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ABSTRACT 

UNDERSTANDING THE SOLID/SOLID AND LIQUID/SOLID INTERFACE PHENOMENA 

FOR ALTERNATIVE ENERGY APPLICATIONS 

By 

Thanaphong Phongpreecha 

In many alternative energy technologies, interfacial phenomena are critical in determining 

process efficiency and feasibility. Previously, a complete application of density functional theory 

(DFT) as a tool to study interfaces has not only led to fundamental insights into the system, but 

also predictive models and recommendations for materials that were experimentally validated. In 

this thesis, it is first demonstrated that such an approach can also be used to solve a well-

characterized interface problems related to sustainable energy technologies. This first problem is 

a solid/solid interface between the solid oxide fuel cell (SOFC) and its sealant, specifically an 

interface between SOFC’s exposed electrolyte, which is typically made of yttria-stabilized zirconia 

(YSZ), and the commercial Ag-CuO sealing braze. The current material, CuO, which helps molten 

Ag to wet on YSZ surfaces and later adhere once the Ag is solidified, has been previously 

characterized to form a CuO-rich layer between Ag and YSZ. However, over time it is reduced by 

the SOFC’s reductive conditions and results in formation of pores. Therefore, alternative oxides 

are needed that are thermodynamically stable in SOFC’s high operating temperatures and also 

provide similar adhesion properties to CuO. To that end, this thesis has identified two mechanisms 

that enable only CuO to work so far. First, it was found that, unlike most other Ag/oxides, the 

Ag/CuO interface has a particularly strong adhesion ‒ five times that of Ag/YSZ. Second, the 

dissolved oxygen in molten Ag from air during the brazing process diffuses to the interface and 

partially improves adhesion. The high adhesion of Ag/CuO was proposed to be from CuO’s unique 

atomic structure. Therefore, a descriptor based on the oxide’s structural and chemical features was 



developed to predict Ag/oxide adhesion. The descriptor expedites screening of new oxides as no 

expensive calculation is needed, leading to several recommendations such as CuAlO2 and 

Cu3TiO4. 

In the second problem, a more complex and less well-characterized interface in sustainable 

energy technologies is investigated. It should be noted that due to the complexity, the screening 

model cannot be developed yet. This second interface is a liquid/solid interface between solvated 

lignin and its catalyst. Lignin is a highly heterogeneous polymer in lignocellulosic biomass with 

many functional groups. Its valorization is essential to the economic feasibility of biorefinery, and 

its catalytic hydrogenolysis in a liquid phase is well-studied technology route to add value to the 

lignin. Many experiments have shown that solvent choice can have large impacts on product types 

and yields. However, the solvent effect on the reaction is still unclear. An understanding of the 

solvated lignin/catalyst interface would be valuable. For this, we are interested in the adsorption. 

To achieve this, spectroscopic and wet chemistry techniques are first used to help characterize the 

system by identifying that the quantity of ether linkages in lignin is the most critical functional 

group that determines the hydrogenolysis yields. Using a lignin dimer that contains a characteristic 

ether linkage, DFT shows that, in vacuum, the adsorption of the dimer is much stronger on Ni(111) 

than Cu(111). Upon solvation with ethanol, it was found that the dimer-metal interactions weaken 

so significantly that for Cu(111), it no longer adsorbs onto the metal surface. This implies that Cu 

may not provide high catalytic activity, which agrees with hydrogenolysis experiments performed 

in this thesis, although there could be other contributing factors. Lastly, to circumvent large DFT 

calculations, a model based on a thermodynamic cycle was developed to predict adsorption energy 

of a solvated lignin dimer for a given pair of solvent and catalyst. Although the model is not 

suitable for screening purposes, it provides a valuable, quantitative insight to the solvent effects.
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CHAPTER 1 Background and Motivations                                    

1.1 Selected Interfaces in Solid Oxide Fuel Cell and Biorefinery & Problem Identification 

1.1.1 Interfaces are Key Components in Energy Conversion and Storage Devices 

 To decrease our dependence on fossil fuels, there has been a surge in development and 

deployment of alternative energy in the past decade. From 2008 to 2017, the generation of non-

hydro renewable energy in the U.S. has more than tripled,1 most of which can be contributed to 

the wind and solar energy sector. However, these technologies alone would not suffice because of, 

first, the intermittent nature of the energy source and, second, limited land-based transmission 

infrastructure in certain regions.2 In light of the first shortcoming, battery and fuel cells have 

emerged as the solution for energy storage/conversion device. Additionally, both of them can also 

be used for transportation applications supported by alternative fuels. The second shortcoming can 

be addressed by other renewable energy sources, particularly lignocellulosic biorefinery, which 

produces liquid fuels that can leverage existing pipeline networks. Together, these technologies 

could expand the usage and applications of renewable resources, and hence, reduce our reliance 

on petroleum. 

Two of the renewable energy technologies that are of the interest in this thesis are the solid 

oxide fuel cell (SOFC) and the lignocellulosic biorefinery. A SOFC is an electrochemical 

conversion device that produces electricity directly from oxidizing fuels such as methane or syngas 

using ceramic or oxide electrolytes. Lignocellulosic biorefinery is a process of chemical 

conversion and separation of biofuels and chemicals from non-food woody biomass, such as poplar 

or switchgrass, both of which have great potentials. For SOFC, it has been praised for fuel 

flexibility, low emissions, the highest efficiency (60-90%) of any hydrocarbon-based electricity 

generation technology, and most importantly, the highest gravimetric and volumetric power 



2 

 

densities of any energy conversion technology.3 This makes SOFC suitable for applications such 

as offsetting intermittent renewable power sources.4 On the other hand, lignocellulosic biorefinery 

offers not just energy from biofuels, such as ethanol, but also a platform for renewable chemicals.5 

As an example of how these technologies could expand the use of alternative fuels, bioethanol can 

also be integrated with SOFC as an energy storage in a vehicle as currently deployed by Nissan e-

NV200 (Figure 1.1).6,7 Together, they provide an alternative to battery-based electric vehicles, 

while also leveraging the existing petroleum infrastructure.8 

 

Figure 1.1. Schematic diagram of SOFC in Nissan vehicle using bio-ethanol as a fuel (adapted 

from 6). 

A diagram of a SOFC shown in Figure 1.2A shows that it is composed of anode, cathode, 

and a solid electrolyte, which are usually made up of nickel, lanthanum strontium manganite 

(LSM), yttria-stabilized zirconia (YSZ), respectively. An SOFC generates electricity through 

oxidation of fuels on the anode side. The oxygen is supplied from the cathode side, transporting 

through the solid electrolyte. This is possible through the high ionic conductivity of YSZ or other 

electrolyte materials at higher temperatures.9,10 In practice, each SOFC is sealed and stacked 
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together to provide more power, where sealing is applied in between each unit and is in contact 

with its electrolyte, and the cell frame, which is typically made out of stainless steel (Figure 1.2B). 

Therefore, it is crucial that the sealant has a strong binding to both YSZ and stainless steel. 

 

Figure 1.2. Schematic diagram of a single SOFC with a solid oxide-ion conducting electrolyte (A, 

adapted from 11 with permission), and of stacked SOFC showing sealing in each unit which is in 

contact with the SOFC’s electrolyte (B, adapted from 12).   

The biofuel used in Fig 1.1, such as ethanol, can be generated from lignocellulosic biomass 

through biorefinery. Lignocellulosic biomass is mainly composed of cellulose, hemicellulose, and 

lignin. Biorefinery is a sustainable processing of these biomasses into a spectrum of marketable 

products. Beyond ethanol, Figure 1.3 shows these products, catalytic conversion methods, and 

which part of the biomass it came from. In practice, lignin is the only part that is still underutilized 

because it is cheaply burned at-site for energy production. As lignin accounts up to up to ~30% of 

plant's mass and is one of a few potential natural sources of aromatics,13 its valorization represents 

a vital improvement in the economic viability of cellulosic biorefineries. In literature, numbers of 

studies have achieved this through either liquid-phase catalytic oxidative or reductive approaches 

(Figure 1.3). Therefore, an understanding of how lignin valorization reactions proceed on the 

catalyst surface is important for catalyst and solvent design to improve yields, selectivity, and other 

desired catalyst properties. 
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Figure 1.3. The hypothetical biorefinery concept with an examples on how each component of the 

lignocellulosic biomass (cellulose, hemicellulose, and lignin) can be catalytically converted to 

useful fuels and chemicals (adapted from 14 with permission). 

In both of these technologies, a number of interfaces are involved and are critical in 

determining the feasibility and efficiency of the technologies. Interface is a boundary between two 

spatial regions occupied by different matter, at which material properties differ from the bulk 

phase. Fundamental to the operation of SOFC, the oxygen gas is reduced (
1

2
O2(g) + 2e− → O2−) 

and diffuse into the cathode (LSM) surface through its oxygen vacancies, then through the 

electrolyte, and finally to the anode surface (Ni cermet/YSZ) where it is used for catalytic oxidation 

of H2 (H2(g) + O2− → H2O + 2e−).15 To prevent these gases from leaking, a sealant is applied 

between the device’s exposed surfaces and the stainless steel frame. Therefore, the adhesion at the 

SOFC/sealant/frame interface determines the strength of the seal. In lignocellulosic biorefinery, 

catalytic process is at the heart of its depolymerization process for all major components. For 
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example, efficient conversion of carbohydrates in biomass to furfurals, which are valuable 

feedstock for chemicals production, was conducted in organic solvents and typically with zeolite 

catalysts.16–18 For lignin, its hydrogenolysis to aromatic monomers are usually conducted in liquid 

phase with various metal-supported catalysts such as Ni, Pd, and Pt.5,19 These reactions occur at 

the liquid/solid interface of the solvated adsorbate with the catalyst. Therefore, their interactions 

at the interface largely determine the type of products, yields, and selectivity.  

 Two specific interfaces among these are of particular interest in this thesis. The first 

interface is the seal between the SOFC and the stainless steel frame, particularly at the interface 

between SOFC’s electrolyte and its sealant, which currently inhibits the SOFC shelf life because 

of its early degradation. The other interface is the liquid/solid interface between solvated lignin 

and metal surfaces. This interface is critical in understanding of the effect of solvent on adsorbate-

surface interactions, particularly in a context of catalytic reaction pathways. 

1.1.2 Sealing of the Electrolyte in SOFC 

For SOFC, the interface problem of an interest is the adhesion between the device’s 

electrolyte and its sealant. Currently, due to the extreme operating conditions of SOFC, its sealant 

microstructure degrades prematurely, inhibiting a long shelf life of SOFC. However, finding new 

replacement materials that would exhibit similarly strong adhesion to the electrolyte, and hence 

seal it, has proven to be a challenging task. This is because the sealing material has to be able to 

withstand extreme temperature (~800-1000 °C), and a highly oxidizing and reducing environments 

for prolonged period of time. Apart from these, the material needs to adsorb mechanical stress and 

the differences in thermal expansion.11 Most importantly, it also needs to have strong binding to 

YSZ so that the seal can be hermetic.  
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Current technology employs a Ag-CuO braze to seal the exposed YSZ surface and 

mechanically supported by ferritic stainless steel frame.20 Ag is used because of its many desirable 

braze characteristics including stability in air above 160 °C21 and sufficient braze strength and 

ductility to withstand stress from expansion mismatch with YSZ.22 Because liquid Ag used in the 

initial stages of the air brazing process needs to completely wet, i.e. spread on, on YSZ surface in 

order to form a coherent surface upon solidification, a small amount of Cu or CuO is added to 

promote its wettability. The wettability can be measured by contact angle, with an angle of more 

than 90° considered non-wetting. The contact angle of Ag on YSZ in air is 110 °C,23 while adding 

just 4 wt% of CuO, which forms a CuO-rich layer between Ag and YSZ (SEM micrograph),24 

reduces it to 45° and keeps it adhered strongly upon solidification.25  

However, overtime the high hydrogen diffusivity in Ag (8×10-5 at 750 °C)21 leads to 

reduction of CuO, and hence, formation of pores in the braze, limiting the lifespan of SOFC. 

Replacing CuO with many other common monovalent metal oxides did not lead to similar Ag 

wetting effect.26 This emphasizes the need to find alternative oxides that could be more chemically 

complicated. However, currently it is not well understood how CuO helps Ag wet on YSZ. Having 

such understanding would be useful in facilitating materials discovery. Therefore, the objectives 

of Chapter 2 of this thesis are to identify what are the underlying mechanisms of Ag-

CuO/YSZ and to leverage the insight for designing new materials.  
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1.1.3 Catalytic Hydrogenolysis of Lignin in Liquid Phase 

 

Figure 1.4. Hypothetical structure of softwood and hardwood lignin. Bonds abundance is obtained 

from Adler.27  

For lignocellulosic biorefinery, the interface of interest is the adsorption of solvated lignin 

on metal surfaces. This represents an interface during lignin catalytic depolymerization to valuable 

chemicals (henceforth referred to as lignin upgrade/valorization), which is crucial to the economic 

feasibility of lignocellulosic biorefinery. Despite most upgrading reactions being performed in a 

liquid phase, there is still limited understanding of the solvent effect on surface adsorption 

mechanisms. Understanding this more could aid in catalyst and solvent design.  

It is very challenging to understand and model the extremely complicated lignin upgrade 

topic, both from the perspective of lignin structure and its upgrade. This is because, first, lignin is 

a complex phenylpropanyl polymers synthesized in plant from three monomeric precursors, 

namely p-coumaryl, coniferyl, and sinapyl alcohol, which lead to its three monolignol units of p-
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hydroxyphenyl, guaiacyl, and syringyl, respectively (Figure 1.4). Different types of plants have 

different proportions of these units in lignin. These units are then randomly connected by several 

types of ether and carbon cross-linkages shown in red in Figure 1.4. Secondly, isolation processes 

of lignin from biomass further induce more changes to its natural structure, mostly either 

introducing undesirable functionalization (Figure 1.5) or degrading it by forming more recalcitrant 

C–C linkages. These resulted in even more complex functionalities in lignin, including but not 

limited to variable changes in amounts of methoxyl groups, phenolic and aliphatic hydroxyl 

groups, polymer chain length, and linkages depending on the process. Each of these 

functionalization has been reported to affect depolymerization products and yields, especially the 

abundance of C-O linkages, which are the primary target as they are the most easily cleaved.28–31 

 

Figure 1.5. Examples of changes in lignin functionalities at the β–O–4 linkage after going through 

different types of lignocellulosic biomass pretreatment (adapted from 14 with permission). 

Despite a number of reports on the effect from each functional group, quantitative 

relationships that relate these groups collectively with product yields have not been fully 

demonstrated yet. For modeling of the liquid/solid interface in the present study, this knowledge 

is vital in confirming that the section of lignin selected for atomistic modeling, which will be 
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limited in number of atoms, contains all the major yield-deciding functionality. Additionally, for 

the general lignin community, the understanding of this relationship would be useful for 

benchmarking the quality of lignin from different sources. Therefore, prior to modeling lignin 

adsorption, Chapter 3 of this thesis will employ a number of experimental techniques 

(spectroscopies and wet chemistries) to characterize how lignin’s functionalities relate to its 

monomer yields. 

Table 1.1. Major products from selective hydrogenolysis reaction of lignin showing a wide range 

of possible products depending on reaction conditions and catalysts. 

Catalyst 
T(°C), 

H2 (bars) 
Solvent 

P1 P2 P3 P4 P5 P7 

Ni/C* 
200-200 °C, 

0 MPa 
C2H5OH       

Ni/C32 
220 °C, 

2 MPa 
Dioxane       

Ni/Al2O3
33 

250 °C, 

3 MPa 
CH3OH       

Raney Ni34 
200 °C, 

0 MPa 
CH3OH       

Pd/C* 
200-200 °C, 

0 MPa 
C2H5OH       

Pd/C35 
225 °C, 

3.4 MPa 
CH3OH       

Pd/C, 

Ru/C36 

200-200 °C, 

2 MPa 

C2H5OH+

H2O       

PdZn/C37 
225 °C, 

3.4 MPa 
CH3OH       

Ni7Au3
38 

130-160 °C, 

1 MPa 

Alkali 

H2O       

CuPMO39 
180-220 °C, 

4 MPa 
CH3OH       

*Reactions done in the present thesis (See Chapter 6). 
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Catalytic depolymerization of lignin yields a mixture of valuable aromatic chemicals and 

degraded compounds. Particularly, liquid-phase hydrogenolysis will be the focus of the present 

thesis as it has been studied extensively recently. Apart from the lignin chemistry, catalytic 

hydrogenolysis of lignin would not only result in different yields, but could vary significantly in 

types of products as shown in Table 1.1. These differences could stem from the choice of catalyst, 

H2 pressure, and solvent. For the last factor, as can be seen in the case of Pd/C in Table 1.1 where 

reaction temperature and H2 pressure are similar, with different solvents, products could differ. In 

the present thesis, the effect of solvent will be highlighted. 

 Currently, the understanding of the solvent effects primarily comes from experimental 

approaches. By varying solvent choice and using Ni catalyst, it was suggested that in low 

temperatures (<100 °C), aprotic non-polar solvents, such as decalin and n-heptane, result in the 

highest yields with complete conversion to hydrogenated products. Through a thorough discussion, 

it was proposed that other solvents, including methanol, ethanol, and 1,4-dioxane, among others, 

result in low conversions because of strong interactions with the Ni surface. However, these 

solvents are also very commonly used for lignin reactions due to their high solubility.40 Therefore, 

the paper highlighted a very interesting question quote: “Is a compromise between catalytic activity 

and substrate solubility required for the efficient conversion of lignin?”. Certainly, one of the 

solutions is to heat the reaction up significantly (>200 °C), which shows that alcohols can give 

similar yields. This is in agreement with the fact that most hydrogenolysis studies employ alcohols 

and Ni catalysts, which requires high temperatures.5,19 Note that in many cases high reaction 

temperatures also lead to undesirable products and lower selectivity.41,42 However, high yields 

from alcohol solvents at high temperatures are not necessarily true to all catalysts as a separate 

study comparing solvents at 300 °C using zeolite based catalysts suggests that other solvents, 
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including methyl isobutyl ketone and acetone, resulted in higher yields than alcohols.43 There are 

several possible causes to the discrepancy, and one of which relates back to the effect of solvent, 

i.e. the change in the adsorption of lignin and its reaction intermediates could vary significantly 

depending on a specific combination of catalyst and solvent.  

