a Horiuti-Polanyi-type reaction. Hence, we
could not rule out the possibility of metallic Ru catalyzed the keto product's hydrogenation
and facilitated the hydrodeoxygenation. Further studies will focus on identifying the
hydrogenation pathway of metallic Ru. Together, MPV reduction of the keto product
(acetophenone) in hydrogen donor solvents (ethanol) by the RuOx in Ru/RuOx/C catalyst
was a key step that led to hydrodeoxygenation and hydrogenation products. Hence, the
choice of solvents in Ru/RuOy/C catalytic systems affected product selectivity [210, 250,
251].

Another significant finding was the elucidation of the chemical pathway of the -O-4
hydrogenolysis by the Ru/RuOy/C catalyst, which involved the C,-OH groups of lignin in
promoting the dehydrogenation to the keto intermediate (C,=0) without the hydrogen-
donor solvents and Hz. Luo et al. [252] showed that C,-OH of the lignin B-O-4 model
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compound acted as a hydrogen donor group and facilitated the photo-mediated
hydrogenolysis by ZnlIn,S4. Our previous work demonstrated that the presence of the C,-
OH group enabled the B-O-4 bond cleavage of lignin 3-O-4 model compounds by the Ru
catalyst [253]. Given that most studies use alcohols as solvents for hydrogenolysis of lignin
B-O-4 model compounds to increase solubility of the reactants and products and or provide
hydrogen, we need to decouple the effect of chemical functionality and hydrogen-donor

solvents on the hydrogenolysis reaction.

In contrast to these findings, this dehydrogenation step occurs without hydrogen-donor
solvents and/or Hz. Zhou et al. [254] and Andrade et al. [255] investigated Pd catalysts for
hydrogenolysis of model B-O-4 compounds with C,-OH. They observed a keto
intermediate and proposed the hydrogenolysis of B-O-4 bonds by Pd catalysts underwent
keto-enol tautomerization intermediate step prior to B-O-4 cleavage into the keto product.

These results are in agreement with our observation in the Ru catalyst system.

This dehydrogenation step facilitated the cleavage of B-O-4 bonds because the keto
intermediate had a lower bond dissociation energy of the 3-O-4 bond (227.8 kJ/mol with
Co«=0) compared with that of C.,-OH (274.0 kJ/mol) [232]. These results are consistent
with the previous observations by Rahimi et al.[256] and Nguyen et al. [257], showing that
the oxidized lignin (C,=0) enabled a facile p-O-4 cleavage. Although these studies
suggested the importance of the functional group at C, for the p-O-4 cleavage, the
mechanism of this hydrogenolysis by Ru catalysts in the presence of C,-OH groups
remains unclear. Our combined experimental and computational results revealed that the
presence of C,-OH initiated the dehydrogenation and formation of the keto intermediate
(Ca=0), which is more susceptible to f-O-4 bond cleavage into phenol and keto products.
In addition, this concept is applicable to the technical lignin and yielded >27 wt.%

phenolics.

Our findings advance our understanding of the participation of C,-OH of lignin in
hydrogenolysis by Ru/RuOyx without external H.. Together with experimental and

computational results, we postulated the chemical pathway of hydrogenolysis of B-O-4

62



linkages by Ru/RuOy/C (Fig. 6). The presence of the C,-OH enabled the dehydrogenation
by Ru catalysts into the keto intermediate (C,=0) and facilitated the 3-O-4 bond cleavage
without hydrogen-donor solvents and/or external H. gas. The use of hydrogen-donor
solvents enabled the MPV reduction of the keto product (acetophenone) for subsequent
hydrodeoxygenation and hydrogenation. Although the design of catalysts for lignin
hydrogenolysis remains a challenge, the mechanistic insights gained from this work could
guide (1) the development of the lignin fractionation process to provide the chemical
functionality that facilitates the cleavage of B-O-4 bonds of lignin; and (2) the design of

solvent systems to control the product distribution.

Dehydrogenation p-O-4 cleavage +
Ej\of\l/© @\Or\[r@ \n/©
6]

OH

MPV

Hydrogenation HDO
Oy et @y 0

Figure 6. Proposed reaction pathway for conversion of model f-O-4 compounds with C,-
OH group and by Ru/RuOx/C catalyst

4. Conclusion

Selective hydrogenolysis of lignin is important in the productions of phenolic and
aromatic chemicals. We demonstrated the aliphatic hydroxyl groups (C«-OH) of lignin
model compounds were important in hydrogenolysis of B-O-4 linkages by Ru/RuOx/C. The
use of hydrogen donor solvents and external H> was not necessary in the C-O cleavage.
The presence of the C,-OH group in the lignin model compounds and technical lignin
promoted the charge transfer and formation of stable keto intermediate. The keto
intermediate formation facilitated the f-O-4 cleavage into alcohol and keto products. The
use of alcoholic solvents initiated MPV of the keto product by RuOx for subsequent

hydrodeoxygenation and hydrogenation. These findings expand our understanding in the
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effect of lignin functionality and RuOx on lignin conversion by Ru/RuO,/C catalyst. Future

studies will use the whole cell wall biomass to bypass the costly lignin fractionation step

and catalyst recycling.

Supplementary Information Chapter 4

Unlocking self-hydrogen for hydrogenolysis of lignin by a dual function Ru/RuOx/C

catalyst

Table S1. List of chemicals/reagents used in this study

. . . CAS
Chemical Supplier Purity Number
2-phenoxy-1-phenylethanol Ark Pharm Inc., 97% 42487-72-3
(PPE-OH) for B-O-4 with C,-OH USA
2-phenethyl phenyl ether (PPE) for 3-O-4 Frinton 98-99% 40515-89-7

Laboratories Inc.,

USA
Diphenyl ether (DPE) for 4-O-5 bond Sigma, USA 99% 101-84-8
Benzyl phenyl ether (BPE) for a-O-4 bond  Sigma, USA 98% 946-80-5
Veratrylglycerol-B-guaiacyl ether for -O-4 AstaTech, Inc., 97% 10535-17-8
with C-OH and methoxy substitution on the USA
ring
Kraft lignin (KL) Ingevity, USA - -
Yellow poplar steam exploded lignin (YL) Wolfgang Glasser’s - -

lab Virginia Tech,

USA
Soda lignin (SL, Protobind) Wolfgang Glasser’s - -

lab Virginia Tech,

USA
Organosolv lignin (OL) Wolfgang Glasser’s - -

lab Virginia Tech,

USA
Ethanol VWR, USA 200 proof 64-17-5
1-propanol TCI America, USA >99.5% 71-23-8
2-propanol TCI America, USA >99.5% 67-63-0
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2-butanol TCI America, USA >99.0%

1,4-dioxane VWR, USA >99.9% 123-91-1
2-butanone VWR, USA >99.5% 78-93-3
Ethyl acetate VWR, USA >99.5% 141-78-4
5% Ru/C Alfa Aesar, USA N/A 7440-18-8
(pre-reduced) 5% Ru/C Alfa Aesar, USA N/A 7440-18-8

(in ~50% water) as a control
H, gas

Welder  supplies,
USA

research grade:

99.999%

0O, gas Welder  supplies, research grade: -
USA 99.998%
N, gas Welder  supplies, industrial -
USA grade:
99.9995%

1.1 Quantum calculation methods

1.1.1 Density functional theory calculations.

All optimized geometries were determined based on periodic density functional

theory (DFT) calculations [258] using the Vienna ab initio simulation package Version

5.4.4 (VASP) [259, 260]. The interactions between valence electrons and ion core were

presented by projector augmented wave (PAW) potential [261, 262]. The exchange-

correlation function, along with the generalized gradient approximation (GGA) by

Perdew, Burke, and Ernzerhof (PBE) was used to determine the interaction between

valence and core ions [263]. The 5x3x1 of Monkhorst-Pack grid was used to construct

the Brillouin-zone [264]. The geometry optimization was performed within the conjugate
gradient method [265], with cut-off energy for the minimization were determined as
400eV. Moreover, the parameters of energy convergence criteria of 1.0x10 eV/atom and
force convergence criteria, lower than 0.05 eV/A, were applied. We selected the
convergence criteria of 1.0x10 eV/atom for high precision. The added force
convergence improved the accuracy of the calculation. The partial occupancies were
determined by generating the Methfessel-Paxton scheme[266] with a smearing energy of

0.2 eV. Furthermore, the VVan der Waals correction of the D3 method proposed by
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Grimme et al. [267] was also adopted. Adding Van der Waals correction increased the
accuracy of the calculation, which was a critical parameter to describe the bonding in C

and H atomes.

The Ru (111) surface was used to represent the Ru catalyst in all calculations
because it was the most stable facet of the Ru catalyst [268-270]. The interactions between
reactant molecules, PPE and PPE-OH, and Ru (111) surface during the adsorption process
were determined via the adsorption energy (Eads) calculated as follows.

Eads: Ecomplex - (ERulll + Emol) (1)

Where Ecomplex IS the energy of the optimized adsorbate-adsorbed catalyst surface (the
adsorption of PPE and PPE-OH on Ru (111) surface), Eru111 is the energy of the optimized
Ru (111) surface, and Ema is the energy of an optimized isolated PPE and PPE-OH
molecules under vacuum. A negative Eags value indicated the attractive interaction between
the adsorbate and the catalyst surface. Whereas a positive value suggested the desorption
reaction. To confirm the interaction between reactant molecules, possible intermediates,
and the Ru (111) surface during the hydrogenolysis reaction, the charge distribution and
electronics charge density difference during adsorption process were determined by the

Bader charge (Apgaqer) analysis[271-274] described as follows:

APpager = Piotal — pRu(lll) = Pmol (2)

Where p__ and p_ . are partial charge densities of the adsorbate-adsorbed
total mo

Pruciity I

surface, clean Ru(111) surface, and the isolated adsorbate molecule, respectively.

66



1.1.2 Model Information

The model information of isolated PPE and PPE-OH molecules was depicted in

(A) (B)

2-phenethyl phenyl ether (PPE) 2-phenoxy-1-phenyl ethanol (PPE-OH)
Figure S2. These models were constructed using two benzene rings, which were
linked via O1, C1, and C2 atoms. The PPE-OH molecule was constructed by substituting
a hydroxyl group (-OH) at the C, position, which was denoted as C2 in

(A) (B)

2-phenethyl phenyl ether (PPE) 2-phenoxy-1-phenyl ethanol (PPE-OH)
Figure S2B. The important bond distances in this study were O1-C1, C1-C2 and
C2-H1, and C2-02 of PPE and PPE-OH.
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2-phenethyl phenyl ether (PPE) 2-phenoxy-1-phenyl ethanol (PPE-OH)

Figure S2. The optimized geometry of the isolated adsorbate molecules, 2-phenethyl
phenyl ether (PPE. A) and 2-phenoxy-1-phenyl ethanol (PPE-OH, B)

The 6 x 4 Ru (111) slab model with a dimension of 14.73 x 8.51 x 21.02 A was built (

x y
2l 1 2 |(B)

\ 4 A 4

Vacuum region ~20 A
000000 0000
000000 Q00O
Q00000 0000

o--S0C oS-

Figure S3). The Ru (111) slab was separated by a 15.00 A vacuum region along the z-axis
to avoid interactions by the periodicity. The most stable adsorption configuration of both
PPE and PPE-OH are illustrated in Fig. S2A and S2B, respectively. Moreover, the
important atomic bond distances of PPE and PPE-OH before and after the adsorption are
summarized in Table S2. The two bottom layers of the slab were fixed to the bulk lattice

parameter. Whereas the two top layers and adsorbed species were allowed to fully relax.
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The possible active sites of Ru (111) slab were classified as (1) atop site, (2) bridge site
between 2 Ru atoms, (3) three-fold hcp hollow site, and (4) three-fold fcc hollow site (

X B y -
2|l f z | (B) o a2
9-9.J.9,
Vacuum region ~20 A ‘/’\._ ./’\._ ‘/’\'i'/’\‘
000000 0000
000000 Q00O
Q00000 0000
Figure S3C).
X B y 9
AR z | (B) (%) o e’
UV S rcc? St/
Vacuum region ~20 A / Q./' ‘@i\,{i\
RRR
000000 0000
000000 Q00O
Q00000 0000

Figure S3. Slab model of Ru(111) surface projected along the (010)-direction (A), (100)-
direction (B), and possible active sites on Ru(111) surface (C).
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Table S2. Important atomic distances in PPE and PPE-OH molecules before and after
adsorption on Ru(111) surface

Bond distance (A)

Bond Isolated Adsorbed Isolated PPE- Adsorbed PPE-
PPE PPE OH OH
01-C1 1.43 1.45 1.43 1.44
C1-c2 1.51 1.52 1.52 1.53
C2-H1 1.10 1.10 1.11 1.14
C2-02 N/A N/A 1.44 1.44
Nearest N/A 2.18 N/A 2.08

adsorption height

Interactions between reactants and Ru(111) surface

To better understand how the Co-OH facilitated the cleavage of the 3-O-4 bond, we
performed density functional theory (DFT) calculations to determine the relative stability
of the PPE-OH on a model Ru (111) catalyst surface. We used PPE as our control. Our
results demonstrated that the PPE and PPE-OH molecules strongly chemisorbed on Ru
(111) with an adsorption energy of -4.42 and -4.17 eV, respectively (Fig. S3). The PPE
and PPE-OH adsorption configuration showed that their two benzene rings are the point of
adsorption on the Ru (111) surface. The presence of the C,-OH group in the PPE-OH model
increased the steric effect. It weakened the adsorption of PPE-OH on Ru (111) than that of
PPE, as evidenced by the extension of the C2-H1 bond in PPE-OH (Table S2).
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Top view

Side view

Eaqs = -4.17 €V

Figure S3. Optimized structures in the top and side view of PPE (A) and PPE-OH (B)
adsorbing on the Ru(111) surface with the adsorption energy (Eads).
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Figure S4. Cleavage of B-O-4 bond of veratrylglycerol-B-guaiacyl ether (1c), 2-phenoxy-
1-phenylethanol (1b), and 2-phenyl ethyl phenyl ether (1a) by Ru/RuO/C in ethanol under
(A) N2 and (B) H.. Reaction condition: 280°C, 8 bar H> or N2, 1 wt.% reactant/ethanol, 20
wt.% catalyst loading, 4h.
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Bader charge analysis
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Figure S6. The charge density difference cross-sectional profile at the Ru(111) catalyst
surface of (A & C) PPE adsorption in the top and side view and (B & D) PPE-OH
adsorption in the top and side view. The iso-value of charge density difference was set to
+0.01le|, in which the electron accumulation and depletion are denoted as dark red and dark
blue filled contours, respectively. Whereas the neutral zone (no electron transfer) is
denoted as a white zone. The pmol and psur represent the charge density of the adsorbed
molecule and the catalyst surface, respectively. The Bader charge changes values of these

atoms are illustrated in Table S3.
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Table S3. Atomic Bader charge change of essential atoms of adsorbed PPE and PPE-
OH on Rul11 surface.

Atom Bader charge change |e|

Adsorbed PPE Adsorbed PPE-OH
o1 -0.16 -0.02
C1 -0.12 -0.29
C2 -0.18 -0.14
H1 +0.16 +0.67
02 N/A -0.10

Effect of solvents on the hydrogenolysis of PPE-OH.

In aprotic solvents, 1,4-dioxane appeared attractive as a reaction solvent because of
the high selectivity of 33% and 21% toward phenol (4) and acetophenone (5), respectively,
after 4h (Fig. 3). We observed PPE=0 (1a) as the reaction product. To evaluate the
evolution of PPE-OH, PPE=0, and resulting products, we conducted the hydrogenolysis
of PPE-OH in dioxane using Ru/RuOx/C catalyst at 280°C for 12h. We observed a
progressive increase in PPE-OH conversion, which was complete after 12h. The
conversion of PPE-OH (1b) and selectivity to B-O-4 cleavage increased over time (Fig.
S7). PPE=0 was rapidly formed as shown by an increase in selectivity of PPE=0 and a
maximum of 29% at 20% PPE-OH conversion within the first 2h (Fig. S7). The selectivity
of PPE=0 had a volcano-shape, which suggested that PPE=0 was an intermediate product.
The selectivity of PPE=O dropped with reaction times >2h. This decrease in PPE=0
selectivity was accompanied by an increase in HDO selectivity (selectivities of phenol and
acetophenone). These results corroborated our computational studies and suggested that
PPE=0 was the keto intermediate product from dehydrogenation of PPE-OH. Moreover,
the selectivity toward the sum of ethylbenzene (2) and styrene (3) was low (i.e., £2+3=
7%), which suggested that Ru/RuO«/C in dioxane proceeded with minimal side reactions

(hydrodeoxygenation and hydrogenation) compared with protic solvents.

In protic solvents, we did not observe the PPE=0O as a product. Moreover, we
observed saturated aromatic products in secondary alcohols (2-propanol and 2-butanol).