 To answer the aforementioned question, hypothetically, there may exist a combination of 

solvent and catalyst that can dissolve lignin, and not at the cost of catalytic activity because of its 

interaction with the surface. To find (or design) that solvent, how these solvents affect the lignin-

metal interactions at the surface needs to be understood first. However, studies on how the β-O-4 

lignin dimer adsorbs on the surface even in a gas state is scarce and still inconclusive. More 

importantly, it was reported that different isomers of the model yielded different adsorption 

conformations on Ni surface, which subsequently leads to different reaction paths.44 This stresses 

the significance of identifying adsorption structure, and particularly, how it changes when 

solvated. Therefore, Chapter 4 of this thesis aims to clarify how lignin adsorbs on metal 

surfaces, and demonstrates how it changes with the effect of solvents, using a representative 

section of lignin. Additionally, the effect of these changes between different catalysts will be 

briefly compared to experiments through catalytic hydrogenolysis in Chapter 5. 

1.2 Contributions of DFT Calculations to the Understanding of Interface Interactions 

The use of multi-scale modeling and simulation methods has become a widely accepted 

strategy for furthering our understanding in essentially all fields of chemistry, biochemistry, 

condensed matter physics, and materials science.45 Different modeling methods have different 

strengths, shortcomings, and hence, various suitable applications. In theory, material properties 

and reaction mechanisms can be describable by quantum mechanics (QM). However, as shown in 

Figure 1.6, simulation of large system size or long dynamics time, such as modeling of materials 
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crack propagation or nanoparticles sintering, are proven to be impractical for QM due to 

computational expense.46 This was addressed by using approximations and simpler equations as 

shown in the higher scale at the expense of energy and force description accuracy. In this thesis, 

density functional theory (DFT) calculations, which is one of the flavors of QM, will be the 

primary computational tool for study of the interfaces. DFT is a method of obtaining an 

approximate solution to the Schrödinger equation of a ground-state many-body system. In DFT, 

the interacting system of fermions is described as a function of density, instead of its many-body 

wavefunctions. This allows the system to depend on spatial coordinates, instead of a number of 

electrons in a system. It should be noted that the energetics term derived from DFT does not include 

a contribution from entropy from translation and rotational modes.47 In this section, general 

concepts and applications that DFT calculations can contribute to different types of interfaces will 

be discussed. These will also include energetic terms that will frequently be brought up.  

 

Figure 1.6. Experimental, theoretical and computational tools plotted over their respective time 

and length scale domain of applicability with examples in the characterization and modeling of 

deformation and failure of biological protein materials (adapted from 46 with permission). 
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1.2.1 Contributions to the Gas/Solid Interface Interactions 

For gas/solid interfaces, DFT calculations are regularly used for the understanding of 

molecular adsorption and reaction on catalyst surface. DFT is selected in these applications to 

provide insights at the interface including geometry, energy, electronic structure, and more. 

Particularly, the adsorption energy of gas phase molecule (𝐸ads
𝑔

), which is a measurement of the 

interaction between adsorbate and surface, was also measured, and is typically calculated in DFT 

by: 

𝐸ads
𝑔

= 𝐸[Adsorbate ⋯ Metal] − (𝐸[Adsorbate] + 𝐸[Metal])   Eqn. (1.1) 

where 𝐸[Adsorbate ⋯ Metal] is the energy of the cell with adsorbate on metal surface and 

𝐸[Adsorbate] and 𝐸[Metal] are cells with individual adsorbate molecule and metal surface, 

respectively. Therefore, negative 𝐸ads
𝑔

 means it is an exothermic adsorption (the system gains 

energy). Using this concept, DFT calculations have shown accurate description of 𝐸ads
𝑔

 for many 

systems, including aromatics on metal surfaces, compared to experimental methods.48–50  

 

Figure 1.7. DFT calculated scaling relations for adsorption energies of CHx species plotted against 

the adsorption energy of C for a number of different transition metals (adapted from 51 with 

permission). 
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 With analyses of and faster access to the energetics at gas/solid interface, DFT has revealed 

several universal adsorption trends with fundamental insight and can be used for materials search, 

particularly in catalytic context. For example, scaling relations were developed to show that 𝐸ads
𝑔

 

of different surface intermediates that bind to the surface through the same atom(s) scale with each 

other. An example of the relation is shown in Figure 1.7 for simple CHx species on various metal 

surfaces.51 With electronic structure analyses, it was demonstrated that the trend originating from 

that adsorption strength can be approximated by metal’s d electrons, and is independent of their sp 

electrons. Given that the variations in adsorption energies and transition state energies are 

governed by the same basic physics, it is not surprising that the relation can also be used to relate 

with transition state energy, which can be used for calculation of reaction rate, leading to 

significantly faster catalyst screening and design. The approach has a wide impact over catalyst 

search for numbers of reactions, such as ammonia synthesis,52,53 alcohol synthesis,54 

methanation,55 hydrogen evolution,56 acetylene hydrogenation,57 ethanol decomposition,58 and 

many more.59,60 An example of this is shown for methanation (CO + 3H2 → CH4 + H2O), where 

C-O dissociation was found to be the rate-limiting step. In Figure 1.8A, it is shown that the 

activation energy for C-O dissociation scaled with the dissociative adsorption energy of CO. The 

activation energy can then be used to quickly approximate activity using microkinetic models.61 

The result shown in Figure 1.8A indicated that Co and Ru should have the high activity; however, 

due to their high price, DFT calculations also suggest that alternatives such as Fe-Ni alloys with 

the composition between FeNi and FeNi3 should yield similar activities.55 The design was then 

confirmed by experiments where FeNi and FeNi3 showed the highest activity (at different metal 

loading, Figure 1.8B) when alloy composition was varied, and were reportedly close to Co. These 

examples show that DFT has proven to be an efficient tool for exploration of gas/solid interface, 
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starting from accurate adsorption energy, to energy barrier determination, and finally to 

development of strategies for materials design. Therefore, DFT would be a suitable tool to provide 

insights to lignin/metals interactions in the present thesis. 

 

Figure 1.8. DFT-calculated scaling relation between CO dissociative adsorption energy and an 

activation energy of C-O bond dissociation for methanation reaction (A). Experimentally 

measured rate as a function of the Fe/Ni content in catalysts (B) (adapted from 55 with permission). 

1.2.2 Contributions to the Solid/Solid Interface Interactions 

At the solid/solid interface, materials of different phases adhere together, and the strength 

can be measured by several methods, such as scratch testing62 and direct pull-off.63 Measurement 



16 

 

from these methods, however, would also depend on macroscopic properties, such as cracks, grain 

boundaries, and other defects, apart from the chemistry of the materials.63 To exclude interferences 

from these macroscopic features, analyses of images such as the ones from HRTEM were used to 

quantify pure interface adhesion that only depends on surface chemistry and atomic geometry.64 

This microscopic adhesion insight is useful in many applications, such as determining deposited 

nanoparticle coarsening. However, the procedure is significantly more complicated as it involves 

sample preparation such as deposition, annealing, and equilibration of metals under electron 

microscope,64 making the amount of data in the literature limited. Conveniently, the adhesion in 

this level is also describable using DFT calculations, with an appropriate setup and a well-defined 

scope. 

DFT has been used extensively to measure microscopic work of adhesion between two 

materials. Herein, the work of adhesion (𝑊adh) is defined as the reversible thermodynamic work 

required to separate the interface from the equilibrium state of two phases to a separation distance 

of infinity. and could be calculated from DFT by: 

𝑊adh ≡ (𝛾1 + 𝛾2) − 𝛾12 = (𝐸1 + 𝐸2) − 𝐸12        Eqn. (1.2) 

where 𝛾1 is the surface energy of material 1, 𝛾12 is the interface energy at the boundary of material 

1 and 2, 𝐸1 is the energy of the cell of slab 1 and 𝐸12 is the energy of the interface cell. Note that 

by definition, surface energy is the amount of work per area required to create a surface. Similarly, 

the amount of work per area required to increase that interface area is called interface energy. From 

Eqn. 1.2, the higher positive 𝑊adh is, the stronger the interface adhesion. Using this setup, previous 

studies have demonstrated accurate 𝑊adh, including that of metal/oxide, compared to 

experiments.65–68 
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Figure 1.9. Universal scaling relation for adhesion energy of different metal interfaces (adapted 

from 69,70 with permission). 

 With the ability to focus on just the effect from surface chemistry and geometry, DFT has 

contributed many valuable insights and predictive capability to the field of solid/solid adhesion. 

For example, it was used to construct the universal binding-energy relation (UBER).69,70 This 

relation describes the relationships between atomic separation and binding energy, or adhesion in 

this case, using just two parameters ‒ the equilibrium adhesion energy and the equilibrium 

interstitial electron density ‒ to fit a universal scale curve as shown in Figure 1.9. The equilibrium 

interstitial electron density is used for calculation of scaled distance (a*), which one could think of 

this as an analogy to scaling a length unit to a dimensionless parameter. The origin of this scaling 

behavior was identified to be the exponential decay of electron density into a vacuum from surfaces 

or interstitial sites.71 This relation has an impact in many fields since it is essentially based on 

interatomic interactions. For example, by describing the interface of the same materials (i.e. 

cohesive energy), this relation has been used to derive an equation of state (EOS) for metals.72 The 

predicted EOS compared to experimental data are shown in Fig 1.10. This has a significant impact 

in predicting materials properties. The universal relation itself has also been used as a foundation 
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in many other solid/solid relations, such as predicting crack growth,73,74 predicting bulk modulus,75 

thermal expansion,76 and melting temperatures.76,77 Therefore, these examples show that DFT is 

an efficient tool for exploration of solid/solid interface that does not only give reliable interface 

adhesion, but also facilitates in development of prediction models. 

 

Figure 1.10. The equation of state for different metals predicted by the scaling relation with results 

from experiments (adapted from 72 with permission). 

1.2.3 Contributions to the Liquid/Solid Interface Interactions 

 In liquid/solid interfaces, most of the works were contributed to pure liquid, i.e. no solute. 

Particularly, DFT has been useful in estimating wetting angle that result only from microscopic 

interactions.26,78,79 In macro scale, wetting angle could be affected by several factors such as 

surface roughness.80 However, in a microscopic level, the contact angle (𝜃) can be directly 

estimated from DFT-calculable 𝑊adh defined in Eqn. 1.2 using the Young’s equation, 

𝑊adh =  𝜎𝑙(1 +  cos𝜃)     Eqn. (1.3) 



19 

 

where 𝜎𝑙 is the liquid surface energy, which will be approximated using DFT-calculated solid 

surface energy. The details of effects from this estimation are discussed in Section 2.3.2. Using 

this approximation, studies have been able to predict wetting angle of Pd and Pt on ZrO2 for 125° 

and 120° compared to 100° and 95° measured in experiments.79,81 This may not be absolutely 

accurate, but given that the current thesis focuses on one metal,. Ag, the order in the trend of the 

wetting angles of Ag/oxides should not change, and hence DFT calculations with this estimation 

will be employed with additional comparison to experiments when available. 

 For simulation of solute-solvent system at the interface, one of the applications of DFT is to 

measure the adsorption energy of the solvated adsorbate. Experimentally, the adsorption energy 

data is much more limited compared to gas phase adsorption, which could be due to that traditional 

instrument, such as TPD, is not compatible and specific experimental setup is required.82 Even for 

DFT, it is still challenging to model solvent effects as there are many methods with different pros 

and cons, and it is still an actively developing field. The detail to these methods will be discussed 

in Section 1.4. In the past, studies mostly used DFT for calculation of adsorption energy of solvated 

small molecules on surfaces. For example, adsorption of CO or H2 on Cu2O(111), which is of an 

interest for catalytic synthesis applications.83,84 shows that H2 does not adsorb on the surface when 

solvated with polar solvents such as water or methanol. This indicates stronger interactions of H2 

with the solvents than the oxide surface. However, due to limited amounts of literature on 

adsorption energy in liquid phase, studies comparing calculated and experimental adsorption 

energy were not found. To this end, validation of the system has been mostly relied on comparing 

the solute-solvent interaction, i.e. solvation energy, and past studies have shown several successes 

in calculating accurate solvation energy of molecules compared to experiment,85,86 for example 

methanol in water, which is -0.21 computationally and -0.22 experimentally.85 Nonetheless, with 
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metal atoms included and many other pairs of solute-solvent unexplored, more procedures on 

solvation and methods to validate this for our thesis is required to ensure reliability of the 

calculation. 

1.3 Current Studies on Adhesion at Metal-Zirconia Interfaces & the Challenges for 

Ag/Oxides Interface for the Sealing of the SOFC 

As discussed in Section 1.1.1, during the sealing process where Ag is brazed on yttrium-

stabilized zirconia (YSZ), which is an SOFC electrolyte, two types of interfaces are involved ‒ 

liquid/solid and solid/solid. Liquid Ag (with small amount of CuO) is initially wet on YSZ, then it 

forms a seal upon solidification. Because eventually all components are solid and during actual 

SOFC operations, the strength of the braze/YSZ interface is determined by the adhesion of these 

interfaces, the following sections will introduce current literature on the solid/solid adhesion of 

metals with the YSZ surface, and, to aid in formulating adhesion prediction, the trends in adhesion 

among metal/oxide interfaces. 

1.3.1 Adhesion at the YSZ Electrolyte Surface 

In an SOFC sealant, pure Ag adhesion on zirconia is so weak that it requires addition of 

CuO.87 This is partly due to the surface nature of zirconia, and learning why is as important as 

identifying other oxides that it would strongly adhere to. Simulation of oxide surface and interface 

is challenging and requires multifaceted information because adhesion with it can change 

depending on surface terminations, defects, and environments. Therefore, to learn about zirconia 

characteristics at the interface and potentially apply them to the current thesis, this section reviews 

the nature of zirconia surfaces and interfaces, along with what can affect its adhesion. It should be 

noted that due to limited literature on Ag/ZrO2 (and YSZ), the focus will be on Ni/ZrO2 which has 

been studied most extensively due to its broad technological applications, including steam 
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reforming anode catalysts,88 coatings,89 and electrolysis.90 Since both Ag and Ni are face-centered 

cubic (FCC) metals, it is expected that most of the insight from previous studies are applicable to 

the work in this thesis. 

 

Figure 1.11. The schematic diagram of Winterbottom analysis for calculation of interface energy 

and the high angle annular dark field micrographs of Ni particle on YSZ surface captured by 

HRTEM (A). The Ni(111)/YSZ(111) obtained from HRTEM (B) (adapted from 64 with 

permission). 

 The type of surface that is exposed at the interface from the metal and oxide has a huge impact 

on the adhesion. Previous experiments using high-resolution transmission electron microscopy 

(HRTEM) have shown that both Ni and YSZ expose their (111) surface at the interface.64,91 

Furthermore, when the image was combined with the Winterbottom Analysis92 of Ni particle on a 

YSZ substrate (Figure 1.11), a solid/solid interface energy was determined to be 1.8 J/m2.64 With 

the knowledge of YSZ and Ni surface energies,93,94 this yields the 𝑊adh of 1.48 J/m2. This is 3 

times higher than that of the Ag/YSZ interface computed in the present thesis. Additionally, this 

number will also be useful for benchmarking purposes in computational studies.  

Computationally, studies have shown that ZrO2(111) has an O-terminated surface 

(henceforth referred to as ZrO2(111)O) in the SOFC operating conditions and maintained this even 

after forming an interface with Ni. Using DFT calculations, it was shown that ZrO2(111)O is 

preferred across a wide range of oxygen chemical potentials (Figure 1.12A).95 Nevertheless, when 
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forming an interface with Ni(111), the region with oxygen chemical potential below -8.25 eV can- 

favor Zr-terminated ZrO2(111) instead. However, this is significantly below the SOFC operating 

condition of 0 (cathode side) to -2 eV (anode side, Figure 1.12B),96 With the O termination, the 

bonding characteristic of Ni and O at the interface was shown to be site-dependent according to 

the charge distribution analysis. Ni atoms on top of ZrO2’s terminal oxygen atom tend to have 

strong covalent bond characteristics, whereas Ni atoms at the hollow position and other positions 

form an ionic bond.95  

 

Figure 1.12. The surface and Ni/ ZrO2 interface termination of ZrO2(111) at different oxygen 

chemical potentials (A, adapted from 95 with permission). The oxygen chemical potential at each 

side and in electrolyte of an operating SOFC at 1000 °C (B, adapted from 96 with permission). 

Together, these indicate that ZrO2(111) is terminated with O layer at the interface. 

The position of oxygen vacancy, a natural point defect in oxides, was previously shown to 

decrease the 𝑊adh of Ni/ZrO2 and Ni(YSZ).97,98 The decrease was reportedly significantly larger 

in case of Ni/ ZrO2(111)O as the oxygen vacancy was found through its formation energy to prefer 

to be at the outer most layer of the interface.99 This was explained by the weaker Ni-O bond 

compared to Zr-O. A separate study also suggested similarly as first principles tensile tests indicate 
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fracture at the Ni-O interface.95 In contrast, for YSZ(111), it was suggested that the effect from 

oxygen vacancy should be negligible as its vacancy prefers to be at the subsurface of the oxide’s 

first multilayer.100 Additionally, it was also found that as the simulated surface depth increases, 

calculations indicated more stability if the positions of the oxygen vacancy locate as a mixture of 

at subsurface and deeper multilayers.15  

1.3.2 Trends and Correlation in Adhesion Energy  

 

Figure 1.13. The relationship between the work of adhesion (𝑊adh) of metals/α-Al2O3 (0001) and 

the metals’ oxide formation energy energy (A, adapted from 65 with permission) and the 

relationship between 𝑊adh of metals on several oxides and the metals’ oxide formation energy per 

unit surface area (B, adapted from 101 with permission). 

For the challenges in the SOFC sealant, identifying what properties of the metal oxides 

could correlate with the interfacial energy or adhesion has an important implication in identifying 

oxides, apart from CuO, that would allow Ag to wet on. However, this does not exist for the 

Ag/oxides system yet, at least not a reliable one. Therefore, a brief history of how trends in 

metal/oxides adhesion which was developed and applied over the years will be discussed in this 

section. 

Multiple studies have been able to relate 𝑊adh of metal/oxides to several properties of the 

adhering metals themselves. By correlating the 𝑊adh to either the metal’s or the metal oxide’s 
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properties, one could circumvent the experimental measurement or expensive DFT interface 

calculations, and hence, expedite the material design process. Metals’ plasmon energy, the photon 

energy with frequency equals to the metals’ plasma frequency, has been used to correlate with 

their 𝑊adh on SiO2, in which metals with higher plasmon energy such as Fe and Ni yield more 

adhesion.102 Similarly, a correlation between 𝑊adh and electron density at the boundary of the 

Wigner-Seitz cells of the corresponding metals also suggests Fe and Ni, which have higher electron 

density, to yield higher 𝑊adh than other metals such as Pb or Sn.103,104 Although not for purely 

predictive purposes, DFT calculations also indicate that the 𝑊adh of HfO2 and ZrO2(001) with 

various metals are positively correlated with the bond overlap population (BOP) at the interface.105 

Generally, it was found that metals with sp valence bands tend to have higher BOP due to the 

localized nature of the d band. Lastly, perhaps the most common correlation studied is between 

the 𝑊adh and the metals’ corresponding oxide formation energy.65,101,106–108 For example, using 

DFT calculations, it was found that metals with higher corresponding oxide formation energy 

display higher 𝑊adh on the α-Al2O3(0001) surface (Figure 1.13A).65 A recent experimental study 

further confirms the trend with several more oxides (Figure 1.13B), although the relationship is 

based on oxide formation energy per area.101 This relies on the assumption that the strength of 

adhesion is related to the metal’s oxophilicity. This could be applicable in most cases where the 

metal oxide surfaces are terminated with full or partial oxygen layers, which may not be true 

depending on oxygen chemical potential in a given condition.109 Nonetheless, leveraging this 

adhesion relationship, studies have been able to understand and design metal oxide-supported 

catalysts that have higher thermal stability.110 This knowledge has also become useful in many 

other fields such as for finding appropriate metallic interconnects in a semiconductor 

technology.111–114   
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Up to this point, it has been shown that there is a significant body of work on 𝑊adh 

correlations with variation of metals on a single metal oxide surface. However, studies from a 

reversed point of view, i.e. 𝑊adh correlations from a particular metal on various oxide substrates, 

is scarce. This could be due to the heterogeneity of different types of oxide surfaces. To the best 

of our knowledge, only two studies were dedicated to identifying such a relationship.102,103 The 

first study is based on a collection of numbers of previous experimental results, which showed a 

linear correlation between higher 𝑊adh of Ni, Fe, and Co with wider band gaps of the oxide 

substrates as well as higher formation energy of oxides (Figure 1.14).103 The relationship was 

proposed to originate from the electronic charge transfer capability of the oxide. This prediction 

has been useful in many applications, such as designing alloys for composite steels by screening 

for metal oxides that Fe and Ni could wet on, among other criteria.115 However, a separate study 

employing dielectric continuum theory suggests that the correlations between 𝑊adh of Ag/oxides 

and the band gap of oxides is weak (R2 ~ 0.6).102 This conclusion is similar to the one obtained 

from DFT calculations performed in the present thesis (results not shown). Therefore, this stresses 

the need to find a new descriptor that can describe Ag/oxides adhesion more accurately. 

 

Figure 1.14. The relationship between the work of adhesion (𝑊adh) of metals on various oxides as 

a function of oxide’s formation energy or its band gap energy (adapted from 103 with permission). 
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1.4 Current Computational Studies on Liquid/Metal Interface of Catalysts & the Challenges 

for Lignin Decomposition Processes 

Despite the fact that almost all lignin hydrogenolysis studies were done in a liquid phase, 

there is a very limited number of studies at the interface, with only a few of these studies being 

solvated. A number of existing computational studies suggests that solvents can affect the 

properties of metal at the interface, and hence the metal’s activity, in many other reductive 

reactions such as phenol hydrogenation116 and hydrodeoxygenation.117 Therefore, in this section, 

an overview of methods to simulate liquid in DFT, and how those solvents change surface and 

interface properties with aromatic compounds, will be discussed. 

 

Figure 1.15. Illustration of solvent simulation in an explicit (A) and an implicit model (B) (adapted 

from 118 with permission). 

 In ab-intio calculations, solvent effects can be simulated by 3 means: an explicit model, an 

implicit model, and a hybrid model. Explicit models consider molecular details of each solvent 

molecule, while implicit models treat solvents as a continuous medium with a fixed dielectric 

constant where solutes are placed inside the cavity in the medium, ultimately allowing the 

calculation to be significantly faster. These two models are illustrated in Figure 1.15. Hybrid 
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models treat the first (and second) solvation sphere explicitly while the rest is treated implicitly. 

The free energy of solvation can be defined by: 

∆𝐺solv = Δ𝐺cav + Δ𝐺disp + Δ𝐺elec + Δ𝐺H−bonding                        Eqn. (1.4) 

where Δ𝐺cav is the free energy required to form the solute cavity, Δ𝐺disp is the van der Waals 

interaction, Δ𝐺elec is the electrostatic interaction between solute and solvent, and Δ𝐺H−bonding is 

the hydrogen bonding term.119 By treating each of these terms differently, solvation energy from 

the explicit model and even from different flavors of implicit models can be significantly different. 

For example, in implicit models, a polarizable continuum model (PCM) calculated the cavity of 

the solute by overlapping van der Waals spheres,120 whereas in a conductor-like screening model 

(COSMO) cavity is calculated based on the solvent accessible area.121 With this in mind, the 

difference in results from the following literature should be expected. 

1.4.1 Characteristics of Solvent and Metal at the Interface 

Challenges in solvation of the lignin dimer model adsorbed on metal surfaces in DFT 

simulations depends on the method used for simulation, which in itself is also a challenge. Due to 

the relatively large size of the lignin dimer, explicit solvation would be very expensive, whereas 

implicit solvation may not accurately describe the interaction. To learn of the past performances 

and effects from each method, the present section and Section 1.4.2 summarize relevant works on 

these with and without the presence of an adsorbate.  

Using an explicit model, a study found that upon solvation with water molecules, Pt and 

Ni electron density at the interface is redistributed toward the subsurface layer.116 This was shown 

to lower the metal work function, and subsequently, make the liquid-covered metal a higher 

chemical reduction strength. On the other hand, by testing various implicit solvation models, it 
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was found that most continuum models undersolvate metal surfaces, and underestimate the surface 

charge as a function of applied potential compared to experiments.122 This is most likely because 

their parameterizations were fit to molecular solvation energies, with no ions or metallic surfaces 

included in the datasets.123   

 

Figure 1.16. The average number of hydrogen bond along the z-coordinate (A, adapted from 124 

with permission). The water structure at a water/Pt interface. The water molecule with blue ball 

represents watA, and the water molecules with red balls are of watB. The HOMO of the interface 

is partially located on watA, as represented with pink and cyan isosurfaces. The dashed lines 

indicate the hydrogen bonds formed between water molecules with the number showing the 

vibrational frequencies (B, adapted from 125 with permission). 

On the solvent side, representation of water molecules on the Pt(111) surface explicitly has 

shown their different characteristics compared to their bulk. First, there is about one fewer number 

of average hydrogen bonds among water within a 1 Å thick layer above the interface compared to 

the bulk as shown in Figure 1.16A. This is a result of interaction with the metal surface.124 

However, it is shown that this interface characteristic is significantly dependent on the metal. As 

shown in Figure 1.16A, the number of hydrogen bonds at the interface layer with Au, which is a 

rather inert surface, recovers much quicker than that of Pt. Furthermore, it was also observed that 

some of the hydrogen bonds at the interface actually became stronger as evidenced by lower 
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vibrational frequencies shown in the interaction of watA (blue) compared to watB water molecules 

in Figure 1.16B.125  

1.4.2 The Effect of Solvent on the Adsorption of Aromatics on Catalyst Surfaces 

 

Figure 1.17. Difference in adsorption energies between in vacuum and solvated of molecules on 

Pt(111) surface using a PCM model to represent water medium. The changes are classified in color 

by nature of the adsorbates (adapted from 126 with permission). 

Using a PCM method, it was reported that among different types of molecules that were 

solvated in water while adsorbing on Pt(111), the change in adsorption energy in aromatic 

compounds was the largest. Among the five categories of molecules, aromatics are on average the 

most affected with adsorption energy in a solvated state increased by ~0.3 eV compared to the 

value in a vacuum state (Figure 1.17).126 These results imply that the hydrophobic, aromatic rings 

drive these molecules to adhere more strongly to the surface. Noted that the effect from interaction 

with water was amplified by the larger cavity sizes these aromatic adsorbates occupied. However, 
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a separate study modeling phenol adsorption on Ni(111) under explicit representation of water 

molecules suggested differently that the adsorption energy of phenol actually decreased by 0.11 

eV when solvated.116 On the other hand, a recent study has also attempted to incorporate the effect 

of solvation using ethylene glycol as a solvent to a lignin dimer model surface reaction. The study 

employed PCM method with thermodynamic cycle, and reported that the adsorption energy of the 

dimer decreased over 91%. These existing discrepancies in results and methods from previous 

studies pose a challenge in accurately modeling the solvated lignin dimer and stress the importance 

of careful defining and benchmarking solvation for this thesis.  

1.5 Motivation and Thesis Outline 

Similar to the examples of DFT contribution in Section 1.2, where a complete usage of 

DFT builds from desired energetics, to fundamental insights, to prediction models, and finally to 

candidate suggestions, which could then be experimentally tested, the present thesis aims to use 

this approach to solve SOFC sealing interface problem. Therefore, it would encompass adhesion 

values, the mechanism of how Ag-CuO adhere strongly on YSZ surface, and predicting alternative 

oxides that are ready to be experimented on. For solvated lignin adsorption problem, a similar 

approach will be used but only up to getting the insight of how solvation affects lignin adsorption 

due to the complexity of liquid simulation and of the lignin itself. Because of the limit of DFT 

simulation size compared to the complexity of lignin, experimental identification of the most 

important functional group in lignins on their monomer yields will be conducted and serve as a 

basis for the simulated lignin section. Lastly, catalytic hydrogenolysis of lignin using the 

investigated metal surfaces will be conduct to observe the agreement between computational and 

experimental, although it should be noted that future works are required to investigate other 

contributing factors. In pursuing these goals, the chapters are outlined as follows: 
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Chapter 2: Designing Metal Oxides to Enhance Adhesion of Silver Brazes on YSZ 

This chapter explains the underlying mechanisms that allow the Ag-CuO system to adhere on YSZ 

surfaces and presents a descriptor for prediction of Ag/metal oxide adhesion. The effect of diffused 

oxygen in Ag on the adhesion was first investigated. The microscopic adhesion of Ag on all related 

metal oxide surfaces were then extensively studied. Based on the analyses of their structures and 

results, the descriptor was proposed and validated. 

Chapter 3: Identification of the Yield Determining Functional Groups in Lignin 

This chapter explicates the correlations among the complex functionalities of technical lignin as 

well as their relationship to depolymerization yields from various reactions. Almost all 

functionalities of lignins, including polymer chain length, amount of aliphatic and phenolic 

hydroxyl contents, methoxyl content, and β-O-4 linkages, will be experimentally quantified and 

correlated. The lignin was also subjected to multiple types of reactions, and a model relating the 

lignin’s functionality to reaction yields was developed and validated. 

Chapter 4: Adsorption of the Yield Determining Lignin Dimer on Catalyst Surfaces 

This chapter examines the adsorption of the lignin dimer with the β-O-4 linkage, which was 

previously shown to be the primary yield determining factor, on Cu and Ni surfaces in vacuum 

and solvated states. First, the dimer’s adsorption site and its conformation were identified. Ethanol 

was then added to the simulation to examine its effect on the adsorption conformation and energy. 

From these results, a thermodynamic model was then developed to connect the adsorption energy 

in vacuum and solvated states. This model highlights the importance of solvent selection and can 

be used for lignin dimer’s solvated adsorption energy prediction.  
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Chapter 5: Catalytic Hydrogenolysis of Lignin to Aromatic Monomers  

This chapter explores the hydrogenolysis of lignin using ethanol as a solvent with a number of 

metal-supported catalysts. Using lignins directly from whole biomass, the product yields and 

selectivities from hydrogenolysis and hydrodeoxygenation were quantified. Lignin removal from 

the pretreated biomass was also investigated. By performing enzymatic hydrolysis on these 

biomasses, the correlation between lignin removal, aromatic monomer yields, and sugar yields 

were developed. 

Chapter 6: Summary and Outlook 

This chapter exhibits a summary of the works performed in this thesis and discusses possible future 

research directions. 
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CHAPTER 2 Designing Metal Oxides to Enhance Adhesion of Silver Brazes on YSZ 

2.1 Summary 

Ag-CuO is a broadly used reactive air brazing (RAB) system for effectively bonding 

ceramics and metal interfaces, especially for sealing yttria stabilized zirconia (YSZ) to metals in 

solid-oxide fuel cells (SOFCs). To understand the superior performance of this braze, density 

functional theory (DFT) calculations were employed to investigate two mechanisms that can 

potentially increase the work of adhesion (𝑊adh) and hence reduce the wetting angle of Ag on 

YSZ. It was found while the formation of Ag–dissolved O clusters at the Ag-YSZ interface can 

promote wetting, a much greater wetting angle reduction comes from the formation of CuO 

interlayers between Ag and YSZ. Further, the 𝑊adh of an Ag/CuO and CuO/YSZ interface was 

found to be significantly higher than that of an Ag/YSZ interface. Based on simulation obtained-

insights into metal to oxide bond formation, a simple descriptor was developed to predict Ag/oxide 

interface energies, predict Ag/oxide 𝑊adh, and search for potential oxide interlayers capable of 

promoting the wetting and adhesion of Ag on YSZ. Many simple metal oxides (single cation) were 

examined, however their 𝑊adh with Ag was less than that of an Ag/CuO interface. Expanding the 

search to multi-cation oxides led to several promising candidates, such as CuAlO2, CuGaO2, and 

Cu3TiO4; all of which are also stable in the reducing SOFC conditions. Depending upon their 

solubility in molten Ag, these newly-identified oxides could either be pre-applied as wetting 

promoting interlayers or directly incorporated into Ag to form new reactive air brazes. 

2.2 Introduction 

Adhesive metal/metal-oxide interface bonds are critical in a variety of applications 

including the formation of durable passivation coatings, oxide-supported catalysts, solders, and 

brazes.127 For instance, silver-based brazes have been used to separate the fuel (i.e. anode) and 
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oxidant (i.e. cathode) chambers in solid oxide fuel cells due to their superior toughness and gas 

impermeability compared to glass or mica seals.128–132 In this application, sealing is accomplished 

by brazing a yttria-stabilized zirconia (YSZ) electrolyte layer to a stainless steel (SS) support. 

Unfortunately, wetting and adhesion problems of conventional silver or copper based brazes often 

result in braze joint manufacturing defects (pores) and as-produced joint failure at the braze-YSZ 

interface.23,87,133 

To help overcome the poor wetting and adhesion issues of Ag on YSZ, a technique called 

reactive air brazing (RAB) has recently been developed.25,134,135 Reactive air brazing is performed 

in air, and the braze alloy is intentionally designed to contain minor elements (such as Cu) that 

oxidize during brazing to promote wetting and adhesion. In fact, the addition of as little as 4 wt% 

CuO reduces the wetting angle of Ag on YSZ from 110° to ~45°.22,128,136,137 Further, the fact that 

brazing can be done in the air prevents mechanical and electrochemical degradation of the oxygen-

partial-pressure-sensitive SOFC cathode materials during brazing.138–140 Lastly, Ag-CuO reactive 

air brazes have also shown an ability to bond metals to a variety of oxides including alumina, 

lanthanum strontium cobalt iron oxide, etc.24,141–144 

As depicted in Figure 2.1, two mechanisms have been suggested to facilitate the wetting 

and adhesion of Ag–CuO reactive air brazes on oxide surfaces. In Mechanism I, the presence of 

oxygen dissolved in molten Ag is hypothesized to cause a 20°-35° drop in Ag on oxide wetting 

angles when brazing is performed in the air instead of inert atmospheres.145 (Note, unlike most 

molten metals at elevated temperatures in air, Ag is thermodynamically more stable than AgO 

under brazing conditions,146 suggesting that wetting improvements via the formation of crystalline 

AgO are unlikely). In Mechanism II, CuO is hypothesized to improve wetting and adhesion by 

forming a CuO-rich phase between the Ag and YSZ.24  
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Figure 2.1. Hypothetical mechanisms of how Ag-CuO braze enables wetting starting from the solid 

phase (left) to melting and wetting (right) during the heating process in air. While the wetting angle 

of Ag on YSZ > 90°, Ag-O clusters in Ag(l) solution may alter interfacial energy (Mechanism I), 

or addition of Cu may facilitate formation of CuO interlayer on YSZ surface (Mechanism II) 

leading to reduction of the wetting angle. The SEM images used for representation of stainless 

steel and YSZ microstructure was taken from literature.147 

In the first half of the present study, the primary objective is to use atomistic modeling to 

determine, without interference from other factors, the extent to which these two mechanisms 

occur. We consider this is the basic step toward materials design. To examine Mechanism I, Ab 