We hypothesized that the absence of PPE=0O and the formation of saturated aromatic
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products were because protic solvents facilitated the hydrogenolysis and promoted the
hydrodeoxygenation and hydrogenation. To test this hypothesis, we selected 2-propanol as
our reaction solvent and decreased reaction temperatures (Fig. S8). We observed an
increase in selectivity of phenol (4) and the sum of ethylbenzene and styrene (X2+3) with
increasing reaction temperature from 230 to 250°C. Whereas the selectivity of PPE=0
decreased with increasing reaction temperature. We did not observe PPE=0O with a reaction
temperature of 280°C. However, we observed the saturated aromatic products. These
results suggested that (1) PPE=O was formed in 2-propanol. However, the elevated
temperature (>250°C) facilitated the ether cleavage of PPE=0 into monomers (Fig. S8B).
Moreover, an increase in reaction temperature enhanced hydrodeoxygenation and/or
hydrogenation of these resulting monomers into saturated phenolic and aromatic products

as evidenced by an increase in HDO selectivity (Fig. S8B).

Among protic solvents, reactions of PPE-OH with Ru/RuOx/C in 2-propanol and
2-butanol resulted in a complete conversion of PPE-OH to ethylbenzene (2) and saturated
aromatic products, cyclohexane (9), cyclohexene (10), ethyl cyclohexane (11), and
cyclohexanol (12). The presence of the saturated aromatic products indicated that
hydrogenolysis products underwent hydrodeoxygenation and hydrogenation. The
secondary alcohols, 2-propanol and 2-butanol, were more effective hydrogen donors than
primary alcohols (ethanol and 1-propanol).[275, 276] Hence, we observed ring saturation
products when we used 2-propanol and 2-butanol. To avoid the formation of saturated
aromatic products, one should avoid secondary alcohols as reaction solvents.

Together, these results suggested that PPE=O was an intermediate product of the
hydrogenolysis of model B-O-4 compounds with the Co-OH group. The results further
suggested that the dehydrogenation of PPE-OH (1b) to PPE=O (8) took place under
Ru/RuOx/C in both polar protic and aprotic solvents. Moreover, the cleavage of PPE=0 to

phenol and acetophenone in dioxane was slower than that in protic solvents.
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Figure S7. Evolution profiles of reaction products from cleavage of 3-O-4 bond of 2-
phenoxy-1-phenylethanol (1b) by Ru/RuO/C in dioxane. Reaction condition: 280°C, 8 bar
N2, 1 wt.% reactant/dioxane, 20 wt.% catalyst loading, 4 h. HDO selectivity = sum of HDO

product (2 and 3) selectivities, Ether cleavage selectivity = sum of ether cleavage product
(2, 3, 4, 5, and 6) selectivities.
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Figure S8. Cleavage of the 3-O-4 bond of 2-phenoxy-1-phenylethanol (1b) by Ru/RuO/C
in 2-propanol (A) and selectivites toward ether cleavage and hydrodeoxygenation products
(B). Reaction condition: 8 bar N2, 1 wt.% 2-phenoxy-1-phenylethanol/2-propanol, 20
wt.% catalyst loading, 2 h. HDO selectivity = sum of HDO product selectivities (2, 3, 9,
10 and 11). Ether cleavage selectivity = sum of ether cleavage product selectivities (2, 3,
4,9, 10,11 and 12).
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Figure S9. Relationship between donor number and the selectivity toward C-O cleavage
and hydrodeoxygenation. HDO selectivity = sum of HDO product selectivities (2, 3, 9, 10,
and 11) in Figure 3. Ether cleavage selectivity = sum of ether cleavage product seletivities
(2,3,4,5,9, 10, 11 and 12) in Figure 3. EtOH = ethanol, 1-PrOH = 1-propanol, 2-PrOH
= 2-propanol, 2-BuOH = 2-butanol.

Table S4. Ru and RuOx content of the used Ru/RuOx/C
catalyst in selected solvents at 280°C for 4h
Content (wt.%)
Entry Solvent
Ru® RuOx

1 Fresh (control) 59.0 41.0
2 Dioxane 60.9 39.1
3 Methanol 76.4 23.6
4 Ethanol 78.9 21.1
5 Ethanol (12h) 91.3 8.7
6 2-butanol 84.7 15.3
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Table S5. Meerwein—Ponndorf-Verley (MPV) reduction of acetophenone and product

selectivity over Ru/RuO,/C catalyst.

s L
@A rurwoje A . A . @\cg . @J‘
° 280°C, N, E 24 6"
acetophenone Ethylbenzene styrene 1-Phenylethanol  (1-ethoxyethyl)benzene
Time  Conversi Yield (%)
Fresh
O (control 2 73.1 68.9 3.0 1.2 - 73.2
S red
> Reduce
o -
E q 2 25.5 12.8 1.6 111 255
Reduce
q 6 64.3 34.9 0.8 3.9 24.7 296

Reaction condition. 280°C, 2 h, 8 bar N, 1 wt.% acetophenone/ethanol, 20 wt.% catalyst
loading. Catalyst reduction.02g Ru/RuOy/C catalyst at 12mL ethanol, 280°C under 8 bar N,

12h.

79



Table S6. Hydrogenolysis of the real lignin over Ru/RuOx/C catalyst

HO. -0 OH
OH HO. H
- - Oy ~ N ~ _ 0O '~ =
Lignin  —> QL +m + K+ . + on + +
- H H H . .
1 2 3/4 5 6 7 8 9

Total Yield (wt%)
Time Entry Yield
(Wt%) 1 2 3 4 5 6 7 8 9
SL 9 1.4 0.6 1.3 2.2 2.8 0.7 - 0.9 1.8
< OL 9.7 1.3 0.6 0.5 0.8 1.7 24 15 16 2.2
¥ KL 12.2 4.6 2 11 2.8 6.8 04 - - -
YL 12.5 1.2 0.6 0.1 0.7 2.9 21 14 16 5.3
SL 17.8 3 1.6 2.7 3.8 5.6 13 16 1.4 3.2
g OL 17.7 2.1 1.3 1.2 1.7 2.9 36 29 31 4.2
— KL 17.7 5.8 3.3 2.2 3.4 7.1 14 26 - -
YL 27.5 2.9 1.7 15 0.9 6.2 43 35 35 10.2
SL 18.8 3 2.8 2.8 3.7 5 15 17 1.8 3.8
g OL 18.4 3.6 2.2 1.6 1.8 3.2 34 33 28 2.9
N KL 24.2 9.5 6.5 2.8 3.5 7.7 25 35 - -
YL 27.9 4.1 3.1 1.3 1.6 6 33 38 3.6 9.5

Reaction condition: 280°C, 8 bar N2, 1 wt.% lignin, 20 wt.% catalyst loading
exploded lignin, OL = Organosolv lignin, KL =Kraft lignin, PL= Soda lignin

. YL =Yellow poplar stem

YL ) KL PL oL .
56 56 | 56 ﬁ’ﬂ L sg
-OCHj
-58 58 -58 58
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Figure S10. Portions of the HSQC NMR spectra for the technical lignin showed the C,-
OH contours and the C,=0 contours relative to the methoxy (OCH3) contours. These

contours were used to determine the relative integrals in Table S7.
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Table S7. Relative integrals of the C,-OH and C,=0 peaks in four technical lignin

S

Sample (WE%6)°

Chemical shift
region (ppm)

Co,-OH° C,=0P

Total HSQC
integral®

Yellow poplar lignin ~ <0.2
(YL)

Kraft lignin (KL) 0.9
Soda lignin (SL) 0.3
Organosolv lignin 0.2
(OL)

(*H) 5.04-4.64
(3C) 72.9-70.7
(*H) 4.99-4.65
(*3C) 72.7-70.5
(*H) 4.99-4.67
(*3C) 72.7-70.7
(*H) 5.02-4.73
(*3C) 72.7-70.7

0.0302 0.0182

0.0242 0.0178

0.0197 0.0216

0.0038 0.0111

0.0484

0.0420

0.0413

0.0149

3measured by combustion techniques for CHNS, Prelative integral area to the methoxy

contour
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CHAPTER 5

METAL-ORGANIC FRAMWORK SEPARATOR AS POLYSELENIDE FILTER FOR

HIGH-PERFROMANCE LITHIUM-SELENIUM BATTERIES 3

1. Introduction

The great demand for electric vehicles and power-grid energy storage has stimulated
the search for high-capacity rechargeable batteries. For decades, conventional lithium-ion
batteries have been used for electronic devices. However, current transition metal oxide
cathodes* have low theoretical energy density (~350-450 mAh/g) [277], which prevents
their practical application such as in electric vehicles [278]. Thus, chalcogenide-containing
cathodes, such as S, Se, and Te, have gained attention [279-282]. Selenium is viewed as
potential electrode material in lithium-selenium cells because selenium has a high
theoretical capacity (678 mAh/g) [283] and a volumetric capacity comparable to lithium-
sulfur batteries (3268 mAh/cm? for selenium and 3467 mAh/cm?® for sulfur) [284-287].
Moreover, selenium has a high electrical conductivity of 1 x 10 - S/cm,[288-290]
compared with sulfur (5 x 1028 S/cm) [291]; the high conductivity provides selenium with
better electrochemical properties. However, the performance of lithium-selenium batteries
is impaired by the shuttling of soluble polyselenide (Sex?, 4<x<8)[289, 292] across the
separator; the polyselenides react with the lithium metal electrode, which causes capacity
fade.

3 This chapter is published in ACS Applied Energy Materials (Hossain et al., 2021, ACS Appl. Energy

Mater., 4, 12, 13450-13460

4 During discharge these materials act as a cathode. We refer to the positive electrodes as cathodes.
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Moreover,  uncontrolled  diffusion  of  electrolyte  anions, typically
bis(trifluoromethanesulfonyl)imide (TFSI°), causes a nonuniform Li* deposition on the Li
anode and promotes Li dendrite formation. These issues hinder the development and
practical use of lithium-selenium batteries. The ability to prevent the shuttle effect of
polyselenides and diffusion of anions will boost the electrochemical performance and life

of the lithium-selenium cells.

The separator provides the path for transporting cations, anions, and an electrolyte
between electrodes. Porous polypropylene has been used widely as a separator, a key
component of lithium-selenium cells. However, the weak interaction between carbon-
carbon backbones of the polypropylene separator with polyselenides and TFSI anions
results in the diffusion of polyselenides between electrodes, active material loss, self-
discharge, and capacity fade.[293-296] Modifying the separator to prevent polyselenides

and anion diffusion is expected to tackle this problem.

Metal-organic frameworks (MOFs) are a class of porous solids with uniform pore structure
and coordinated unsaturated sites. MOFs have narrow pore widths and interconnected
pores that enable the diffusion of Li* and function as a physical barrier to larger ions in an
electrolyte. Moreover, MOFs have coordinated unsaturated sites (Lewis acid
characteristics) that can capture Lewis bases, such as polyselenides [297] and TFSI anions
[298]. Among various MOFs, PCN-250 (also known as MIL-127 and Fe-soc-MOF [299])
is a class of MOFs constructed from trinuclear iron oxo clusters (Fes-p3-oxo clusters) and
tetratopic azobenzene-based linkers (3,3’,5,5’-azobenzene tetracarboxylate) (Fig.
S1).[300] PCN-250 has a small pore width of 5.9 A [301] and high surface area ~1500
m?/g. This MOF is robust and stable in solutions with pH 1 to pH 12 [302, 303]. These

characteristics make PCN-250 a good candidate as a separator modifier.

Here, we fabricated a modified separator using PCN-250 and assessed its ability to
suppress the diffusion of polyselenides and TFSI anions in lithium-selenium batteries. We

constructed the Se cathode by encapsulating the Se in activated carbon. We chose this

83



cathode system because it has visible selenium cathode dissolution,[304] which enabled
our study on the interaction of the PCN separator with polyselenides. We found that the
PCN-modified separator inhibited the diffusion of polyselenides and TFSI anions from
cathode to anode. As a result, the lithium-selenium cells were cycled at C/5 and 1C for 500

cycles with high-capacity retention.

2. Experimental Section

2.1. Materials

All reagents were used as received. Their manufacturers, purity, and CAS numbers
are shown in Table S1. PCN-250 metal-organic frameworks (MOFs) were provided by
framergy, Inc (College Station, TX, USA) and produced under the commercial name
AYRSORB™ F250. The physicochemical properties of PCN-250 are shown in the
Supporting Information.

2.2. Synthesis of selenium encapsulated activated carbon cathode (Se@AC).

Selenium was loaded into activated carbon by a facial melt diffusion method to
form Se@AC.[305] In short, dry activated carbon and selenium at 2:3 by weight were ball-
milled at 300 rpm in acetone for 1 h. After ball milling, the selenium and activated carbon
mixture was dried at 80°C for 6 h to remove the acetone. The dry selenium-activated carbon
mixture was heated under N2 at 10°C/min and held isothermally to 260°C for 20h. Finally,
the sample was heated to 350°C for 3h to remove physisorbed selenium and cooled to
ambient temperature. The selenium loading in Se@AC was ~47 wt.%, measured by

thermogravimetric analysis (Fig. S2).

2.3. Characterization of metal-organic frameworks

Powder X-ray diffraction (pXRD) analysis of MOF samples was performed on a
Bruker D8 Discover diffractometer (Billerica, MA, USA) using CuK,, radiation in the 20
range from 10° to 40° with 0.5 sec/step. The N2 adsorption/desorption was measured by a
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Micromeritics Tristar (Norcross, GA, USA) instrument to calculate MOF surface area and
pore volume. Before the measurement, the sample was treated at 150 °C for 4 h with a
Micromeritics FlowPrep with sample degasser (Norcross, GA, USA). The surface area,
Seet, was determined from N isotherms using the Brunauer—Emmett—Teller equation
(BET) based on the MOF overall mass. The pore size distribution of the PCN-250 MOF
was calculated from the desorption isotherm by Nonlocal Density Functional Theory
(NLDFT) model. Morphology and elemental mapping analyses of the interface between
PCN-250 layer and polypropylene were investigated by scanning electron microscopy
(Tescan Vega V3 SEM) with energy dispersive X-ray spectrometry (EDS).

Infrared spectra of the PCN-250 MOFs were recorded on a JASCO Fourier
transform infrared (FTIR) spectrometer (Easton, MD, USA), equipped with an attenuated
total reflection stage (ATR). Samples were scanned in the spectral range between 400 and
4000 cm™ at a 4 cm™ resolution. Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) with adsorbed pyridine was performed to characterize acid sites;
measurements were made with a JASCO FTIR equipped with high-temperature
DiffuseIR™ cell (PIKE Technology, WI, USA). We chose pyridine as an in-situ titrant for
probing the Lewis acid site density of MOFs because of earlier success in observation of
Lewis acid sites in other MOFs [306-308]. The protocol for the DRIFTS experiments with
temperature program desorption is described elsewhere with a slight modification.[309,
310] In short, MOF samples (~5 mg) were placed in a cylindrical alumina crucible and
treated in nitrogen gas (50 mL/min) at 50-250°C for 30 min unless otherwise noted. After
the treatment, the DRIFTS spectra of MOF catalysts were recorded as the background
spectra. The MOF materials were then saturated with pyridine vapor. The adsorbed
pyridine was removed by flushing with N> gas at 50, 100, 150, or 250°C for 30 min before
recording the DRIFTS spectra. All spectra were recorded with 256 scans between

4000—400 cm ™ at a 4 cm ™! resolution.

XPS spectra were measured using a VG Scientific MultiLab 3000 ultra-high
vacuum surface analysis system, equipped with a dual-anode Mg/Al x-ray source and a
CLAM4 hemispherical electron energy analyzer. The measurements were performed at the
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base pressure of 10 Torr range using a non-monochromatized Al Ka x-ray radiation (hv
= 1486.6 eV). The C-C peak of adventitious carbon at 284.8eV was used for the binding
energy (BE) calibration.

2.4. Fabrication of PCN-250 coated separators

Throughout this manuscript, we refer to the PCN-250 coated separator as a PCN
separator. The PCN-250 particles (average particle size 20.2 um with SEM imagery; see
Supporting Information, Fig. S4) were dried at 150°C under 70cc/min N2 flow overnight
to remove moisture before using. The PCN separators were fabricated by layering PCN-
250 and PVDF-HFP binder. In short, ~ 0.03 g dry PCN-250 (0.1 wt.%) was dispersed in
ethanol and sonicated for one hour to disperse PCN. The PCN solution (10 mL) was filtered
through a conventional polypropylene 2400 membrane. Next, the pump was turned off to
allow the PCN to distribute on the polypropylene membrane. Then, 0.5 mL PVDF-HFP in
acetone (5 wt.%) was filtered on top of the PCN layer to bind the PCN particles. The PCN
and PVDF-HFP solutions were filtered alternately three times to ensure even distribution
of the PCN-250 particles on the polypropylene membrane. Before use, the resulting PCN
separator was dried at 80°C for 12 h in a vacuum oven.

2.5. Lithium-selenium cell (Li/Se cell) assembly

The cathode materials were prepared by making a slurry of Se@AC, PTFE binder,
and carbon black (Super P) at 80:10:10 ratio (w/w/w), unless otherwise noted. The Se
loading was ~1-1.5 mg/cm? [305, 311-313], similar to previous studies, to minimize the
effect of volume expansion and contraction during charge/discharge that might affect the
electrochemical performance. The slurry was coated onto the current collector and dried at
120 °C for 3 h in a vacuum oven to form the working electrode. The CR2032-type coin
cells were assembled in an argon-filled glove box with moisture and oxygen content below
1 ppm. In all experiments, ~25 pl of 1M LiTFSI in 1:1 dimethoxyethane (DME): 1,3-
dioxolane (DOL) (v/v) were used as the electrolyte, unless otherwise noted. In addition,
LiNO3 (1 wt.%) was used as an additive to aid in the formation of the solid electrolyte
interface at the lithium-metal anode. The anode was prepared by directly pressing lithium

metal foils onto a 15.8 mm diameter stainless steel disc. The PCN separator was cut into
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18 mm discs and placed in the cells. The conventional polypropylene separator was used

as a control.