Initio Molecular Dynamics (AIMD) was used to track the evolution of dissolved O2 in liquid Ag 

near the Ag(l)/YSZ interface in Section 3.1. In addition, O2 was initially placed at the Ag(l) surface, 

the Ag(l)/YSZ interface, or the Ag(l) center to determine if the dissolved oxygen lowered the 

wetting angle by altering either the Ag liquid/vapor surface energy (𝛾LV), the solid/liquid 

interfacial energy (𝛾SL), or both. To examine Mechanism II and determine the effect of a CuO 

interlayer between Ag and YSZ, DFT simulations were performed in Section 3.2 to calculate the 

work of adhesion, 𝑊adh, of the Ag/YSZ, Ag/CuO, and Ag/YSZ interfaces. Ag wetting angles were 

then calculated from the computed surface and interface energies. Previous DFT-based surface 

studies have laid essential groundwork on the surface structures of these materials. Combined DFT 
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and thermodynamic calculations have identified the lowest energy facets for CuO to be the 

stoichiometric (111) for the entire O chemical potential region where CuO is stable.148,149 For YSZ, 

which has a cubic ZrO2 (c-ZrO2) structure, the O-terminated-(111) surface was shown to be the 

most stable in the entire oxygen chemical potential range encountered in a SOFC.150,151 This is in 

accordance with the experimental HRTEM images of Ni/YSZ interfaces.91 The surface structure 

of 9%-Y-doped YSZ (111),15,100,152 which is shown experimentally to be in cubic phase at room 

temperature, has also been modeled via DFT and will be used as a basis for the present study.153 

In the second half of the present work (Section 3.4.3), the objective was to use the 

conclusion gained from previous sections (Section 3.4.1 and 3.4.2) that Mechanism II is the 

dominant one to develop a simple descriptor to predict Ag/oxide interface energies, predict 

Ag/oxide 𝑊adh, and search for new oxide interlayers capable of promoting the wetting and 

adhesion of Ag on YSZ, while maintaining stability in reducing environments. Although many 

theoretical and DFT studies have shown that for a given oxide surface, metals with lower d-band 

occupancy (particularly bcc metals) can induce higher metal-O charge transfer, and hence higher 

𝑊adh 105,154–156, studies of the reverse relationship, i.e. identifying the oxides yielding a higher 

𝑊adh on a given metal (such as Ag), are scarce.103,105 New brazing materials with other oxides are 

needed because the reduction of CuO on the anode side of Ag/CuO SOFC braze joints (CuO is 

thermodynamically unstable in the water-hydrogen mixtures found under SOFC operation)146 

induces pores that mechanically weaken the joint and limit joint lifetimes.157–160 

2.3 Methods 

2.3.1 Geometry optimization 

All calculations in this study were performed using the plane wave DFT implemented in 

Vienna Ab Initio Simulation Package (VASP). The exchange correlations were treated with both 
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the Local Density Approximation (LDA) and the Generalized Gradient Approximation (GGA) by 

the Purdew−Burke−Ernzerhorf (PBE) functional, for comparison.161,162 Projector augmented wave 

(PAW) potentials were used to represent the effective electron-core interaction.163 The electronic 

convergence was achieved self-consistently with a plane-wave cutoff energy of 500 eV. The two 

convergence criteria were 10-5 eV for the total energy, and 0.03 eVÅ-1 for forces during structural 

relaxation via conjugate gradient minimization. The k-spacing and k-point with the details of the 

cell dimensions for the main interfaces are shown in Table 2.1 (the rest is shown in Table A1 in 

the appendix). Essentially, a k-spacing of studied interfaces are set at around 0.04 A-1 or below. 

Given that the interface dimensions are different in each interface, this constraint on the k-spacing 

resulted in various k-points, i.e. the longer dimension results in lower k-point as k-space is a 

reciprocal space. This spacing allows us to achieve an energy convergence of 1-2 meV/atom 

compared to the energy calculated by higher k-points. Gaussian smearing was employed with a 

sigma of 0.02 to achieve less than 1 meV/atom contribution from entropy. A spin-polarized 

calculation was performed with dipole moment correction along the perpendicular direction of the 

slabs. For strongly correlated transitional metal oxide, on-site coulomb interaction as introduced 

by Dudarev (+Ueff) was employed.164 The values of Ueff were taken from previous studies that 

employed LDA functional. These were 3.20,165 4.30,165 2.80,166 5.00,167 6.00,168 7.50,169 and 

7.50169 eV for the transition metals in α-Cr2O3, α-Fe2O3, Rh2O3, NiO, c-CeO2, CuO, and Cu2O, 

respectively. In the case for GGA-PBE functional calculation of both CuO and Cu2O, Ueff of 8.50 

eV was used.170 The details of these oxides, including surface termination, lattice constants, and 

surface energies are tabulated in the appendix (Table A2). 
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Table 2.1. The parametric detail of the interface cells with their corresponding k-points used in the 

present study. 

Interface 
a, b, c (Å) α, β, γ 

k-points 
LDA PBE PBE&LDA 

Ag/YSZ 7.37, 7.37, 58.91 7.49, 7.49, 61.70 90°, 90°, 120° 4×4×1 

Ag/CuO 12.31, 2.84, 53.98 13.96, 2.97, 54.29 90°, 90°, 60° 2×9×1 

CuO/YSZ 11.56, 7.26, 50.57  12.20, 7.31, 51.14 90°, 90°, 95° 2×3×1 

2.3.2 Slab Models for Surfaces and Interfaces 

Slab models were constructed to compute surface energies. The surface orientation of each 

oxide used in this study was the lowest energy identified in the literature (See Appendix A). All 

the oxide surfaces were stoichiometric in this study except the delafossite oxides and Cu3TiO4, as 

detailed in Table A2. Particularly for the O-terminated (111) slab of YSZ, which adopts a cubic 

ZrO2 structure at SOFC operating and brazing temperatures,171 the surface structure was taken 

from previous computational studies using (Y2O3)0.09(ZrO2)0.91 with the most preferable sites for 

Y and oxygen vacancies (𝑉O
••) identified.15,100 Specifically, the 𝑉O

•• was found to be at the 

subsurface of the first YSZ multilayer with Y substituting for Zr at the second nearest neighbors 

positions (2NN), in the first and second multilayers.100 This is in agreement with experimental 

observation that Y tends to segregate to the surface.172,173 The minimum number of layers in each 

slab was determined to give converged surface energy, 𝛾𝑖V, within ±0.02 J/m2; six layers for both 

Ag and Ni slabs, whereas for certain oxides, such as ZrO2, NiO, and CuO, three layers were 

sufficient, and oxides of corundum type usually required five layers, while Cu2O needed four. 
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Figure 2.2. The relaxed interface structures for investigation of Ag–CuO/YSZ brazes. These 

include Ag(l)/YSZ (a), Ag/YSZ (b), Ag/CuO (c), and CuO/YSZ (d). Only the top half of the 

sandwich model of the solid/solid interface is shown due to symmetry. 

As shown in Figure 2.2, all interface simulations utilized, unless otherwise stated, a 

sandwich model where two metal slabs sandwiched an oxide slab and 16 Å of vacuum was used 

to preclude interactions of the top and bottom metal slabs due to periodicity. In the sandwich 

model, the number of oxide layers in the middle was a double of that from converged surface 

energy calculation. Using this setup, the interatomic distances in the interior of each slab retained 

bulk characteristics, eliminating the need for atomic position constraints. To match the metal/oxide 

lattices, the sandwich models were constructed using Virtual NanoLab to generate several interface 

configurations. All models were constructed with mismatch strains below 6% in all directions. The 

interfacial lattice mismatch strain was partitioned equally between adjoining slabs. The relative 

lateral positions of the metal slab on the oxide slab were varied to at least 3 positions in order to 

https://www-sciencedirect-com.proxy1.cl.msu.edu/topics/materials-science/interface-structure
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identify the most preferable position. All sandwich models were constructed to have at least 

inversion symmetry to ensure that the two interfaces were identical, less affected by the dipole 

moment, and that the interface energy, 𝛾12, was uniquely defined.  

The average interface width (∆𝑑) was defined as the z-distance between the averaged z-

positions of the atoms in the first layer of each side of the interface. For YSZ and CuO, only oxygen 

atoms of the outermost layer were taken into account. For liquid Ag, only atoms within ±0.5 Å 

range from the bottom most atoms were used to compute the average. 

The work of adhesion of the system was defined and calculated using the equation: 

𝑊adh ≡ (𝛾1V + 𝛾2V) − 𝛾12 = (𝐸1 + 𝐸2 − 𝐸12)/2𝐴                         Eqn. (2.1) 

where 𝛾𝑖V is the surface energy of the slab i, 𝛾12 is the solid/solid interface energy, Ei is the 

calculated energy of the slab i, E12 is the calculated total energy of the interface system with slab 

1 and 2, and A is the model interface area. Therefore, 𝑊adh was computed based on the energy 

difference between a simulation cell with slab 1 and slab 2 far apart and where slab 1 and 2 shared 

an interface. Then, the interface energy was computed using the relationship 𝛾12 =

𝛾1V + 𝛾2V − 𝑊adh.  

The wetting angle corresponding to the 𝑊adh was calculated based on Young’s equation:  

 cos(𝜃cal) =  
𝛾SV,oxide−𝛾12

𝛾SV,metal
=

𝑊adh

𝛾SV,metal
− 1                                   Eqn. (2.2) 

where 𝛾SV,oxide is the solid oxide surface energy from DFT calculation reported in Table A2, 𝛾12 

is the DFT calculated solid/solid interface energy from Eqn. 2.1, 𝛾SV,metal is the solid metal surface 

energy calculated by DFT listed in Table A2, and 𝜃cal is the estimated contact angle. Except for 

one liquid Ag on YSZ interface calculation, all the other interfaces were solid/solid interfaces. It 
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should be noted that although the absolute magnitude of the 𝜃cal values obtained from the 

solid/solid interface calculations, instead of liquid/solid, may be overestimated due to the higher 

surface energy of a solid compared to its liquid,174 but the calculated trends in wettability are 

expected to hold at brazing temperatures.  

2.3.3 Ab Initio Molecular Dynamics  

Ab-initio molecular dynamics (AIMD) was used to determine the adsorption and wetting 

behavior of Ag(l), with and without dissolved oxygen, on YSZ. At a brazing temperature of 

1000 °C, the solubility of O2 in Ag is 1.93 mL, which translates to approximately 2 atoms of oxygen 

per 200 Ag atoms.175 Hence, in these AIMD simulations, the Ag(l)/YSZ system was modeled as a 

~1 nm thick molten Ag layer containing two oxygen atoms (for a total of 102 atoms) supported on 

a YSZ slab three unit cells thick. The basal plane YSZ atoms were fixed in position, the YSZ had 

a surface area of 181.44 Å2, and a vacuum gap of 13 Å was placed above the liquid surface in the 

initial structure. This initial structure corresponds to the experimentally measured density of 9.30 

g/mL for Ag(l) at 1000 °C.176 As shown in Figure 2.3, three different initial structures were 

generated by inserting the two oxygen atoms at either the YSZ interface, within the bulk of the 

Ag(l), or at the free surface of the molten Ag. Although the dissolved oxygen concentration used 

here was double the experimentally observed amount due to computational limitations, the 

calculated energy trends with oxygen position should still be applicable to real-world systems. 

 Both the molten Ag and the Ag(l)/YSZ interfaces were initially relaxed using classical MD 

with a COMPASS force field (Ag = ag_m, O in Ag = o_ag, Y = y3o, Zr = zr4o, and O in YSZ = 

o2z) implemented in Material Studio.177,178 The force field was previously shown to give a melting 

temperature of metal closer to first-principle calculations than embedded atom model (EAM) 

method.179 The evolution of these initial structures was simulated by constant-temperature, 
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constant-volume ensemble (NVT) AIMD using spin-polarized DFT calculations with GGA-PBE 

functional. The AIMD calculations were performed at the Γ-point k-point. The constant 

temperature was controlled at 1280K by the Nosé‒Hoover thermostat and the integration time step 

is 1 fs for a total of 3 ps. The average energy for the 𝑊adh calculation was then obtained by 

sampling and minimizing 3 frames from the last 0.5 ps of the AIMD run using (2 × 2 × 1) k-points. 

2.4 The Role of the Oxygen at the Ag(l)/YSZ interface during Brazing Process 

Figure 2.3. Ag(l)/YSZ interface structures with dissolved oxygen atoms at the beginning and end 

of 3 ps AIMD simulations at 1000 °C. Three initial positions of Ag–O clusters were investigated, 

including in the bulk Ag(l), at the free surface of the Ag(l), and at the Ag(l)/YSZ interface. The 

Ag–O at the interface is the most favorable structure. 

 AIMD was employed to investigate the energetics in Ag(l)/YSZ interface in order to examine 

the mechanism of dissolved O2 in enhancing wettability, i.e. Mechanism I in Figure 2.1. AIMD 

was first performed to investigate dissolved O2 in bulk liquid Ag. Dissociation of O2 into Ag–O 

clusters was promptly observed, where O atoms formed 2.2-2.3 Å bonds with the Ag atoms 

surrounding them. This bond length is 5~10% longer than the Ag-O bond length in crystalline 

Ag2O (2.08 Å in GGA-PBE relaxed structure), a reasonable increase for the liquid phase. Analysis 
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of the system by pair radial distribution (RDF) shown in Figure A2 revealed that the nearest Ag-

Ag distance peak was ~2.8 Å, in accordance with experimental measurements of pure Ag in a 

reducing atmosphere at 1050°C.180 This indicated that the dilute concentration of oxygen in the Ag 

did not significantly alter the bulk behavior of the Ag.  

Figure 2.3 shows three possible sites for Ag–O clusters to be at, including in the bulk (a), 

at the surface of molten silver (b), or at the interface of liquid Ag/YSZ (c). Although not the 

objective of the present work, oxygen vacancies in all these initial positions were observed to move 

around within the YSZ slab during the AIMD simulations. Figure 2.3a and 2.3b show that Ag with 

Ag-O clusters in the bulk of the Ag or placed at the Ag-free surface drifted away from the YSZ 

(yielding a GGA-calculated 𝑊adh ~ 0 J/m2 that may be a low considering the fact that GGA tends 

to underestimate binding energies). In contrast, Figure 2.3c shows that Ag with Ag-O clusters at 

the Ag(l)/YSZ interface remained attached to the YSZ with a GGA-calculated 𝑊adh = 0.43 ± 0.01 

J/m2. The arrangement in Figure 2.3c, denoted henceforth as {Ag(l)+2O}/YSZ, had a lower overall 

energy than those in Figure 2.3a and 2.3b, indicating that changes in the Ag(l)/YSZ interface, and 

not changes in the Ag free surface energy, are responsible for the Ag wetting enhancements 

experimentally observed when switching from inert Ag/YSZ brazing atmospheres to air.25,87  

Without the dissolved O2, the pure liquid Ag has an average 𝑊adh (on YSZ from GGA-

PBE functional) of only 0.11±0.01 J/m2, resulting in a contact angle of 149° (Table 2.2). This is 

consistent with experimental observations showing that liquid Ag does not wet YSZ.87 Although 

the results from GGA may be overestimated, the trend and the relative change of the wetting angles 

are expected to be reliable as will be shown in the next section. As shown in Table 2.2, the 

{Ag(l)+2O}/YSZ wetting angle was 38o less than that for pure Ag(l)/YSZ, in agreement with a 

30o drop observed experimentally25,87 (Table 2.2 also shows that the binding energy 
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underestimated by the GGA-PBE method resulted in wetting angle predictions that were ~25o 

higher than those observed experimentally). Figure 2.3c also shows that the two oxygen atoms 

originally dissolved in the Ag near the Ag/YSZ interface hopped into the YSZ substrate, filling 

two YSZ oxygen vacancies in the process. The resulting increase in the YSZ surface oxygen 

vacancy concentration likely contributed to the increased 𝑊adh by providing additional sites for 

Ag-O bonding across the interface. Together, these results confirm Mechanism I (the hypothesis 

that oxygen dissolved in molten Ag is responsible for the ~20°-35° drop in Ag on oxide wetting 

angles when brazing is performed in air instead of inert atmospheres). 

Table 2.2. The average interface distance (Δd), work of adhesion (𝑊adh), calculated wetting angles 

(𝜃cal), and experimental (𝜃exp) for Ni/YSZ interface and systems involved in Ag–CuO/YSZ braze. 

Interface Systems XC 
Δd 

(Å) 

𝑾𝐚𝐝𝐡 

(J/m2) 
𝜽𝐜𝐚𝐥

 𝜽𝐞𝐱𝐩 

Ni[11̅0](111)||YSZ[11̅0](111) 
GGA 2.03 0.49 138° 

120° 87 
LDA 2.01 1.42 118° 

Ag(l)/YSZ(1 1 1)‡ GGA 2.41±0.02 0.11±0.01 149° 120° 87 

{Ag(l)+2O}/YSZ(1 1 1)† GGA 2.17±0.04 0.43±0.01 111° 90° 181 ǂ 

 Ag[3 2 1](1 1 1)||YSZ[1 1 0](1 1 1) 

GGA 2.68 0.10 150° 

120° 87 
LDA 2.43 0.53 121° 

Ag[1 1 0](1 1 1)||CuO[1 1 0](1 1 1) 
GGA 2.26 0.48 112° 

10° 25 ǂ 
LDA 2.11 1.43 73° 

CuO[1 3 2](1 1 1)||YSZ[0 1 1](1 1 1) 
GGA 1.76 0.65 96° 

‒ 
LDA 1.71 1.11 92° 

‡An interface without dissolved oxygen atoms.  

†An interface with dissolved oxygen atoms located initially at the interface.  

ǂSessile drop tests performed in air, and the contact angle of Ag/CuO was taken from the test of 

Ag-CuO system on both YSZ at high concentration of CuO, until the contact angle converged with 

respect to the amount of CuO. 
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2.5 Enhancement of Interface Adhesion by CuO 

Table 2.3. The surface and interface energy involved in Ni[11̅0](111)||YSZ[11̅0](111) interface.  

 𝜸𝐍𝐢(𝟏𝟏𝟏) 𝜸𝐘𝐒𝐙(𝟏𝟏𝟏) 𝜸𝐍𝐢−𝐘𝐒𝐙 𝑾𝐚𝐝𝐡 

DFT 

computed 

GGA-PBE 1.94 0.70 2.26 0.49 

LDA 2.68 1.42‡ 2.68 1.42‡ 

Experiment 64 2.05 93 1.23 94 1.8±0.1 1.48 
‡Because the obtained Wadh is coincidentally close to the surface energy of YSZ (based on LDA 

calculations), the derived interface energy of Ni/YSZ is the same as the Ni surface energy, 

following Eqn. 2.1.  