2.6. Permeation tests

Permeation tests were conducted in a Li/Se full cell in the H-type cell configuration.
Two chambers of the cell were separated by polypropylene or PCN separator. The Se
cathode was prepared using 8 mg Se@AC, 1 mg PTFE finder, and 1 mg Super P mixture
on a 1x2 cm stainless steel mesh. The selenium loading of the cathode was ~2 mg/cm?,
slightly higher than that in the CR2032 cells to ensure the visible formation of the
polyselenides. The 0.2C (based on theoretical capacity) current rate was applied to
discharge the cell at 30°C. To investigate the formation of soluble polyselenides and their

diffusion through the separator, images were captured during 48h.

2.7. Open circuit voltage (OCV)

The open-circuit voltage of the cell was measured with a Bio-Logic SP-200
potentiostat/galvanostat using a Li/Se cell. The Li metal was used as both reference
electrode and anode. The Se cathode consisted of Se@AC, PTFE binder, carbon black
(Super P) at 80:10:10 ratio (w/w/w). The OCV of the cell was recorded at 30°C for 12h.

2.8. Cyclic voltammetry

Cyclic voltammetry (CV) was performed by Autolab® using Li/Se cell. The cyclic
voltammetry was conducted between 0.5-3.0 V at a scan rate of 0.1mV/s. Then scan rate
was varied from 0.1 to 0.2, 0.7, and 1.0 mV/s to determine the lithium-ion diffusion
coefficient (Dvi+) by the Randles—Sevcik equation (eq. (1)) [314].

1,=2.69 X 10°. n' A Cp; D{z. v )

where I, is the peak current (Amps), n is the number of electrons transferred in the redox
event, Cy; is denoted as concentration (mol/cm?), A represents the area of the electrode

(cm?), and v represents scan rate (V/s).
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2.9. Li-ion transference number (tpi+)

Li* transference number is defined as a fraction of the overall charge transferred by
species containing Li*. [315] CR2032-type coin cells using Li/Li symmetric cell
configuration were assembled in an argon-filled glovebox. The cells were left in open-
circuit condition for at least 12h to equilibrate prior to measurement. The DC polarization
method was applied, and the tLi+ was calculated based on the Bruce-Vincent method by eq.
(2) [316]:

¢ +:ISS(AV-IORO)
H IO(AV-ISSRSS)

)

where lg and Iss represented the initial and steady-state current, respectively. The values of
Ro and Rss were calculated from EIS measurements before and after perturbation at AV =
10 mV.

Li* transference numbers close to 1 are indicative of low anion motion and are conducive
to cell operation without the development of excessive concentration gradients, a condition
that increases the efficiency of the cell.[317]

2.10. Galvanostatic lithium cycling performance

Galvanostatic cycling experiments were conducted using symmetric Li/Li cells
with 1M LiTFSI in 1:1 DME:DOL (v/v) to evaluate the lithium plating/stripping behaviors
using PCN separator. The experiments were performed at 30°C, 1mA/cm? current density,
and 30 min plating/stripping interval. Cells with the polypropylene separator were used as

a control.

2.11. Electrochemical performance

Galvanostatic charge/discharge tests were performed at C/10 for 50 cycles and C/5
and 1C for 500 cycles using the Arbin BT2000 battery testing unit (College Station, TX,
USA) in a voltage window of 1.0-3.0 V versus Li/Li* to determine the cycling stability of
the Li/Se cells. The current rate was calculated based on the weight of selenium (1C =~675

mA/g theoretical capacity). Before electrochemical testing, the cells were treated with 10
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cycles of galvanostatic charge/discharge at a low rate of C/5 for activation. Coulombic

efficiency and capacity retention of the cell after cycling were calculated as follows (eq

3)-(5)):

. . Charge capacity
Coulombic Efficiency (CE)=— — x 100 (3)
Discharge capacity

. . Final capacity
Capacity retention (%) = W x 100 4)
Y

. Initial capacity-Final capacity
Capacity decay rate (%/cycle)= Initial capacity X cycle number x 100 (5)

3. Results

We first fabricated the PCN-250-modified separator and evaluated its ability to
prevent self-discharge from the diffusion of polyselenides. Then we assessed the
electrochemical performance and cycle time of lithium-selenium cells with a PCN-250-

modified separator (PCN separator).

3.1. Lewis acid characteristics of PCN-250 and morphology of PCN separator

To determine the Lewis acid character of PCN-250, we performed Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) with adsorbed pyridine at
50-250°C (Fig. 1B). The blank experiments (without pyridine adsorption) did not show
any features between 1000-1100 cm™. The peaks at 1012, 1043, 1070 cm™ indicated the
presence of Lewis acid sites. Moreover, the presence of these peaks at elevated temperature
(250°C) suggested a high strength of the Lewis acid sites of PCN-250. To evaluate the
Lewis acid-Lewis base interaction between PCN-250 and TFSI", we performed the FTIR
on the PCN-250 soaked with solvent (1:1 DME: DOL (v/v)) and electrolyte (1M LiTFSI
in 1:1 DME: DOL (v/v)) (Fig. 1C). As a control, the FTIR spectrum of the LiTFSI showed
unique characteristic peaks of TFSI™ at 570, 750, 1051, 1085, 1150, 1192, 1335, and 1364
cm (Fig. 1C, Table S2).[318] Next, we soaked PCN-250 materials in the electrolyte for
30 min and washed them with 1:1 DME:DOL (v/v) solvent to remove physisorbed species.
We still observed the peaks of TFSI™ at 750, 1051, and 1192 cm™ that suggested a strong

interaction between Lewis acid-Lewis base.
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We then used the resulting PCN-250 to fabricate the MOF separator (Fig. 1A). The
MOF separator was flexible, and the thickness of the MOF layer was ~30 um. Elemental
mapping of the PCN separator showed a uniform dispersion of Fes-p3-oxo clusters (Figs.
1E & 1G). In addition, the FTIR spectrum of the PCN separator had characteristics of
PCN-250 (Fig. S5).
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Figure 1. Illlustration of flexible MOF separator (A). DRIFT spectra of PCN-250 with
pyridine as a probe molecule (B). FTIR spectra of the PCN-250 soaked in electrolytes (C)
and SEM micrographs of the cross-sectional area of the MOF separator (D) and their

elemental mapping (E-G).

3.2. PCN separator prevented polyselenide permeation

To assess the interaction between PCN separator and polyselenides, we performed
in-situ permeation measurements in the H-type cell during 48 h at C/5. The H-type cell
consisted of a Li/Se cell with the PCN separator (Fig. 2B). As a control, both sides of the
cell with polypropylene separator were clear initially. After discharge, a light brown color
formed on the cathode side (right), indicating the formation of lithium polyselenides.
During prolonged discharging, the dissolved polyselenides were concentrated, as shown

by the solution's darker color on the cathode side. Moreover, we observed the light brown
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color on the anode side, which suggested diffusion of the soluble long-chain polyselenides
to the anode side. In the case of the PCN separator, although we observed the formation of
soluble polyselenides on the cathode side, they did not diffuse to the anode side. Thus, the

PCN separator suppressed the diffusion of the soluble polyselenides.

3.3. PCN separator prevents self-discharge process

One of the major challenges in the practical use of Li-Se batteries is its self-
discharge caused by the diffusion of polyselenides. To determine the ability of the PCN
separator to prevent self-discharging, we evaluated the open-circuit voltage (OCV)
behavior of Li/Se cells with PCN separator during 12h (Fig. 2C). When we used
polypropylene as a control, the open circuit potential continually decreased and reached
2.72V after 12h. This continual decrease in open-circuit voltage occurred because of the
diffusion of soluble polyselenides and reaction with lithium anode. When we used the PCN
separator, the open circuit potential dropped slightly and was maintained at 2.91V after 2h.
These results suggested the suppression of polyselenides diffusion by PCN separator.
These OCV results corroborated the permeation test (Fig. 2B).
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Figure 2. Permeation tests of polypropylene (A), PCN (B) separators over 48h in the H-
type cells and Open-circuit voltage (OCV) retention profiles over 12 h relaxation (C).

3.4. PCN separator as an anionic sieve to enhance the Li* plating/stripping stability

To assess the relative Li* transport in the cell with the PCN separator, we performed
Li* transference number measurements. As a control, the Li* transference number of the
cell with the polypropylene separator was 0.38 (Fig. 3A), similar to reported values.[319-
321] The cell with the PCN separator yielded a Li* transference number of 0.72, much
higher than that of the cell with the polypropylene separator. This substantial increase in
Li* transference number indicated the facile and selective transit of Li* through the PCN
separator. Moreover, these results also implied that the PCN separator prevented the

diffusion of TFSI anions to the anode side, in contrast to the property of the polypropylene
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separator. These results further explained the presence of TFSI™ peaks after soaking PCN-
250 with the electrolyte (Fig. 1C).

Figure 3B shows the Nyquist plots of the impedance experiment before and after
polarization. We fitted the Nyquist plots with the equivalent circuit and obtained the charge
transfer resistance (R2) and Warburg resistance (W>, Table S3). The R of the fresh cell
(initial) with the polypropylene separator was 332Q, which agreed with reported values
[322, 323]. The R of the PCN separator was lower than the R with the polypropylene
separator, which suggested that the PCN layer improved the electrochemical reaction
Kinetics [323, 324]. After polarization, we observed an increase in the R, of the cell with
both separators, which indicated the decomposition of the Li-metal [322, 325]. Another
significant finding from the impedance spectra was the W>, which explained the formation
of the solid electrolyte interface due to the decomposition of solvent and TFSI anion on the
Li surface [322, 325, 326]. For the cell with the PCN separator, the W> was much lower
than the W> with the polypropylene separator (Fig. 3B). One reason for this difference was
that the PCN separator restricted the diffusion of the TFSI anion to the Li-metal. As aresult,
the formed solid electrolyte interface layer in the cell with PCN separator was thinner than

the polypropylene separator.
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Figure 3. Changes of current with time during polarization of a Li/Li symmetric cell with
PCN and polypropylene separators in the fresh electrolyte during 15h at 30°C under 10mV

potential (A) and Nyquist plots of the impedance spectra before and after polarization (B).
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To determine whether the PCN separator enhanced lithium cycling stability, we
performed galvanostatic cycling experiments using symmetric Li/Li cells containing 1M
LiTFSI in 1:1 DME: DOL (v/v) with PCN separator. The voltage profile of the lithium
metal working electrode (WE) during constant current lithium plating and stripping at 1
mA/cm? for 500h is presented in Fig. 4A. The positive potentials of the lithium WE against
the Li/Li" reference electrode (RE) represent the overpotentials that appear during lithium
stripping, whereas the negative potentials represent the overpotentials during lithium
plating on the WE. The voltage polarization of the cell with a PCN separator was stable
over 500 h. As a control, we performed the cycling experiment using the symmetric cell
with a polypropylene separator. The voltage polarization of the polypropylene separator
cell was stable up to 290 h and then gradually decreased in voltage because of the short-
circuit.[327-331] After 290 h, we observed the overpotential (circled, Fig. 4C and D) in the
polypropylene separator due to the growth of lithium dendrite[332-335] from the uneven
plating behavior of lithium [336, 337], which penetrated the polypropylene separator [338].
The short circuit of the cell with polypropylene separator further explained the low lithium
transference number. This low lithium transference number of the polypropylene separator
cell indicated the presence of free anions that hinders the fast lithium-ion diffusion and
results in the uneven lithium plating and dendrite growth [339, 340]. The stable Li
plating/stripping profiles over 500 h without any short circuit of the cell with PCN
separator suggested uniform lithium plating and corroborated the high lithium-ion
transference number. These results suggested that the PCN separator was a cation-selective
membrane that restricted anion mobility, promoted a uniform Li deposition, and suppressed
the growth of the dendrite.
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Figure 4. Galvanostatic cycling voltage profiles of a Li/Li symmetric cell cycled at 1
mA/cm? (0.5 mAh/cm?) for 500 h with PCN and polypropylene separators, voltage profiles
from 4-8 h (B), 326-330 h (C), and 487-491 h (D). Yellow circles indicated overpotentials
from the cell with polypropylene separator.

3.5. Cyclic voltammetry

To investigate the redox behavior of selenium in the electrolyte, we performed
cyclic voltammetry on the cell with the PCN separator (Fig. 5). As a control, the cell with
the polypropylene separator showed two reduction peaks (2.2 and 1.9 V) and one oxidation
peak (2.4 V). Initially, the cell with the PCN separator exhibited two reduction peaks and
one oxidation peak. The two reduction peaks at 1.9 and 2.2 V revealed multiple reduction
transformations of selenium into long-chain polyselenides (Li>Sex, 4<x<8) and subsequent
reduction of these long-chain lithium polyselenides to short-chain lithium selenides (Li>Se>
and Li»>Se) during the discharging (delithiation) process [288]. Interestingly, cells with both
separators showed decreasing peak currents over 15 cycles, which suggested Se cathode
dissolution into the electrolyte [341, 342]. We also observed the evolution of a small peak
at 1.4 V after five cycles, which we assigned to reduction of LiNO3 [343, 344]. The one
oxidation peak at 2.4 V started to acquire a shoulder after 3 cycles; this shoulder

corresponded to conversion of lithium selenides to polyselenides and eventually solid
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Li>Seo/Li>Se [345-348] and suggested intensive polarization and poor stability of the
polyselenides in the cathode side. Although the cyclic voltammograms of the cell with
either separator showed similar cathodic and anodic features, the peaks were broader for
the cell with polypropylene. The cell with the PCN separator showed higher cathodic and
anodic peak currents compared with the cell with the polypropylene separator, which

suggested that the PCN separator enabled rapid redox kinetics [349].

Next, we determined the diffusion coefficients using the cyclic voltammograms at
different scan rates (Fig. S6). The calculated diffusion coefficients for the cell with
polypropylene separator were ~1013-10"12 cm?/s (Table S4). These values agreed with the
reported values [350]. For PCN separator, the calculated diffusion coefficients were 10°12-
101t cm?/s. A higher diffusion coefficient of the cell with the PCN separator, compared
with the polypropylene separator, suggested that the PCN separator had better
electrochemical performance [350] and corroborated the lower charge transfer resistance

measured by impedance spectroscopy (Fig. 3B).
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Figure 5. Cyclic voltammetry of cells with polypropylene (A) and PCN (B) separators at
a scan rate of 0.1 mV/s at 30°C.

3.6. Electrochemical performance of the cell with PCN separator
To better understand the cell redox behavior, we measured the electrochemical

performance of Li/Se cells with the PCN separator at different charge/discharge rates (C-
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rates). The cell with a PCN separator had better performance than the cell with the
polypropylene separator (Fig. 6A). When cycling at different C-rates, the capacities of the
cell with PCN separator remained relatively constant at 510 mAh/g for C/5, 360mAh/g for
C/2, 190 mAh/g for 2C, and 71 mAh/g for 4C. Then the capacity returned to 482 mAh/g at
C/5.

Coulombic efficiency is a key indicator for cycling capability in a commercial cell.
To evaluate the capacity of the cell, we initially performed galvanostatic charge-discharge
of the cell with both separators at a C/10 rate for 50 cycles (Fig. 6B). The Li-Se cell with
polypropylene separator lost significant capacity and ended with 228 mAh/g after 50
cycles. Conversely, the cell with PCN separator maintained a reversible capacity of 522
mANh/g after 50 cycles. These results demonstrated that the PCN separator improved
electrochemical performance and capacity retention compared with the polypropylene

separator.

Next, we investigated the long-term cycle stability of the cell with the PCN
separator. The cells were cycled at C/5 and 1C for 500 cycles (Fig. 6C and D). The cell
with PCN separator had a stable reversible capacity from an initial capacity of 661 mAh/g
that became relatively stable (423 mAh/g) at C/5 after 100" cycle. This initial process of
~100 cycles was attributed to activation of the Li-Se cells leading to a highly reversible
and stable electrochemical performance, consistent with the observation in Li-S cells.[351]
The capacity retention rate of ~64% with a decay rate as low as 0.07% per cycle for 500
cycles suggested stable kinetics of the cells with the PCN separator. These results
demonstrated reversible efficiency and kinetics of the cell using a PCN separator compared
with the cell with a polypropylene separator, consistent with the stable electrochemical

performance of the CV measurement.

As a control, the cell with polypropylene separator had lower capacity than the PCN
separator cell at both C/5 and 1C. Moreover, the cell with polypropylene separator required
an initial activation as shown in a progressive increase in CE at both C/5 and 1C. When
cycled at C/5, the cell with polypropylene separator demonstrated an initial discharge

capacity of 350 mAh/g, followed by a progressive decrease in capacity to 102 mAh/g after
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500 cycles. Thus, the capacity retention of the cell with polypropylene was 29% with an
average decay rate of 0.14% per cycle for 500 cycles. Next, we cycled the cell at 1C. As
expected, the discharge capacity of the cell with polypropylene separator dropped rapidly
to 107 mAh/g after 500 cycles, whereas the discharge capacity of the cell with PCN
separator remained relatively constant at 292 mAh/g with >98% CE for 500 cycles. We did
not observe any change in the morphology of the PCN separator after 500 cycles at 1C
(Fig. S7).