Before studying these solid interfaces, the accuracy and reliability of the results were 

evaluated. A Ni/YSZ interface was employed because of abundant existing computations and 

detailed experimental results, in contrast to limited studies of Ag adhesion on YSZ or ZrO2. Table 

2.3 shows the surface energy, interface energy, and 𝑊adh from GGA and LDA functionals for 

Ni[11̅0](111)||YSZ[11̅0](111) interface shown in Figure A3. The 𝑊adh agreed well with the 

experimentally measured values. In fact, the LDA-predicted 𝑊adh of 1.42 J/m2 was within 5% of 

the 1.48 J/m2 value obtained by converting Nahor et al.’s experimentally measured 

Ni[11̅0](111)||YSZ[11̅0](111) interface energy and surface energies. The interface energy was 

measured from Winterbottom analysis of the same Ni[11̅0](111)||YSZ[11̅0](111) interface, 

equilibrated by annealing at 1350 °C in high-purity inert gas and H2 (PO2 = 10-20).64,92
 As 𝑊adh is 

the primary focus of the subsequent sections, LDA functional was considered to give comparable 

results to the experiments. Further discussion on validation of the model and comparison to 

previous computational studies of related interfaces can be found in the appendix.  

To evaluate Mechanism II (the hypothesis that CuO interlayers atop YSZ promote Ag 

wetting and adhesion), 𝑊adh values for Ag(s)/YSZ, Ag/CuO, and CuO/YSZ were calculated using 

the solid/solid interfaces shown in Figure 2.2a-d. Solid interfaces were used because components 
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are eventually solidified and during actual SOFC operations, the strength of braze/YSZ interface 

was then determined by the adhesion of the two interfaces of Ag(s)/CuO/YSZ. Also, the work of 

adhesion with liquid Ag is likely to follow the same trend with solid Ag. 

 As shown in Table 2.2, the trend of the results from both LDA and GGA-PBE exchange 

correlations functionals agreed that the presence of CuO leads to a more adherent braze. The closer 

interface distances shown in Figure 2.2 and the Δd values of Table 2.2 also correlated well with 

the increased 𝑊adh. The higher 𝑊adh resulted in reduction of wetting angle of ~48° when replacing 

Ag/YSZ with Ag/CuO. Particularly from the prediction by LDA functional, the increment in 𝑊adh 

alone would theoretically be substantial enough to make Ag wettable on CuO (<90°). On the other 

hand, the high 𝑊adh for CuO/YSZ indicates that CuO can firmly adhere to YSZ.  

While the liquid/solid interface mimics the braze processing condition and the solid/solid 

interface represents the solidified braze during SOFC operation, the adhesion and wetting angle 

between solid/solid and liquid/solid are directly related. Hence the results from one can be 

translated to the other. Even though these simulations were performed on solid/solid interfaces, 

these conclusions should hold for a system with molten Ag for the following reasons: 1) both 

experimental measurements174 and thermodynamic derivation182 have shown that solid Ag surface 

energies are systematically higher by ~20-33% of those of liquid Ag, the computed 𝑊adh on 

different interfaces should follow the same trend for liquid and solid Ag. 2) Wetting angles of 

many liquid metals are known to be a very weak function of temperature (for example, the 𝑊adhof 

Ag(l) on ZrO2 only changes by 0.05 J/m2 from 1000 to 1300°C).23,133,183 Thus, the absolute values 

of the 𝑊adh and 𝜃cal obtained from the solid/solid interface will be overestimated due to the higher 

surface energy of a solid compared to its liquid,174 but the calculated trends in both values are 

expected to hold at brazing temperatures.  
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It should be noted that the experimental wetting angles of Ag/CuO listed in Table 2.2 were 

not taken from pristine experiments like that of Ni[11̅0](111)||YSZ[11̅0](111) interface.64 The 

contact angle of Ag/CuO was taken from the test of liquid Ag droplet in the air on YSZ with a high 

concentration of CuO, until the contact angle converged with respect to the amount of CuO. Thus, 

in practice, the experimental result has a combined effect from Mechanism I and II. Nevertheless, 

these experiments show similar contact angle change that can be interpreted from the present study. 

We have shown that in Mechanism I, the presence of oxygen in Ag/YSZ can reduce the contact 

angle by ~38°, and forming CuO on YSZ will further reduce the contact angle by ~48° from 

Mechanism II, yielding an overall ~86° reduction in contact angle when braizing in the air. This is 

consistent with the experimentally observed 110° drop in contact angle (from 120° to 10°).25 The 

rest of the discrepancy can be attributed to the use of solid/solid interface in the simulation and 

liquid/solid interface in experiments.   

2.6 Identification of Other Potential Oxide-Forming Alloying Elements 

A descriptor that correlates a simple interface structure and bond strength to interface 

energy at the Ag/oxide interfaces was identified to facilitate the search for potential oxides. The 

descriptor was based on the results from the projected density of states (PDOS, Figure A4), which 

is discussed in the Appendix A and indicates that interfacial bonding occurred primarily from the 

metal-oxygen bonds. The calculations pertaining to descriptors were performed using LDA 

functional only as results from previous sections indicate comparable 𝑊adh to experiments.  

2.6.1 Formulation of a Descriptor Using 𝜸𝟏𝟐 and 𝑾𝐚𝐝𝐡 in a Predictive Model 

The aforementioned descriptor was developed based on the definition of the interface 

energy, i.e. the excess energy introduced by the interface compared to the bulk structure. The first 

assumption used in this descriptor was that no new Ag-oxide phases formed during brazing. Since 
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the Ag-Ag bond strength is much lower than that of metal-oxide bonds, the descriptor was 

simplified to only account for 1) the number of unsaturated cation and anion bonds per unit surface 

area, and 2) the energy changes per unit surface area caused when a portion of the oxygen dangling 

bonds on a surface was replaced with the newly formed Ag-O bonds across the oxide-Ag interface. 

This leads to the newly formulated the descriptor (𝜒MO): 

 

Figure 2.4. Side view and top view of surface and interface structures to illustrate the formulation 

of the descriptor, 𝜒 MO, in Eqn. 2.3. The 𝑁M and 𝑁O were demonstrated for a) an unrelaxed rock 

salt CaO {100} surface, where f = 1 is used and b) an unrelaxed corundum oxide surface structure 

represented by the α-Al2O3 (0001). The relaxed interfaces of Ag/corundum-oxide demonstrate that 

b) in α-Al2O3 and other corundum-oxides f = 2 is used as the protruded cation, Al3+, weakens Ag–

O interfacial bonding, except c) in Fe2O3, whose cation, Fe3+, submerges beneath the oxygen layer 

after relaxation so it does not interfere with the Ag–O bonds (f = 1). The yellow arrows pinpoint 

the same cation in all the corundum oxides.  

𝜒MO =
𝑓((𝑁M+𝑁O)×|𝐸M−O|)−(𝑁O ×|𝐸Ag−O|)

𝐴MO
                                    Eqn. (2.3) 

where 𝑁M and 𝑁O were the number of dangling bonds on the surface cation and oxygen atoms, 

respectively, in an oxide surface unit cell, 𝐸M−O was the bond enthalpy of the oxide as defined by 

oxide formation enthalpy (Δ𝐻f,MO) divided by the number of bonds in a unit cell, 𝐸Ag−O was the 

https://www-sciencedirect-com.proxy1.cl.msu.edu/science/article/pii/S1359645418303008#fd3
https://www-sciencedirect-com.proxy1.cl.msu.edu/topics/materials-science/oxide
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bond enthalpy of silver oxide (Ag2O), and 𝐴MO was the surface area of an oxide unit surface. 𝑓 

was an empirical structure factor assigned to be 1 for all studied oxides, except most of the 

corundum oxides such as Al2O3, Cr2O3 and In2O3 which, as highlighted in Figure 2.4b, contained 

protruding surface cations necessitating the use of f =2 (further explained in the next paragraph).  

Figure 2.4 shows the surface and interface structures used to calculate the descriptors for 

three sample oxides: CaO, α-Al2O3, and Fe2O3. Figure 2.4a shows that on the {100} surface of 

CaO, both Ca and O have one dangling bond (resulting in 𝑁Ca = 1 and 𝑁O = 1). Dividing an 

LDA-calculated Δ𝐻f,CaO = -6.78 eV (which is comparable to -6.39 eV obtained by extrapolating 

NIST database data down to 0 K), by the 6 Ca-O bonds per unit cell yields 𝐸Ca−O =
−6.78

6
= -1.13 

eV/bond. In a similar fashion, LDA calculated the relaxed structure 𝐸Ag−O to be -0.14 eV/bond. 

The relaxed CaO {100} surface has 𝐴CaO of 11.14 Å2. Together with f =1, this yielded a 𝜒 CaO of 

0.19 eV/Å3. Figure 2.4b shows the surface structure of corundum-type oxides, represented by 

Al2O3 (0001) and its relaxed interface with Ag. It has a 𝑁Al = 3, a 𝑁O = 3, a LDA calculated 

relaxed structure 𝐴Al2O3
= 19.40 Å2, and a LDA calculated relaxed structure Δ𝐻f,AlO3

= -17.42 

eV which resulted in a 𝐸Al−O = −
17.42

12
= -1.45 eV, with an f factor of 2, this yielded a 𝜒 Al2O3

of 

0.85 eV/Å3. Among all the corundum oxides tested, namely Al2O3, Cr2O3, In2O3, and Rh2O3 all have 

protruding (0001) surface cation (pointed out by the yellow arrow in Figure 2.4). The protruded 

cation prevents the silver slab to get closer to the oxygen layer (Figure 2.4b), where the Δd of 

Ag/Al2O3 is 2.58 Å compared to 1.81 Å in Ag/Fe2O3 (Fig 2.4c). This behavior may account for 

the weak Ag/Al2O3 bonding reported in the literature.184 Consequently, to account for the increase 

in interfacial energy, f=2 is used for most of the corundum oxides with protruded cations. It is 

interesting to note that all the corundum type oxides studied here, except Fe2O3, had protruding 
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(0001) surface cations that necessitated the use of f = 2. In Fe2O3, whose cation, Fe3+, submerges 

beneath the oxygen layer after the relaxation so it does not interfere the Ag-O bonds (Figure 2.4c). 

This means that there is no need to increase the structure factor, so the calculation of 𝜒MO for Fe2O3 

follows the similar manner as Al2O3 but with f=1 for the smooth top O layer. Table A2 in the 

appendix summarizes all the descriptor calculations performed in the present work. 

The unique behavior of Fe2O3 may be due to its strong 3d electron interaction with the 

oxygen polyhedron. In M2O3 corundum oxides bulk structure, the cation M
3+ occupies 2/3 of the 

oxygen octahedral sites. On the M3+ terminated surface, the protruding M3+ without unpaired 

electrons will relax toward the oxygen due to electrostatic interactions, as for Al2O3 and In2O3. 

Comparing Fe3+(3d5), Rh3+(4d6), and Cr3+(3d3) in Cr2O3, Rh2O3, and Fe2O3, respectively, the 

interaction between the oxygen octahedral may attract Fe3+(3d5), which has the most unpaired d-

electrons to move underneath the top oxygen layer. Due to the complexity of computing strong 

correlated d-electrons in transition metal oxides, more research is warranted.  

It should be noted that the use of surface energetics, classical view of charge transfer, and 

metal-oxide formation energies, to formulate a descriptor to relate directly to interface energy 𝛾12 

and work of adhesion 𝑊adh for Ag/oxide interface has been tried, but we did not find no strong 

correlation. 

2.6.2 Descriptor-Based Prediction of Interface Energy and 𝑾𝐚𝐝𝐡 

Figure 2.5a shows the DFT computed interface energy and its relationship with 𝜎 MO in 

various types of oxides. The interface energy monotonically increases with the descriptor. The 

simple descriptor defined in Eqn. 2.3 enables assessment of oxide properties that will lead to high 

or low interface energy. Two factors can affect the interface energy; one is the oxide bond energy 

(|𝐸M−O|), which has a chemical nature. The other is the density of the dangling bonds, which 
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depends on the geometry of the surface. The increase in either of these would increase the value 

of descriptor, and hence the interface energy. 

 

Figure 2.5. The correlation a) between of the interface energy (𝛾12
DFT) of Ag/oxides and the 

descriptor (𝜒 MO), which followed a logarithmic function, and b) between the predicted work of 

adhesion (𝑊adh
pred

) at the Ag/oxides interface and the DFT calculated ones (𝑊adh
pred

). 

In Figure 2.5a, the interplay between these two factors is evident. For example, ZrO2, which 

has the highest bond energy among oxides in this study (-2.39 eV/bond), did not show the highest 

interface energy. Al2O3 has the highest interface energy, although its bond energy of -1.45 eV/bond 

is not as large as ZrO2. This is due to a different surface geometry, as Al2O3 contains 1.7 times 

larger surface dangling bond density than ZrO2. In fact, the oxides with higher interface energy 

with Ag (Fig 2.5a) was dominated by corundum type oxides. On the other hand, in the lower region 

of interface energy, although Rb2O and CdO both had similarly low bond energy of -0.46 and -

0.43 eV/bond, respectively, Cu2O with the bond energy of -0.51 eV/bond exhibited much lower 

interface energy due to its low dangling bond density of 0.07 bonds/Å2, compared to 0.11 and 0.18 

bonds/Å2 of Rb2O and CdO. This simple descriptor also means that if oxides of interest possessed 

the same surface geometry, and likely the same crystal structures, the descriptor could be 

approximated by just the chemical feature ‒ the bond formation energy, or equivalently oxide 
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formation energy. This trend can be seen in Fig 2.5, as different crystalline structures were labeled 

with different symbols. Therefore, for oxides within the same crystalline family, both interface 

energy and 𝑊adh can be simplified to correlate with their formation energies as shown in Figure 

A6 for corundum and rock salt oxides and suggested by Li et al.103 

The results plotted in Fig 2.5a demonstrated that the descriptor is well-correlated with the 

DFT calculated interface energy, which increases with the descriptor. A fitting equation: 

𝛾12
pred

 = 0.55 ln(𝜒 MO) + 2.43                                              Eqn. (2.4)  

was obtained with a coefficient of determination R2 = 0.95. Hence, this equation can be used to 

estimate interface energy (𝛾12
pred

) solely based on the descriptor. The predicted interface energy 

was then used to predict 𝑊adh
pred

 as defined by Eqn. 2.1, with tabulated surface energies, which is 

easier compute with DFT calculations. In this study, the surfaces of these oxides were selected 

based upon a criterion of being the lowest surface energy. The individual surface energy of these 

oxides is tabulated in Table A2 and discussed in Appendix A.  

The predicted 𝑊adh
pred

 was plotted against the DFT-calculated 𝑊adh in Fig 2.5b, which also 

demonstrates satisfactory accuracy (Figure 2.5b). The conclusion obtained from the two ends of 

the 𝑊adh plot indicated that ZrO2 as well as YSZ were among the most difficult oxides for Ag to 

be wetted. On the other hand, while both Fe2O3 and Rh2O3 provided high adhesion, like CuO, both 

of them are not stable under SOFC reducing environment (Fe2O3 would be reduced at temperature 

above 587 °C). Within Figure 2.5b, a candidate with the highest 𝑊adh that would be stable in a 

reducing environment is In2O3, but its 𝑊adh is only 1.03 J/m2, 0.4 J/m2 lower than CuO.  

The descriptor was also employed to screen more single cation oxides but, among those, 

none gave a higher 𝑊adh with Ag than CuO. For example, a rutile SnO2 (110) was predicted based 
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on the descriptor to have 𝑊adh of 1.23 J/m2. For validation purposes, the DFT-calculation gave 

𝑊adh =1.10 J/m2, using a half-sandwich interface model. The 𝑊adh translated to a borderline 

wetting contact angle of 90°, which when combined with the effect from dissolved oxygen in Ag(l) 

could enable Ag wetting, although it would not be as good as CuO. In addition, SnO2 is a bit more 

resistant to the reduction environment, as it is expected to be stable up to 647 °C according to 

Ellingham Diagram. It have been suggested that V2O5 could be another potential oxides;24 

however, due to the step-like structure of the (010) surface, a smooth surface of Ag used in the 

present descriptor model could not accurately determine 𝑊adh of this interface. In conclusion, our 

screening of monocation oxides could not identify a candidate that would yield similar or higher 

𝑊adh than CuO, while not being cost-prohibitive or reduced in SOFC operating conditions. 

2.6.3 Identification of Complex Oxides and Ternary Braze Alloy Design  

Since the simple oxide search did not predict many candidates that could potentially be 1) 

better than CuO in enhancing 𝑊adh and 2) stable in a reducing SOFC environment, the descriptor 

was used to search for potential multi-cation oxides. First, the descriptor was used to explore multi-

cation oxides with lower descriptor values that lead to lower interface energy (since a low interface 

energy is a necessary but not sufficient condition for a high work of adhesion). Then, the surface 

energies were computed by DFT. The stable surface for all delafossite oxides was chosen to be O-

terminated (0001) surfaces, based on experimental and computational evidence.185–187 Predicting 

the interface energy 𝛾12
pred

 from the descriptor using Eqn. 2.4, and the DFT computed surface 

energies, the 𝑊adh was first predicted before the DFT interface model was constructed. From this, 

it was found that several oxides with a delafossite structure could exhibit strong adhesion due to 

their high surface energy relative to a low predicted interface energy (Table 2.4). For comparison, 

CuO is listed as well. While some delafossite oxides exhibited low adhesion ~0.7 J/m2 with Ag, 
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such as CuCrO2 and CuFeO2, several delafossite oxides, CuAlO2, CuGaO2, and CuInO2, showed 

higher predicted 𝑊adh (2.3~2.6 J/m2) with Ag than CuO (1.43 J/m2).  

Cu3TiO4(010) also yielded a predicted 𝑊adh of 2.12 J/m2, which is higher than that of CuO. 

Cu3TiO4 has a similar structure to delafossite, and its (010) surface is equivalent to the (0001) 

surface of delafossite oxides. The increase of 𝑊adh on Cu3TiO4 surface could also explain the 

observed enhanced braze wettability when TiO2 is added to the Ag–CuO system.136 TiO2 itself is 

not the likely cause of wettability enhancement, as predictions for both the rutile TiO2(110) and 

anatase TiO2(101) structures yielded 𝑊adh of only 0.40 and 0.56 J/m2, respectively. However, 

TiO2 could react with CuO or Cu2O to form Cu3TiO4.
188,189 Therefore, the addition of Cu and Ti 

to Ag, with modification of brazing gas environment and temperature conditions to purposely 

generate Cu3TiO4 on the YSZ surface could also further enhance the wetting of Ag. Also, as 

indicated by its formation energy (-13.12 eV) on the Ellingham diagram, Cu3TiO4 will be stable 

in a reducing SOFC environment.  

Another interesting oxide is CuAlO2. The formation of CuAlO2 would be favorable in 

certain conditions as the CuAlO2 formation energy was calculated to be -9.70 eV, which is 

comparable to -9.74 eV for ½(Al2O3 + Cu2O). Experimental phase diagrams indicate that CuAlO2 

is stable at high temperature, especially in the brazing and SOFC operating temperature range 190. 

Putting the calculated formation energy of CuAlO2 on the Ellingham diagram shows that it is stable 

in a reducing environment. To further investigate this promising oxide and also obtain the accurate 

𝑊adh, DFT calculations were performed (Figure 2.6a). The DFT-calcualted 𝑊adh of Ag/CuAlO2. 

is 3.04 J/m2, almost twice of that at the Ag/CuO interface. The changes in PDOS through formation 

of this interface shown in Figure 2.6b correspond well to its high 𝑊adh, where oxygen p-states 

moved from high-energy antibonding (-2 to 0 eV) to bonding states at energies below the metal d-
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states (~ -8 eV). This high adhesion will lead to complete wetting (0°). Moreover, DFT calculation 

using half-sandwich model also indicate strong adhesion (𝑊adh= 2.04 J/m2) between CuAlO2 and 

YSZ. Overall, this is in accordance with reports that the greater extent of CuAlO2 formed from the 

unintended reaction of CuO with Al2O3, the lower contact angle of Ag.145 

The other delafossites, CuGaO2 and CuInO2, and Cu3TiO4 were predicted to yield similarly 

high 𝑊adh are therefore are expected to yield similar results. However, the formation energy of 

CuInO2, which is the highest among investigated delafossites (-5.70 eV), was only -0.52 eV below 

the hydrogen line in Ellingham diagram. Given that LDA tends to overestimate bonding energy, it 

is more prudent to assume that CuInO2 would not be stable in a reducing SOFC environment.  

Therefore, several oxide interlayers, CuAl(or Ga)O2 or Cu3TiO4, that could improve the 

interfacial strength were identified via our computational search. In order to form these oxide 

layers, the complex oxide could either be pre-sputtered or coated on the YSZ surface before 

brazing or be directly added to Ag, as similar methods have been used for Ag-CuO system.145,191 

Alternatively, alloying Ag with a mixture of Cu and Al (or Ga, Ti) and fine tuning the brazing gas 

environment and temperature conditions to intentionally maximize the formation of CuAl(or 

Ga)O2 or Cu3TiO4 could also improve the interfacial strength. It should be noted that, according 

to the original definition, in order to be classified as a RAB component, the oxides formed by the 

secondary metals in air must be at least be partially soluble in Ag192 in order to avoid forming thick 

oxide scale on the liquid surface to inhibit wetting. The oxide solubility, the impact of these alloy 

or oxide additions on the melting temperature, can be considered in follow-up studies. 

Nevertheless, these examples suggest that ternary alloy systems may offer many more possibilities. 

The discovery of potential oxides can be expanded beyond the examples given here. 
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Figure 2.6. The relaxed structure of the Ag/CuAlO2 by LDA functional showing an interface gap 

of 1.95 Å (a), and the PDOS of the no-contact (10 Å apart) and interface positions showing large 

shift in the oxygen's p-states. This indicates strong interactions between Ag and CuAlO2 (b). 

2.7 Conclusion 

The RAB process is a promising solution to solve wetting and adhesion problem of Ag on 

an YSZ surface for sealing applications as well as providing practicality for industrial settings. As 

the current Ag-CuO system has a short-coming due to pore formation from reduction of CuO to 

Cu, there are alternative approaches of other oxide interlayer design that may be effective. Using 

DFT calculations and interface models, the present paper has identified the two primary 

mechanisms that enabled Ag to wet on YSZ surfaces, including 1) formation of Ag‒O clusters at 

the Ag/YSZ interface from the oxygen in solution (Mechanism I), and 2) enhanced 𝑊adh by 

formation of a CuO scale on top of the YSZ (Mechanism II). Mechanism I reduces the wetting 

angle by 20~25˚, which is a smaller effect than the second mechanism, as the CuO scale can reduce 
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the wetting angle by ~45˚, changing the metal from non-wetting to wetting. The electronic analysis 

of the involved interfaces shows that interactions between Ag and oxygen atoms of the oxide 

dominates the interfacial bonding. With this knowledge, a simple descriptor for calculation of 

interface energy was developed to reduce the dependence on expensive interface calculations. 

With known surface energy, which is much more easily calculated, the descriptor can also be used 

for prediction of 𝑊adh. Several single cation metal oxides were considered, but the number of 

those with 𝑊adh comparable to CuO and tolerant of a reducing environment were few. For 

example, none of the investigated metal oxides, with crystalline structures of rock salt, fluorite, 

and anti-fluorite, showed high 𝑊adh. However, by expanding the search to multi-cation oxides, 

several promising candidates in oxides with delafossite structure, such as CuAlO2, CuGaO2, and 

Cu3TiO4, were discovered to double the work of adhesion of CuO with Ag. The study provides 

insight to geometry and bonding energy of metal-oxide interfaces with implications beyond just 

Ag and YSZ interfaces. The convenient search also opens new pathways to develop potential 

ternary Ag-oxide braze alloys with enhanced adhesion and wetting on YSZ.  

 

 

 

 

 

 

 



58 

 

CHAPTER 3 Experimental Identification of the Yields Determining Functional 

Groups in Lignins 

3.1 Summary 

Lignin depolymerization to aromatic monomers with high yields and selectivity is essential 

for the economic feasibility of many lignin-valorization strategies within integrated biorefining 

processes. Importantly, the functional groups (henceforth referred to as properties) of the lignin 

source play an essential role in impacting the conversion chemistry, yet this relationship between 

lignin properties and lignin susceptibility to depolymerization is not well established. In this study, 

we quantitatively demonstrate how the detrimental effect of a pretreatment process on the 

properties of lignins, particularly β‐O-4 content, limit high yields of aromatic monomers using 

three lignin depolymerization approaches: thioacidolysis, hydrogenolysis, and oxidation. Through 

pH-based fractionation of alkali-solubilized lignin from hybrid poplar, this study demonstrates that 

the properties of lignin, namely β‐O-4 linkages, phenolic hydroxyl groups, molecular weight, and 

S/G ratios exhibit strong correlations with each other even after pretreatment. Furthermore, the 

differences in these properties lead to discernible trends in aromatic monomer yields using the 

three depolymerization techniques. Based on the interdependency of alkali lignin properties and 

its susceptibility to depolymerization, a model for the prediction of monomer yields was developed 

and validated for depolymerization by quantitative thioacidolysis. These results highlight the 

importance of the lignin properties for their suitability for an ether-cleaving depolymerization 

process, since the theoretical monomer yields grows as a second order function of the β‐O-4 

content. Therefore, this research encourages and provides a reference tool for future studies to 

identify new methods for lignin-first biomass pretreatment and lignin valorization that emphasize 
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preservation of lignin qualities, apart from focusing on optimization of reaction conditions and 

catalyst selection. 

3.2 Introduction 

Technologies for the conversion of renewable, non-food plant biomass to fuels, chemicals, 

polymers, and materials have the potential to displace fossil sources of carbon while 

simultaneously contributing to rural agricultural economies and lowering CO2 emissions.193 While 

technologies for the production of cellulosic biofuels are beginning to be commercialized in the 

U.S., Europe, and Brazil, substantial technical, logistical, and economic challenges still remain.194 

In particular, one economic challenge is that current processes produce low-value, high-volume 

biofuels that require substantially higher capital costs per unit of biofuel produced relative to 

starch- or sucrose-derived biofuels. This is a consequence of plant cell wall recalcitrance, whereby 

the polysaccharides that may serve as the feedstock for biological conversion to biofuels are 

embedded in the plant cell wall matrix. This cell wall matrix can be considered as a composite 

material comprising polysaccharides (cellulose and hemicelluloses) and lignin that presents a 

challenge for “deconstruction” and conversion.195  

Diversifying the product portfolio of lignocellulose-to-biofuels processes to include 

renewable, bio-based chemicals is widely recognized as an opportunity both to improve the 

economics of these processes and to buffer against market fluctuations. Thus, there is an obvious 

and compelling need to develop integrated processing approaches that enable multi-product 

biorefineries. Despite comprising a substantial portion of plant cell walls (as much as one third of 

the mass of lignocellulosic biomass) and representing the second-most abundant naturally 

occurring biopolymer after cellulose, the chemical functionality in lignins remains largely 

unutilized as a source of renewable carbon for the production of bio-based chemicals, polymers, 
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and materials. As such, there is an opportunity for technologies that can be integrated with 

conversion processes employing a biomass pretreatment/fractionation strategy, whereby it may be 

possible to utilize all or a fraction of the process-modified lignins for purposes other than as a low-

value solid fuel.196 Commercialization of co-products from wood lignins derived from Kraft 

pulping have long proved challenging, but it should be understood that lignin origin (e.g., 

hardwood, softwood, or grass) and processing history (e.g., alkaline pulping, organosolv pulping, 

sulfite pulping, dilute-acid pretreatment, etc.) have an enormous impact on the structure, 

properties, and suitability of the lignin for a target application, which this work will investigate. 

Although lignin valorization has increasingly been the subject of substantial research, 

significant challenges still remain.197,198 General strategies for lignin utilization include 

thermochemical conversion to heat and power or syngas, utilization of (potentially modified) 

polymeric lignins in applications such as resins for application as adhesives or coatings,199 and 

lignin depolymerization to generate sets of aromatic compounds that can serve as bio-based 

alternatives to petroleum-derived aromatic platform chemicals.200 Notably, a recent DOE report 

has highlighted the critical need for utilizing lignin-derived compounds as potential platform 

chemicals as well as the challenge in achieving this due to the difficulty of generating a limited 

range of aromatic compounds from lignin at high yields and selectivities that can act as renewable 

aromatic monomer cognates to existing petrochemicals.201 This challenge is derived both from the 

random nature of the lignin polymer as a consequence of its synthesis via free radical-mediated 

oxidation and its propensity for modification during conversion or extraction processes. Strategies 

for the depolymerization of lignin include catalytic cracking/pyrolysis,202,203 oxidation204 and 

hydrogenolysis-hydrodeoxygenation,205,206 and base-catalyzed depolymerization.207 As examples, 

the depolymerization of lignin using solid acid-catalyzed hydrolysis has been reported to yield 
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primarily 4-propenyl guaiacol/syringol products, while base-catalyzed depolymerization can yield 

additional aromatic products.207,208 Oxidative cleavage of lignin in many studies aims to achieve a 

defined set of products including vanillin, vanillic acids, and their syringyl counterparts.209–211 A 

number of studies have investigated molecular oxygen or hydrogen peroxide as an oxidant in the 

presence of a transition metal-based homogeneous catalysts including Cu, Fe, or V.212–215 Other 

oxidative approaches include using a combination of formic acid and TEMPO catalysts, or 

polyoxometalates.216,217 Lignosulfonates derived from sulfite pulping of wood have been utilized 

commercially as a feedstock for the production of vanillin since the 1940’s using catalyzed and/or 

uncatalyzed alkaline oxidation with vanillin yields of up to 15% reported.204,218,219 Vanillin 

production from Kraft lignin using these approaches has been extensively explored, although 

yields are typically lower compared to lignosulfonates since Kraft lignins may be more 

condensed.220 Approaches for reductive cleavage, particularly hydrogenolysis, have received 

substantial recent attention, and a number of heterogeneous catalysts have been proposed including 

ligand-less Ni,221 Ni alloys,222 NiAu,223 Ni/SiO2,
224 or Pd/C.225 The products differ depending on 

reaction conditions. A mild liquid reaction of range ~200 °C will predominantly produce guaiacol 

or syringol with the alkyl side chain intact at the 4-position. The amount of substitution of this 

alkyl side chain with hydroxyl groups can vary depending on reaction conditions and catalyst.226,227 

Under more severe conditions, ring hydrogenation and hydrodemethoxylation can occur to yield 

saturated compounds such as 4-propylcyclohexanol or 4-propylcyclohexane, which are suitable 

for fuel applications.228,229  

For many depolymerization approaches, enormous effort has been invested in the study of 

reaction conditions, particularly selection of catalysts and solvents.40,230–232 More importantly, 

these conditions were also often used as a benchmark to determine the effectiveness of the 
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depolymerization approach. On the other hand, the structural features of lignin used in the reaction 

are often not considered, despite several studies reporting significantly lower yields when the same 

methods performed on lignin dimer models were applied to real lignin.222,233 Specifically, there 

has not been conclusive evidence demonstrating how these structural features are fundamentally 

related, especially after lignin-modifying extraction or pretreatment, and how it would affect 

lignin’s susceptibility towards depolymerization. Previous studies have suggested that native 

lignin in biomass with higher syringyl/guaiacyl unit ratios (S/G ratios) give higher monomer yields 

from quantitative thioacidolysis, which is due to the higher natural β‐O-4 content.234,235 Many 

lignin-modifying pretreatments have been investigated,236–238 with each of these imparting changes 

to the physical and chemical properties of lignin through different mechanisms (for example by 

the cleavage of C-O bonds). However, many of these pretreatments can also result in the formation 

of new C-C linkages which hinder approaches to generate aromatic monomers.239–241 Knowledge 

of how these changes impact a lignin’s susceptibility to depolymerization could help in the 

integration of strategies for lignin conversion into biorefining processes.  

Therefore, the objective of this study is to develop a better understanding of the relationship 

between lignin properties and to model their effect on lignin susceptibility to depolymerization 

through cleavage of ether linkages. This will be achieved through solubility-based fractionation of 

a hardwood lignin from an alkaline pretreatment liquor in order to generate lignin fractions 

exhibiting diverse properties. These fractions will be characterized and subjected to three 

depolymerization approaches. Correlations amongst the lignin properties and between obtained 

yields will be established in order to develop a methodology for assessing lignin quality for its 

suitability for depolymerization. 
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3.3 Methods 

3.3.1 Lignin Fractionation 

Pretreatment was performed in an M/K Systems, Inc. (Peabody, MA, USA) single vessel 

pulp digester with a capacity of 10 L using debarked wood chips of 20-year old hybrid poplar 

(Populus nigra x maximowiczii cv. NM6) obtained from Dr. Raymond Miller (Michigan State 

University Forest Biomass Innovation Center, Escanaba, Michigan). Pretreatment was performed 

at a liquor-to-wood ratio of 4:1 using conditions identical to those in our previous work for an H-

factor of 166.242 These mild pretreatment conditions were utilized to preserve solubilized lignin 

quality. Lignin was fractionally precipitated from this liquor through two sequential pH reduction 

approaches. The first one employed sequential acidification and precipitation at using CO2 at room 

temperature and atmospheric pressure. For room temperature fractionation, pH was decreased 

stepwise as shown in Table 3.1 until a pH of 9.0 was achieved and yielding 4 fractions. A final 

fraction was generated by further acidification to a pH of 2 by addition of 1 M H2SO4. The second 

lignin fractionation approach employed the Sequential Liquid-Lignin Recovery and Purification 

(SLRP) process using CO2 acidification at elevated temperature (115 °C) and pressure (6.2 bar) as 

reported in our previous work.243 For this, the SLRP fractions represent the lignin recovered by 

acidification between a pH of 11.0 of 10.5 (SLRP-1) and the pH increment of 10.5 to 10.0 (SLRP-

2) as shown in Table 3.1. The Klason lignin content of each pH fractions, as determined by NREL 

standard procedure (NREL/TP-510-42618), was used as a basis for subsequent characterization 

and monomer yield determination. 

3.3.2 Lignin Extraction from Birch 

To assess the impact of lignin depolymerization on a “native” lignin, lignin was extracted 

from debarked silver birch (Betula pendula Roth.) grown in northern Sweden and supplied Curt 
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Lindström (Smurfit-Kappa Kraftliner AB, Piteå, Sweden). The lignin extraction was performed 

according to the method proposed by Gu et al.244 In short, the biomass was cryogenically ball-

milled in a TissueLyser II (Qiagen, Hilden, Germany) for a total of 4 hr with 15 min interval for 

cooling in liquid nitrogen. The ball-milled sample was dissolved in 8% LiCl/DMSO at a 

concentration of 5% by weight and stirred at 25 °C for 48 hr then at 50 °C for 24 hr. The biomass 

was precipitated as a gel by dropwise addition of the LiCl/DMSO solution into deionized water. 

This gel was thoroughly washed with deionized water until no Cl remained in the gel as determined 

by addition of AgNO3. The decrystallized biomass sample was then lyophilized before undergoing 

enzymatic hydrolysis for 72 hrs (20 mg protein / g biomass; CTec II and HTec II from Novozymes 

in a 2:1 ratio at 50°C with in pH 5.25, using 0.05 M Na-citrate buffer). Next, the sample was 

washed with excess water and lyophilized again. The solid residue was then subjected to dioxane 

extraction for 6 hr with 50 mL 96% aqueous (v/v) dioxane.  

3.3.3 Lignin Acetylation 

Acetylated lignin samples were used for 1H NMR and GPC analyses. The procedure was 

adopted from previous study with slight modification.245 Essentially, 12.5 g/L of lignin solution in 

1:1 pyridine/acetic anhydride was prepared. Fractions that were harder to solubilize were subjected 

to sonication for 10-20 min. The completely dissolved solutions were left in an incubator at room 

temperature and 180 rpm for 24 hr before applying washing steps as in the previous study.  