3.7. Characterization of the spent PCN separator

To identify the function of the PCN separator, we performed XPS on the spent PCN
separator at C/5 after 50 cycles. The peak deconvolution of the Se 3d region produces two
doublet peaks (Fig. 7A). The first, strong peak, located at about 54.9 eV, could be attributed
to the Se-Se bonds of the backbone structure of chain-like Sen (2 < n < 8) molecules [305,
348, 352, 353]. The other, much weaker doublet peak at 57.9 eV, originated from the
terminal Se atoms (most likely forming Se-C or Se-O bonds) of such chain-like molecules.
The peak deconvolution of the C1s spectrum yielded four main components at 284.4,
286.3, 288.1, and 290.5eV, which were identified as sp>hybridized carbon (C=C),
hydroxyl or epoxy group (C-0), carbonyl group (C=0), and carboxyl group (O-C=0) or
C-Se group, respectively (Fig. 7B). There were also two weak peaks at 283.3 and 293.3 eV,
but the origins of these peaks were unclear.
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Figure 6. Rate performance with PCN and polypropylene separators at various C-rates
from C/5 to 4C (A). Long-term cycling performance of the cells with PCN separator at a
rate of C/10 over 50 cycles (B), C/5 (C) and 1C (D) over 500 cycles at 30°C.
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Figure 7. X-Ray Photoelectron spectra of the Se 3d (A) and C 1s (B) of the spent PCN
separator on the cathode side.

These results suggested that the PCN separator immobilized the polyselenides,
corroborating the self-discharging and permeation tests. We postulated that the

immobilization of polyselenides occurred by the interaction between the Lewis base
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polyselenides and Lewis acid sites of PCN-250, as shown in the DRIFT spectrum of PCN-
250.

5. Discussion

We evaluated the efficacy of PCN separators to suppress the polyselenides shuttling
between electrodes. The shuttling of polyselenides leads to severe self-discharge, capacity
fade, low Coulombic efficiency, and cycling instability. The PCN separator eliminated
these issues by blocking the diffusion of polyselenides. This blocking function enhanced
Li* transport, long-term cycling stability, and capacity retention as evidenced by a
discharge capacity of 423 mAh/g at C/5 and 292 mAh/g with >98% Coulombic efficiency
at 1C over 500 cycles.

One of our most significant findings is that the PCN separator acted as a cation-
selective membrane, which simultaneously blocked the shuttling of polyselenides and
TFSI anions. Most current work on modified separators for Li-Se cells is aimed at
suppressing only the shuttling of polyselenides (Table S5). The immobilization of TFSI
anions, a major contributor to the nonuniform Li deposition, has not been investigated
widely. Our permeation and cycling tests demonstrated the ability of the PCN separator to
suppress the diffusion of polyselenides and promote uniform lithium nucleation and
growth, which prolonged the cell life and prevented Li dendrite growth. A possible reason
for the PCN separator blocking of polyselenides and promoting stable lithium deposition
is that the Lewis acid sites of PCN-250 anchored the Lewis bases, namely, polyselenides
[297] and TFSI" [298]. The chemical barriers to polyselenides and TFSI™ afforded by the
PCN separator slowed the loss of active materials (Li and Se) and improved Li* transport
(high Li* transference number), enhancing the capacity retention and long-term cycling

stability.

The use of modified separators is a key strategy for suppressing the shuttling of
polysulfides. MOFs have been used as separator modifiers to prevent the diffusion of the
polysulfides for Li-S batteries (Table S6). The combination of porous structure and

uniform Lewis acid sites of MOFs allowed transport of lithium ions and suppressed
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shuttling of polysulfides (Lewis base) of Li-S systems. Chen et al.[354] synthesized a
Niz(HITP)2-modified separator for Li-S cells and showed that the cell reached ~585 mAh/g
after 300 cycles at C/2. Although they observed that the cell with Niz(HITP)2-modified
separator delivered a better performance at C/2 over 300 cycles, the capacity progressively
decayed. Qi et al.[355] used MIL-125(Ti)-modified separator for Li-S battery. They found
that MIL-125(Ti) separator retained the capacity and reached 726 mAh/g at C/5 after 200
cycles. Suriyakumar et al.[356] applied Mn-BTC MOF-modified separator in Li-S battery
at C/10 over 80 cycles. They found that the cell with Mn-MOF separator showed superior
capacity retention than that with polypropylene separator. These prior results suggested

that different MOFs interacted differently with polysulfides.

The application of MOF-modified separator in lithium-selenium batteries has not been
assessed. A lack of this knowledge limits our ability to speed the commercialization of the
Li-Se batteries. Thus, we compared the PCN separator with other reported multilayer
modified separators for Li-Se batteries, such as graphene, MXene, and carbon nanotubes
(Table S5) [357, 358]. The electrochemical performance of the PCN separator was
comparable and even superior to other modified separators in terms of capacity retention,
long-term stability (500 cycles), Li* transference number, and stability at a high current
rate. This information will help design yet more effective separators for Li-Se batteries.
We discovered that the PCN separator restricted diffusion of polyselenides and TFSI',

which prevented the uncontrollable growth of lithium dendrite and extended cell life.

In theory, the Lewis acid characteristics of PCN-250 can interact with TFSI anions
(Lewis base). Although our high Li* transference number (0.72) and stable voltage profile
using the Li/Li symmetric cell with PCN separator implied that the ion-conducting
performance in the electrolyte was mainly accomplished by Li*, further studies should
provide direct evidence of the interaction between TFSI” and PCN separator. Moreover,
additional studies should decouple the individual contributions of MOF pore size and

Lewis acid sites to the blockade of polyselenides and TFSI anion diffusion.
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6. Conclusion

Shuttling of polyselenides limits the practical use of lithium-selenium batteries. We
fabricated PCN separators that mitigated the shuttle effect of polyselenides. The cells
demonstrated a high discharge capacity of 423 mAh/g at a C/5 current rate and 292 mAh/g
at 1C with Coulombic efficiency > 98% after 500 cycles. The PCN separator acted as a
chemical sieve to suppress the shuttling of polyselenides and promote the uniform Li*
transport. As a result, the cells could cycle at C/5 and 1C for 500 cycles with high-capacity
retention and Coulombic efficiency. Our findings offer a promising perspective on using
PCN-250 as a cation-selective membrane to solve two serious problems in lithium-
selenium batteries, the shuttle effect of polyselenides and the uncontrollable growth of
lithium dendrite. We expect this PCN separator to be a candidate for high energy density
lithium-selenium batteries and to be used with other alkali-metal chalcogenide battery

systems.
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Supporting Information Chapter 5

Metal-organic framework separator as polyselenide filter for high-performance

lithium-selenium batteries

Figure S1. Iron oxo cluster (A), linker (B), and crystal structure (C) of PCN-250.

Table S1. Chemicals and supplies used in this work.

No Description Purity CAS no. Manufacturer
1 Selenium powder 99+%  7782-49-2 Acro Organics
(Waltham, MS, USA)
2  Activated carbon (AC) 7440-44-0 BeanTown Chemical
(Hudson, NH, USA)
3  PCN-250(Fe), produced under the framergy, Inc (College
commercial name AYRSORB™ Station, TX, USA).
F250
4 Celgard 2400 (Polypropylene) Celgard, LLC
(Charlotte, NC, USA)
5  Poly(vinylidene fluoride-co- 9011-17-0 Sigma Aldrich (St.
hexafluoropropylene (PVDF-HFP, Louis, MO USA)
MW 455 kDa)
6  Carbon black (Super P) 99+%  1333-86-4 Alfa Aesar

7 Lithium chip
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USA)
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CA, USA)




8  Polytetrafluoroethylene (PTFE) MTI Corp (Richmond,

condensed liquid binder (PTFE CA, USA)
binder)
9 Lithium >09% 90076-65-6 VWR (Radnor, PA,
bis(trifluoromethylsulfonyl)imide USA)
(LiTFSI)
10 1,2-dimethoxyethane (DME) >09%  110-71-4 VWR (Radnor, PA,
USA)
11 1,3- dioxolane (DOL) >09%  646-06-0 VWR (Radnor, PA,
USA)

2.1. Physicochemical properties of PCN-250
To examine the physicochemical properties of the MOF, we characterized PCN-

250 by X-ray diffraction (XRD), N2-adsorption/desorption, scanning electron microscopy
(SEM), and Fourier-transform Infrared  spectroscopy (FTIR). The N2-
adsorption/desorption isotherm exhibited a Type | isotherm [359, 360], which suggested
that PCN-250 was microporous (Fig. S2A). The microporous PCN-250 material had 1542
m2/g surface area, 0.6 cc/g pore volume, and 5.6 A average pore width (Fig. S2B), similar
to reported values [301, 361, 362]. The x-ray diffraction pattern of the PCN-250 matched
reported spectra (Fig. S2C) [301, 363]. Our FTIR spectrum of the PCN-250 exhibited the
Fe-O stretching peak at 624 cm-1, rocking vibration of CH at 1374 cm-1, vibration of C=C
at ~1600 cm-1 and vibration of N=N at ~1400 cm-1 of azo-phenyl group (Fig. S2D),
similar to reported spectra [363-367]. The SEM images showed that the average particle
size of PCN-250 is ~10 pum (Fig. S4). In sum, the foregoing physical properties confirmed
the formation of the PCN-250 material.
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Figure S2. N, adsorption/desorption isotherm (A), pore size distribution determined by a
Nonlocal Density Functional Theory (NLDFT) model (B), x-ray diffraction spectra (C),

Fourier-transform Infrared spectrum of PCN-250 (D).
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Figure S4. SEM Images of PCN-250 with particle size measurements
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Table S2. FTIR peak assignments.