3.3.4 NMR Analysis of Lignin 

1H-NMR spectra were acquired on a 500 MHz NMR spectrometer (Agilent 500/54) 

equipped with a OneNMR probe. Acetylated lignin was dissolved in CHCl3-d6 at a concentration 

of 44 mg/mL. Pentafluorobenzaldehyde (PFB) was used as an internal standard with 

tetramethylsilane (TMS) as a peak reference. The spectra were acquired from -2 to 14 ppm with a 
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30° pulse, a recycle delay of 4 s, and a total of 800 scans. Aliphatic and aromatic hydroxyl content 

were determined on a per aromatic basis (mol/mol) by using the methoxyl content corrected for 

the thioacidolysis-determined S/G ratio. 13C-NMR spectra were acquired on a 500 MHz NMR 

spectrometer (Varian Inova) equipped with a double-resonance broadband probe. Proton 

decoupling was applied only during acquisition period (i.e., decoupling-NOE). A sample of lignin 

(300 mg) was dissolved in 0.6 mL DMSO-d6 along with 2.0 mg chromium(III) acetylacetonate as 

a relaxation reagent. Sonication was used to facilitate dissolution. The spectra were acquired from 

-15 to 235 ppm with a 90° pulse, a recycle delay of 1.7 s, and an acquisition time of 1.2 s. A total 

of 10,000 scans were collected. Peak assignments were based on the previous literature.246,247 The 

β-O-4 content was determined on a per 100 aromatic monomer basis (mol/mol) by using the 

methoxyl content corrected for the thioacidolysis-determined S/G ratio. The gradient 2D 13C-1H-

correlation (HSQC) experiments (Bruker standard pulse sequence ‘hsqcedetgpsisp2.2’; phase-

sensitive ge-2D multiplicity-edited HSQC using PEP and adiabatic inversion and refocusing 

pulses with gradients in back-inept) were performed on a 900 MHz NMR spectrometer (Bruker 

Avance) equipped with a TCI triple-resonance inverse detection cryoprobe. A sample of lignin 

(100 mg) was dissolved in 0.6 mL DMSO-d6. The solvent peak (δC 39.5, δH 2.49 ppm) is used as 

an internal reference. The spectra were acquired from 0 to 9 ppm in F2 (
1H) dimension by using 

3234 data points for an acquisition time (AQ) of 200 ms, and from -15 to 155 ppm in F1 (
13C) 

dimension by using 512 increments (AQ of 6.66 ms). The number of scans per t1 increment was 

32, and the recycle delay was 1 s. The total experimental time was 337 min. Peak assignments 

were based on the prior literature.217,248–25125,87–90 
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3.3.5 Gel Permeation Chromatography 

Gel permeation chromatography (GPC) was performed as in our previous work.245 Briefly, 

acetylated lignin (2 mg/mL) was dissolved in THF. The samples were analyzed by HPLC (Agilent 

1100) equipped with a Waters Styragel HR 4 column (Milford, MA, USA) at a flow rate of 0.5 

mL/min, temperature of 40 °C, and detection by UV absorbance at 280 nm. Polystyrene standards 

of molecular weight 1, 10, 50, 100, 200 kDa were used for calibration. 

3.3.6 Thioacidolysis Depolymerization of Lignin 

Quantitative thioacidolysis utilizing derivatized monolignol standards was performed as 

described in our previous work.234 For this, three 2-mg replicates of dried and isolated lignin 

sample were weighed into glass vials and heated with a mixture of dioxane, ethanethiol, and boron 

trifluoride diethyl etherate to liberate the lignin monomers. The extracted thioether derivatized 

monomers were subsequently silylated with N,O-bis-trimethylsilyl-acetamide (BSA) and 

quantitated using GC-MS analysis (Agilent 7890A / 5975C MS).  

3.3.7 Catalytic Oxidative Cleavage of Lignin 

The catalytic oxidation method was adapted from the literature.209 For this, 10 mg of each 

lignin sample and 5 % (w/w) CuSO4 were dissolved in 5 mL of 2 M NaOH. Samples were 

sonicated for 10 min to ensure complete dissolution. The solution was then poured into a 50-mL 

passivated stainless steel reactor and pressurized to 10 bars with O2 gas (>99.99% purity, Airgas) 

following evacuation of the reactor headspace by vacuum. The reactors were submerged in a 

fluidized sand bath (Techne, Cole-Palmer) preheated to 160 °C for a specific period of time. When 

the reaction was complete, the reactor was submerged in an ice bath for 10 min. The pH of the 

final solution was reduced to 2.0 by addition of 6 M HCl and centrifuged to isolate the solid 

residue. The products in the liquid fraction were extracted four times by chloroform. The solution 
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was then evaporated under vacuum at 40 °C and re-dissolved in 10 mL of 1:1 methanol/water with 

1% (v/v) formic acid. Quantification of the products was performed by HPLC (Agilent 1100) using 

1:4 methanol/water with 1% formic acid as a mobile phase and a C18 column (Atlantis T3 100 Å, 

3 µm, 3.0 mm x 150 mm; Waters). Standards for product quantification included vanillin, vanillic 

acid, acetovanillone, syringaldehyde, syringic acid, acetosyringone, 4-hydroxybenzaldehyde, and 

4-hydroxybenzoic acid. All standards were purchased from Sigma Aldrich and monomer yields 

were determined on a per mass Klason lignin basis. 

3.3.8 Catalytic Hydrogenolysis of Lignin 

Catalytic hydrogenolysis of lignin was performed according to previous work.230 In short, 

10% metal loading Ni/C was synthesized by incipient wetness. Typically, 2.76 g of 

Ni(NO3)2∙6H2O (Sigma-Aldrich) was added to 8 g deionized water and stirred until well mixed. 

The solution was then added dropwise to 5 g of activated carbon (Darco® G-60, Aldrich, water 

absorption capacity of 2.1 mL/g). The mixture was kept wet at room temperature for 24 h before 

drying overnight at 100 °C. Then it was calcined at 400 °C under nitrogen atmosphere for 4 hr, 

and reduced at 400 °C under 10% H2 in an Ar atmosphere, both of which used at a temperature 

ramp of 6.25 °C/min. The finished catalysts were stored and weighed in an anaerobic glove box. 

For the hydrogenolysis reaction, 40 mg of lignin, 30 mg of catalyst, and 4 mL of ethanol were 

charged to a 10 mL passivated stainless steel reactor while in the anaerobic glove box. Reactors 

were submerged into a fluidized sand bath set at 220 °C for 6 hr. The resulting liquid was collected, 

filtered, and injected into GC/MS (Agilent 7890A / 5975C) using Agilent DB-WAXETR column 

(30 m x 0.250 mm x 0.25 μm) with 1:1000 split for product. The temperature program holds at 

60 °C for 3 min before ramping up at 40 °C/min to 260 °C and held for 2.5 min. Standards were 

run for quantification. Yields were determined as mass products per mass Klason lignin using 
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standard curves constructed from pure monomers including 4-propyl guaiacol, 4-propyl syringol, 

4-ethyl guaiacol, 4-ethyl syringol, and syringol. All standards were purchased from Sigma Aldrich 

except 4-propyl syringol, which was synthesized according to Parsell et al.,37 and 4-ethyl syringol, 

which was estimated using the same response factor as 4-propyl syringol. These products comprise 

all peaks that were detected. 

3.3.9 Yield Prediction Model Development  

Computational prediction of monomer yields was performed in MATLAB (MathWorks, 

Inc., Natick, MA). For this approach, populations of lignin polymers of length n with n-1 bonds 

between the n monomers were generated over a range of expected values for β-O-4 contents (See 

Section 3.4.5). The assignment of the identity of each of the n-1 bonds between dyads as a β-aryl 

ether was made by choosing a threshold value corresponding to the expected value for β-O-4 

content for a given population using the ‘randn’ function in MATLAB. This was done to generate 

populations of lignin polymers of constant chain length with randomly distributed β-O-4 bonds at 

a set average content of β-O-4 bonds. This methodology was applied to determine monomer yields 

from populations of 5000 polymers of desired chain length n over a range of 0 to 100% over 2500 

intervals for the probability that any bond is a β-O-4 bond, where a monomer can be generated 

only from two adjacent β-O-4 bonds within a triad or a β-O-4 bond at a chain end. This 

methodology assumes that lignin is a linear polymer and that no cross-linking or aryl-aryl bonds 

are present in the polymer. For comparing calculated theoretical yields to quantified yields, the 

experimental yields by thioacidolysis, hydrogenolysis, and oxidation were converted to a mol/mol 

yield by assuming a molar mass of 196 g/mol for a guaiacyl monomer and 226 g/mol syringyl 

monomer within the lignin polymer.  
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3.4. Lignin Fractionation Process and Recovery 

The lignins used in the first part of this study were obtained from the fractional precipitation 

of pretreatment liquors following the mild alkali pretreatment of hybrid poplar at a final 

temperature of 150 °C at a total time of 3 hr as performed in our previous work in order to minimize 

lignin modification and to maximize xylan retention in the pretreated biomass.242 Both native and 

process-modified lignin are highly heterogeneous which hinders accurate characterization and may 

limit their value for applications requiring a homogeneous, well-defined starting material. For this 

work, alkali-solubilized lignins are subjected to fractionation in order to both obtain more 

homogeneous lignin fractions and to enrich or deplete these fractions in certain properties that can 

yield insight into property differences that impact the conversion process chemistry.  

A number of approaches for the recovery and fractionation of lignin from alkaline pulping 

or pretreatment liquors have been explored in the past. These approaches include ultrafiltration or 

approaches based on precipitation due to altering the properties of the solvent by acidification with 

a weak or strong acid and the use of organic solvents.252–255 Of these approaches, CO2 acidification 

has been employed in a number of recent commercial or pilot studies, including LignoBoostTM, 

LignoForceTM, and of particular interest to this study, Sequential Liquid Recovery and 

PurificationTM (SLRPTM) process.256–258 This pH-based fractionation by CO2 has previously shown 

the ability to generate lignin fractions with different properties from Kraft black liquor of softwood 

biomass.245 For the present work, lignin fractionation was performed using two approaches to 

sequentially acidify and fractionally recover lignins from this alkaline pretreatment liquor. The 

first approach utilized sequential acidification and precipitation with CO2 at room temperature and 

atmospheric pressure, while the other (i.e., the SLRPTM process) was performed at elevated 

temperature and pressure as in our previous work.245 The mass yields for the lignin fractions 
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obtained from these processes are presented in Table 3.1. This shows that for recovery at the same 

pH range, the room temperature recoveries were more than double from the SLRPTM process. This 

may be due to the higher solubility of the lignin at higher temperature. These fractions, hereafter, 

will be referred to as named in Table 3.1 throughout the study. Furthermore, it should be 

understood that these fractions do not represent 100% of the recoverable lignin, but were generated 

in order to better understand how diversity in lignin properties impact depolymerization aromatic 

monomer yields.  

Table 3.1. Percent recovery of each fraction through CO2 acidification at room temperature and at 

115 °C (SLRPTM). The pH 2 fraction was obtained by acidification with H2SO4. 

Room Temperature (RT) Fractionation 

Precipitation pH Fraction name Percent Recovery 

11 RT-1 8.42 

10.6 RT-2 20.79 

10 RT-3 13.95 

9 RT-4 12.59 

2 RT-5 26.07 

Sequential Liquid-Lignin Recovery and Purification (SLRP) 

10.5 SLRP-1 4.05 

10 SLRP-2 7.95 

 

3.5 Trends in Properties of Fractionated Lignins 

Next, we characterized the properties of the different lignin fractions by applying a number 

of characterization techniques. These techniques included determination of S/G ratios as measured 

by both 2D 1H-13C-correlated HSQC NMR and quantitative thioacidolysis, the fraction of linkages 

between monolignols by HSQC NMR, the β‐O-4 contents by quantitative 13C-NMR, the phenolic 

and aliphatic hydroxyl content as determined by 1H-NMR, and the molecular weight using gel 
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permeation chromatography (GPC). All results are available in the Appendix B. It was found that 

all of these properties, with the exception of the aliphatic hydroxyl content, exhibited obvious 

trends across the various fractions obtained by pH-based lignin fractionation. 

The HSQC spectra of fraction SLRP-1 is shown in Figure 3.1 as a representative spectrum. 

From this, it can be observed that in the aromatic region a minor fraction (3%) of the syringyl units 

are oxidized (S΄). Also, it can be observed that there is no significant increase in the peak 

corresponding to p-hydroxyphenyl, which implies that there was no or negligible demethoxylation 

occurring during the alkali pretreatment and fractionation process. The S/G ratios from the HSQC 

spectra were determined as the relative integration areas of the S2,6 and S΄2,6 peaks to the G2 peak. 

The results (Figure B1 in appendix) indicate a distinct trend that lignin precipitated at higher pH, 

particularly from the SLRP process, showed higher values of S/G ratios with the highest (S/G = 

1.99) from fraction SLRP-1 and lowest (S/G = 1.80) at pH 2 (RT-5). It should be noted that the 

SLRP fractions exhibit higher S/G ratios relative to room-temperature fractions. This trend is in a 

good agreement with S/G ratios obtained from thioacidolysis, which are all slightly lower than 

those from HSQC, ranging from 1.95 in SLRP-1 fraction down to 1.73 in sample RT-5.  

Three types of linkages in the aliphatic region from HSQC spectra were detected, including 

β‐O-4, β‐5 and β‐β (Figure 3.1). From both regions of the spectra, no other peaks corresponding 

to possible linkages from alkali pretreatment, such as stilbene and diarylmethane, were detected. 

It should be noted that there could be some linkages as a result of condensation that would not be 

detectable through HSQC NMR such as 5-5΄ linkage. Therefore, the assessment of linkages from 

HSQC NMR was semi-quantitative, i.e. percentage of detected linkages. The percentage trend of 

linkages is obvious and is shown in Figure B3, which indicates that lignin at higher pH fractions, 

particularly SLRP fractions, contained a higher proportion of the β‐O-4 and β‐5 linkages, while 
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the relative abundance of the β‐β linkage increases as recovery pH decreases. It should be noted 

that adding standards for absolute quantification was not performed due to several prohibitive 

factors that originate from the lignin; primarily the error caused by varying T2 relaxation and 

resonance offsets in HSQC NMR which affect the signal intensity.259 Instead, quantitative 13C-

NMR was used to directly determine the amount of β‐O-4 linkages per 100 aryl units. A similar 

trend was observed, in which the fractions recovered at higher pH contained higher β‐O-4, and the 

increase was particularly pronounced in SLRP fractions (Figure B1). Notably the fraction with 

highest β‐O-4 content, SLRP-1, was shown to have double the β‐O-4 content relative to the lowest. 

 
Figure 3.1. 2D 1H -13C HSQC NMR spectra showing lignin fraction SLRP-1 composition and 

linkages. The contours in aliphatic region (left) are used to quantify the fraction of inter-unit 

linkages, while those in the aromatic region (right) are used for S/G ratios. 

Next, we investigated the amount of phenolic and aliphatic hydroxyl groups by application 

of 1H-NMR of the acetylated lignin fractions. The results indicated that the amounts of aliphatic 

hydroxyl groups remain nearly constant across all fractions with the exception of the pH 2 fraction 

(Figure B2). The amount of phenolic hydroxyl groups, on the other hand, demonstrated a clear 

trend in which higher pH fractions, especially the SLRP fractions, had a lower content of phenolic 
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hydroxyl groups. We have previously identified this same trend in SLRP-fractionated lignins 

derived from a softwood Kraft black liquor.242 Lastly, the results from GPC for molecular weight 

also demonstrated a trend across the fractions with the high-pH fractions exhibiting the highest 

molecular weights (Figure B3). 

In summary, we identified trends in almost all properties of lignin except aliphatic hydroxyl 

group. Higher values for β‐O-4 content, S/G ratios, and molecular weight were observed in higher 

pH fractions with the effect more pronounced in SLRP fractions. The phenolic hydroxyl group 

showed an opposite trend where its amount is lower in higher pH fraction and increases as pH 

fraction decreases. Apart from S/G ratios, these trends from the hardwood used in this study are 

similar to those reported earlier from softwood by Stoklosa et al.245 

3.6 Trends in Monomer Yields from Depolymerization of Fractionated Lignins 

As it was shown that there are trends in structural features corresponding to precipitated 

pH, this section aims to investigate how the difference in these features affects their susceptibility 

to depolymerization. This was examined by quantifying yields of monomers generated from lignin 

following depolymerization utilizing three different conversion chemistries. These included 

catalytic oxidation utilizing molecular oxygen and a homogeneous copper catalyst under alkaline 

conditions and elevated temperature. This approach is comparable to what has been employed 

commercially in the past to produce vanillin from lignosulfonates.260 The second approach 

employed hydrogenolysis using ethanol as both a solvent and a hydrogen source catalyzed by Ni 

on an inert support at elevated temperature and pressure. The third approach employed quantitative 

thioacidolysis. Although each approach shows different monomer-product distributions, we chose 

to focus on the total yields (Figure 3.2). Similar to the lignin properties across the different 

fractions, clear trends were observed for monomer yields following depolymerization. We must 



74 

 

stress that the yields, by necessity, must be based on the total content of lignin. There is not a clear 

consensus on how aromatic monomer yields from lignin should be defined, especially lignin that 

has been chemically modified where its composition may be altered beyond definition of lignin.261 

Therefore in order to be consistent, the present study has reported all yields from these reactions 

on a basis of Klason lignin, which does not consider acid-soluble lignin and may contain 

contaminants such as proteins.262 

 
Figure 3.2. Trends in monomer yields from different depolymerization techniques, including (A) 

Cu-catalyzed oxidation, (B) quantitative thioacidolysis, and (C) Ni/C-catalyzed hydrogenolysis. 