Wavenumbe

No. Description of Vibration modes 1
r (cm+)

1 CF3 asymmetric bending mode, das Of free triflate anion of LITFSI 570

2 Overlapping of symmetric bending mode of CF3, ds (CF3) and 750
combination of C-S and S-N stretching of LiTFSI

3 Asymmetric S-N-S stretching, vas of LiTFSI 1051
4 S=0 bonding mode, u of LiTFSI 1085
5 C-S02.N bonding mode, 1 of LiTFSI 1150
6 Asymmetric stretching mode of CF3, vas Of LITFSI 1193
7 C-SO2-N bonding mode, n of LiTFSI 1335
8 Overlapping of CH> twisting mode of MOF and asymmetric 1364

SO stretching mode, vas of LiTFSI

PCN-250

PCN separator

PCN-250

Absorbance (a.u.)

Polypropylene

2000 1600 1200 800 400
Wavenumber (cm™)

Figure S5. FTIR spectra of polypropylene (PP), PCN-250 particles, and PCN-coated

separator
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Table S3. Charge transfer resistance (R2) and Warburg resistance (W>) obtained by

fitting the equivalent circuit with the Nyquist plots

LR
7

!
AT— Q —
R C—W
R2 W2
Separator Initial resistance Final resistance
Q) Q)

R2 W2 R2 w2
Polypropylene 332 319 381 333
PCN 178 44 232 70
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Figure S6. Cyclic voltammetry of the Li/Se cell with/out coated polypropylene separator

at different scan rate (a) PCN separator (b) polypropylene separator.

Table S4. Diffusion coefficient of lithium ion (Dvi+) for cells with polypropylene and

PCN separators
Peak (mV)\Dri+ Polypropylene separator PCN separator
(cm?/s)
Peak A (2.4V) 8.4x10712 1.7x10™
Peak B (2.2V) 5.3x10713 3.5x107!2
Peak C (1.9V) 1.1x107"2 7.5x10712
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Figure S7. SEM images of PCN separator before (A) and after cell cycle at 1C for 500

cycles (B).

Table S5. Selected separators used in lithium-selenium batteries.

Average
Active specific Number Lit
material capacity
Separator Host loading (MAh/g) @ . cc>1|°es trarrlljfrﬁtr)zr;ce Ref.
(mglcm?)  differentC- &Y
rate

PCN- AC? 1.00-1.50 423 @ C/5 500 0.72
250/polypropyl 292 @ 1C 500 This
ene (Celgard work
2400)
WOs/glass fiber AACP 1.13-1.77 510 @ C/10 100 - [368]
Polypropylene  rGO° 2.00 341 @ C/5 200 - [369]
(Celgard-2400)
Graphene/polyp  Super-P 4.00 331 @ C/2 1000 - [357]
ropylene
(Celgard-2400)
CCNT/MXene/  Carbon 1.80 478 @ 1C 500 0.61 [358]
polypropylene  Black
(Celgard 3501)
Polypropylene  HPCAY  1.50-2.00 184 @ 1C 300 - [346]
(Celgard-2400)
Polypropylene  NMPC 2.00 570 @ C/2 350 - [370]
(Celgard-2400) S°
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Polypropylene
(Celgard-2400)
Polypropylene
(Celgard-2400)
Polyethylenimi
ne/

fish-scale based
porous carbon
composite/
Celgard-2400
poly-m-
phenyleneisopht
halamide

NCSf 0.80-1.00 301 @ 1C 500
NCHP 0.70-1.00 119 @ 1C 60
CY

Acetyle 1.50 638 @ 1C 400
ne

Black

Carbon - 458.3 @ C/2 800
Black

[371]
[347]

[372]

[373]

3activated carbon; Palkali activated carbon (rice husk); ‘reduced graphene oxide; ®hierarchical
porous carbon aerogels; ®N-methylene phosphonic chitosan; fmesoporous nitrogen-doped
carbon scaffolds; %nitrogen-containing hierarchical porous carbon.

Table S6. Selected metal-organic framework-based separators for battery systems.

Average
Active Acti\{e specific Numbe Li"
i material capacity transfer
Separator Host materi loadi r of Ref.
al oading (r_nAh/g) @ cycles ence
(mg/cm?) different C- number
rate

PCN-250 (Fe) AC Se 1-1.50 423 @ C/5 500 0.72 This

292 @ 1C work
Niz (HITP)2 Super P S 3.50 585 @ C/2 300 - [354]
Ui0-66 (Zr) Super P S 1.50 720 @ C/2 500 - [374]
Zn-HKUST-1 CMK-3 S - 700 @ 1C 1000 - [375]
Ui0-66-NH: Graphene S 0.50 ~600 @ C/4 100 0.70  [376]
(Zn@sSio2
ZIF-7 Super P S 1.00 452 @ C/4 300 - [377]
ZIF-8 Super P S 1.00 403 @ C/4 300 - [377]
Y-FTZB? Super P S 1.00 557 @ Cl/4 300 - [377]
HKUST-1 Super P S 1.00 197 @ C/4 300 - [377]
(Cu)
HKUST-1 CMK-3° S 0.60-0.80 855 @ 1C 1500 - [351]
(Cu)
HKUST-1 RGO S 1.00-1.50 802 @ C/2 600 0.76  [378]
(Cu)
Cuz(CuTCPP) Carbon S 2.0 604 @ 1C 900 - [379]

black
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MOF-derived  Carbon@F S 2.0 820 @ 1C 1500 - [380]

C0oSs €304

Mn-BTC Graphene S - 1450 @ 80 0.45 [356]

MOF C/10

MIL-125(Ti) Ketjen S 2.0 726 @ C/5 200 - [355]
Black

Ce-MOF Ketjen S 6.0 839 @ 1C 800 - [381]
Black

Cu-BTC Ketjen S - 1128 @ C/2 500 0.82 [382]
Black

COF°(TpPa-  CNT® S 54 639 @ C/5 100 0.88 [383]

SOzLi)

3Y-FTZB fcu MOF of Ho.FTZB and Y- Yttrium; "Covalent organic framework; “Carbon

Nanotube
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CHAPTER 6
CONCLUSION

We have demonstrated Lewis acidic materials as catalysts for lignin upgrading and
anion immobilizers for lithium metal batteries. The use of oxophilic metal catalysts, such
as Ru and Mo, enabled the formation of oxygen vacancies. The choice of solvents
controlled the amount of oxygen vacancies and affected the hydrogenolysis efficiency,
product yield, and product distribution from lignin model compounds and technical lignin.
These results provide a guide for designing effective catalysts for hydrogenolysis of
technical lignin and maximizing the phenolic yields for additional revenues in biorefineries

and pulp and paper manufacturers.

Additionally, we applied the Lewis acid interaction concept to control the reactivity
and enhance the cell performance of Li-Se batteries. We demonstrated that Lewis acidic
MOFs coordinated with Lewis basic anions (TFSI-) and polyselenides. As a result, both
TFSI- and polyselenides were captured by Lewis acid sites of MOFs and suppressed the
polyselenides and anion movement. Furthermore, the immobilization of polyselenides and
anions through the grafting of these MOFs onto the separator prevented hazardous dendrite
growth and maintained the Li-Se cell capacity over 200 cycles. These findings can be
applied to enhance the cell performance of other alkali metal chalcogenide battery systems,

such as sodium, magnesium, and aluminum with S, Se, and Te.

Future works will focus on generating bifunctional catalysts using the oxophilic
transition metal oxide catalysts for cascade conversions of technical lignin. Moreover, the
effect of metal nodes of MOFs on the coordination strength with the anions in the
electrolyte will be explored to aid in designing the ion-selective separator for alkali-metal
batteries.
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