Prior to performing oxidation on the different lignin fractions, a kinetic study of monomer 

yields and selectivities was performed on SLRP-2 (Figure B4) in order to determine optimal 

reaction conditions since oxidation products have been reported to repolymerize under these 

conditions.263 Although optimal yields may differ from fraction to fraction, the optimal yields for 

sample SLRP-2 were obtained at 7 min which was chosen as the reaction time used for all other 

pH fractions. The results show that monomer yields from oxidation generally increased as the 

recovery pH increased (Figure 3.2A). It should be noted that previous work using alkali poplar 

lignins for Cu-catalyzed oxidation were able to achieve yields of around 10%, which is roughly an 

average of all the RT samples combined.213 The differences in yields were not apparent, especially 

in fractions recovered at higher pH. There was also a discrepancy in sample RT-1 and RT-2, which 
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fell out of trend. The ambiguity in trends is likely due to the intrinsic mechanism of oxidative 

cleavage in alkali solution, wherein depolymerization and condensation reactions share similar 

intermediates.264 Moreover, the desired product itself, vanillin, was previously shown to be able to 

condense to form dimers.263 The concurrence of these reactions makes the trend of lignin-monomer 

yields through oxidation not as obvious as we would expect compared to the trend from quantified 

properties.  

 We next employed quantitative thioacidolysis to assess the yields across the lignin fractions. 

Thioacidolysis cleaves exclusively ether linkages within lignin and yields stable products. The 

results from quantitative thioacidolysis show a clear trend whereby fractions recovered at higher 

pH demonstrated higher yields (Figure 3.2B). Similar to the trends observed for lignin properties, 

the results from the SLRP fractions are particularly notable when compared to the fractions 

recovered at ambient temperatures and pressures. Additionally, lower yields were observed for 

these fractions than were obtained from oxidation, which may be attributed to the less selective 

nature of oxidation reaction, which was shown to also cleave certain C-C linkages, in addition to 

ether linkages in presence of Cu2+ or other catalysts to yield aldehydes and ketones.214,215,265 The 

results were not entirely unexpected as both 13C-NMR and HSQC NMR show that higher pH 

fractions contain more β-O-4 linkages, which is the target for thioacidolysis. However, the 

monomer yields have demonstrated how differences in β-O-4 content affect lignin 

depolymerization. From Figure 3.2B a five-fold difference in yields can be observed between the 

two extreme fractions that correspond to a two-fold difference in β-O-4. The topic of how β-O-4 

content can be related to these depolymerization yields will be investigated in subsequent sections. 

Lastly, the lignin fractions were screened for monomer yield by hydrogenolysis catalyzed 

by carbon-supported Ni. This approach has been used in many recent studies37,226,230,266 as it has 
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been demonstrated to produce high monomer yields (>40%) with excellent selectivity.267 It was 

also shown by HSQC NMR to selectively cleave only ether linkages at a reaction temperature of 

200 °C in ethanol.227 When subjected to hydrogenolysis the fractionated alkali lignins, however, 

showed that the highest yield achieved was 7% (Figure 3.2C). Unlike the approach using oxidation, 

the monomer products are stable under the conditions used for hydrolysis and a clear trend can be 

observed within the fractions from alkali-pretreated lignin. The samples from higher pH fractions, 

particularly SLRP, produced more monomers.  

We have shown that lignin properties have a strong impact on its susceptibility toward 

cleavage of ether linkages. Particularly, the trends are clear in thioacidolysis and hydrogenolysis 

as it was not complicated by other side reactions that may have occurred during oxidation. 

Nonetheless, general trends from any of the depolymerization techniques point toward higher 

monomer generations in the fractions recovered at higher pH, notably in the SLRP fractions, with 

significant gaps as high as four times the yield from thioacidolysis between the highest pH SLRP 

fractions and the lowest pH atmospheric fraction. Therefore, lignin properties can greatly affect 

the outcome of depolymerization reactions. 

3.7 Correlating Lignin Properties and Monomer Yields for Fractionated Alkali Lignins 

Several obvious trends were identified among the fractionated alkali lignins, namely that 

properties of lignin co-vary and that these properties can be linked to the potential for generation 

of aromatic monomers from lignin. In this section, these results are correlated in order to gain 

deeper insight into how these trends are connected. The trends among almost all properties from 

the previous section imply that the properties of lignin, even after the alkali pretreatment, were 

still fundamentally related. Correlations among some of the quantified properties, as summarized 

by the Pearson’s Correlation Coefficient (R), are presented in Figure 3.3. This shows that a number 
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of strong correlations can be observed between many properties. Importantly, S/G ratios, 

molecular weight, phenolic hydroxyl groups, and β-O-4 content, were all found to have R values 

of greater than 0.95, with the exception of the correlation between S/G and β-O-4 content, which 

is still above 0.9. It has been shown that in native lignin, S/G ratios are correlated with β-O-4 

content as high S/G ratios result in more β-O-4 linkages as the extra methoxyl group in syringyl 

monomers prevents formation of C-C linkages at the 5-C position during lignin biosynthesis.235 In 

our pretreated lignin fractions, this same correlation still exists.  

 
Figure 3.3. Correlation map for fractionated alkali lignin properties and monomer yields 

demonstrating strong correlations between most lignin properties and its susceptibility to 

depolymerization via β-O-4 cleavage. 
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Given that the original native lignin possesses the highest β-O-4 content and that during 

pretreatment these linkages are broken, the fractions depleted in β-O-4 content signify more 

cleavage and are correlated to lower molecular weight. Cleavage of the β-O-4 linkages then result 

in the formation of new phenolic hydroxyl groups giving negative correlations between phenolic 

hydroxyl groups, β-O-4 linkages, and molecular weight (Figure 3.4A). The difference in the 

amount of phenolic hydroxyl groups is likely the factor that allows fractionation based on pH in 

this study to be possible because in alkaline solutions one of the factors that promotes lignin 

solubility is the deprotonation of phenolic hydroxyl groups.268 

 
Figure 3.4. Selected linear correlation between fractionated lignin properties and monomer yields, 

demonstrating that (A) β-O-4 content is directly correlated to molecular weight and inversely 

correlated to phenolic hydroxyl content, that (B) monomer yields from thioacidolysis (g/g) were 

associated to lignin’s S/G ratios and β-O-4 contents, and that (C) as well as molecular weight and 

phenolic hydroxyl contents. 

Similar to the trends observed among the lignin properties, trends can be observed across 

these lignin fractions subjected to depolymerization with different techniques. Monomer yields 

from thioacidolysis and hydrogenolysis exhibited strong correlations to a number of lignin 

properties, while oxidation yields were much less strongly correlated (Figure 3.3). Specifically, 

thioacidolysis yields showed a linear correlation for many of the lignin properties (Figure 3.4B & 

C). However, it should be noted that this linearity could be the result of the small range of β-O-4 

content inherent in processed lignin. It may not be extrapolated to a wider range of β-O-4 content 
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as will be shown in later sections. Nonetheless, the results indicate that the diverse structural 

properties of the lignin are fundamentally correlated and affect the depolymerization reaction 

accordingly. Consequently, a single property can be used as a descriptor of lignin susceptibility to 

depolymerization.  

3.8 Prediction of Monomer Yields from β‐O‐4 Content 

We have established that lignin properties, even after the alkaline pretreatment performed 

in this work, are still fundamentally inter-dependent and they also correlate well with the yield of 

monomers generated by three different catalytic depolymerization chemistries. This section aims 

to further analyze the effect of lignin properties beyond just correlation. We aim to validate a 

generalizable prediction model based on a quantifiable lignin property. This would yield a tool to 

assess the potential of lignin to yield aromatic monomers. Since most of these properties are 

related, this implies that a single property can be selected to represent the other properties, and 

serve as a descriptor for the depolymerization of lignin utilizing approaches that target inter-unit 

ether linkages. To do so, we chose the amount of β-O-4 content as a property to predict lignin 

susceptibility to depolymerization, i.e. maximum possible yields, because it is relatively easy to 

establish a rationale for the predicting formula.  

For a monomer to be generated from the cleavage of β‐O‐4 linkages, a unit in a triad as 

shown in Figure 3.5 must either have two adjacent β‐O‐4 linkages or be at the chain end connected 

by a β‐O‐4 linkage. For example, if m2 in Figure 3.5 were to become a monomer, both d1 and d2 

must be β‐O‐4 linkages because otherwise a dimer or oligomer would be generated instead if one 

of the connecting linkages was a C-C bond. Likewise, for a monomer to be generated from m1, d1 

must be an ether linkage. As a lignin polymer is assumed to be synthesized by the free radical 

mediated oxidative polymerization mechanism, the distribution of linkages throughout the 
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polymer can be assumed to be random. Therefore, the quantified content of a lignin property, such 

as β-O-4 content, can be considered to represent the probability that linkage within the polymer is 

a β-O-4. With this assumption, the prior rationale can be applied to yield an expression predicting 

the probability that any monomer within the lignin polymer can be released by cleaving a β-O-4 

bond as: 

 P(A ∩ B) = P(A) P(B)                                    Eqn. (3.1) 

where P(A) is the probability of a β-O-4 linkage existing on one end of a triad and P(B) is the 

probability of a β-O-4 linkage occurring at the other end of the triad. Likewise, the probability that 

a monomer will be released from a polymer chain end can be considered as P(C), represents the 

probability of a β-O-4 linkage occurring as the terminal linkage at the end of a polymer chain. This 

methodology is based on the simplification that lignin is a linear polymer without branches or 

crosslinks between polymers. Recent work has provided evidence that at least some native lignins 

may be primarily linear oligomers.269,270 Based on this rationale and assuming that any of the 

monomer-yielding events are mutually exclusive, the monomer yield can be estimated based on 

the expected values ofβ-O-4 content, which is: 
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Figure 3.5. Lignin chain model of chain length n used for formulating prediction rationale. The ith 

monomer unit, nth linkages of lignin are represented by mi and dn. A triad is composed of three 

monomer units. 
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Assuming the β-O-4 content is randomly distributed throughout the polymer chain (i.e., 

the probabilities that any bond is a β-O-4 bond are equal), this expression simplifies to: 

 
n
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


   Eqn. (3.3) 

where n is the number of monomers within the chain. The general form of this same equation has 

been previously derived for predicting distributions of polymer depolymerization products by 

Montroll and Simha in 1940.271 For the case where the lignin chain is very long (i.e., n≫100), Eqn. 

3.3 can also be truncated to: 

   2)4--( ContentOYieldE     Eqn. (3.4) 

This simplified model relating β-O-4 content to monomer yields was first proposed in the work of 

Yan et al.267 

Based on Eqn. 3.3, the predicted trends for monomer yield versus β‐O‐4 content for a lignin 

with a chain length of 100 and 25 units with the β‐O‐4 content exhibiting a Gaussian distribution 

were generated (Figure 3.6). It can be observed that the trends do not vary significantly within this 

window of chain length indicating that the difference in number of end units is still relatively 

insignificant.272 In Figure 3.6, the red circles represent thioacidolysis yields from different alkali-

pretreated fractions. These yields followed the predicted trend very well, where twice the amount 

of β‐O‐4 content in the fraction SLRP-1 produced almost three times the monomer amount 

compared to RT-5. However, the range of β‐O‐4 content within these fractions are still limited. 

Therefore, a lignin from dioxane extraction was generated with a 38% extraction yield. Application 

of 13C-NMR and quantitative thioacidolysis to this lignin showed a β‐O‐4 content of 65% and 38% 

monomer yield (Figure 3.6, green square). The results conformed to the predicted trend as well as 



82 

 

asserting the importance of obtaining a lignin enriched in β-O-4 content if the goal is to generate 

high monomer yields. 

Theoretically, if the β‐O‐4 content is reduced during alkali pretreatment, this should not 

cause its thioacidolysis yields to be inferior to those from extracted lignin as the loss in ether 

linkages would be compensated by an increase in end-chain units. However, the fact that the 

monomer yields from alkali lignin fractions are significantly lower could be derived from two 

factors. Namely, the potential formation of C-C bonds by condensation reactions during the 

pretreatment, and, second, that β‐O‐4 units cleaved during pretreatment yield monomers and short 

chain oligomers that were not recovered during lignin recovery by pH fractionation.  

 
Figure 3.6. Predicted monomer yields as a function of β-O-4 content for lignin polymer 

populations of chain length of 100 monomers (left) and 25 monomers (right) with results from 

quantitative thioacidolysis of fractionated poplar lignin and native birch biomass included for 

validation. 

A closer look to the prediction results further emphasizes the significance of the quality of 

lignin. With lower β‐O‐4 contents in the pretreated biomass, regardless of reaction optimization or 

catalyst selection, high monomer yields are not achievable from these lignins. The correlation in 

Eqn. 3.4 not only explains the low yields from the alkali lignin fractions in this study, it also 

provides justification for performing lignin depolymerization prior to significant lignin 
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modification. For example, certain studies employed catalytic reductive cleavage of lignin using 

whole biomass as a substrate with the reaction conditions and solvents chosen to limit undesirable 

condensation reactions.273,274 With high quality lignin substrate and limited condensation, yields 

have been demonstrated in the range 20-50% from a variety of catalysts and biomass sources for 

β-O-4 contents that were expected to range from 50–70%,226,266,275,276 while a high-syringyl content 

transgenic poplar containing primarily β‐O‐4 bonds could achieve monomer yields as high as 78% 

monomers.277 Likewise, high monomer yields were also observed in oxidative cleavage 

approaches that used isolated lignin and mild reaction conditions.30 Therefore, from the predicted 

results and mentioned examples, it was clear that lignin quality was crucial for achieving high 

monomer yields. This can be contrasted to the hydrogenolysis yields obtained from alkali 

hardwood lignin in this study, which used similar reaction conditions (Figure 3.2).  

 
Figure 3.7. Model predictions of monomer yields from lignin polymer populations of different 

chain lengths versus monomer yields from thioacidolysis, oxidation, and hydrogenolysis of 

fractionated lignin. 

Monomer yields of pretreatment-derived lignins from oxidation and hydrogenolysis are 

also plotted against the prediction model (Figure 3.7) and show that unlike the yields from 

thioacidolysis that show good agreement with the model prediction, the yields from the oxidation 
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reaction do not. As the model prediction is based solely on the cleavage of β‐O‐4 bonds, this 

discrepancy can be hypothesized to be due to the less selective nature of the oxidation reaction as 

well as potentially condensation of the monomer products. The yields for hydrogenolysis, on the 

other hand, seem to follow the trend. This should be expected as previous work has shown that 

only peaks corresponding to ether regions on HSQC NMR disappear after the hydrogenolysis 

reaction. Moreover, a hydrogenolysis reaction conducted on β‐5 dimer did not produce any 

monomers.227 However, it can be seen in Figure 3.7 that although the trend follows the prediction 

line, the values are lower than what is predicted for thioacidolysis. This could be due to a number 

of factors such as incomplete conversion for the reaction time used, or incomplete solubilization 

of the pretreatment-derived lignins in the solvent. Either of these assertions is supported by the 

finding that a considerable amount of lignin residue remained after the reaction; however, accurate 

measurement of the leftover residue was prohibited due to limited amount of available samples.  

 
Figure 3.8. Predicted yield distributions for monomers, dimers, and oligomers from the cleavage 

of β-O-4 in a population model of lignin polymers of n = 100 over a range of β-O-4 contents. 

Besides monomer yields, this approach can be extended to predict the yield of oligomeric 

products by employing a similar rationale to that used for monomer generation. As an example, to 
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yield a dimer, three monomers must be linked by two non-adjacent β‐O‐4 linkages. These results, 

as shown in Figure 3.8 presented as cumulative yields, show that for a β‐O‐4 content of 50%, 

cleavage of all β‐O‐4 linkages would be predicted to yield approximately 10% tetramers, 17% 

trimers, 25% dimers, 27% monomers, and 21% all other oligomeric products. From this plot it can 

be observed that as β‐O‐4 content increases above ca. 55%, the yield of monomers dominates over 

other oligomeric products (Figure 3.8). Again, this emphasizes the importance of enhancing and 

preserving β‐O‐4 content of lignin, preferably above 55% or more, if high monomer yields are the 

goal. In fact, recent studies tried to achieve this through so called lignin-first biomass pretreatment 

and isolation processes.33,278,279 

3.9 Conclusion 

The present work has demonstrated through characterization of hardwood lignins 

generated by pH-based fractionation of alkaline pretreatment liquors that many lignin properties 

exhibited strong correlations with each other. Specifically, lignin fractions with higher S/G ratios 

were found to have higher β‐O‐4 contents and molecular weights with lower phenolic hydroxyl 

contents. More importantly, the differences in these properties among fractions, specifically β‐O‐

4 content, were shown to greatly impact the achievable monomer yields through three different 

lignin depolymerization approaches. Furthermore, a model was developed to explain the 

correlation between β‐O‐4 content and monomer yield. The prediction model was validated 

experimentally by 13C-NMR quantified β‐O‐4 content and quantitative thioacidolysis yields from 

the fractionated lignins as well as “native” extracted hardwood lignin. As the model predicts that 

the maximum achievable yield is the β‐O‐4 content squared, it highlights the importance of 

preserving high β‐O‐4 contents in the lignins during pretreatment or isolation.  
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CHAPTER 4 Adsorption of the Yield Determining Lignin Dimer on Catalyst 

Surfaces 

4.1 Summary 

  Lignin hydrogenolysis has recently been studied extensively as it was shown to 

result in high monomer yields. Most of these reactions were conducted in the liquid solvent, which 

has been shown to have large impacts on product types and yields. Since adsorption is the first 

step to any heterogeneous catalyst reactions, this work aims to understand how solvent affects 

lignin adsorption on Ni(111) and Cu(111) surfaces. To achieve so, density functional theory (DFT) 

calculations were employed to investigate β-O-4 lignin dimer (a model compound) adsorption 

conformations in both vacuum and liquid ethanol. In the vacuum, it was found that lignin prefers 

to adsorb strongly on Ni(111) and weakly on Cu(111) with both aromatic rings parallel to the 

surface. Solvated adsorption was modeled using both implicit and explicit models. It was found 

that an explicit model is required to accurately describe the lignin-solvent interactions. With the 

explicit solvation model, it was found that lignin dimer adsorbs on Ni(111) surface but not on 

Cu(111). Furthermore, to circumvent the expensive liquid interface calculations, a thermodynamic 

cycle method was developed to quickly estimate the solvated lignin dimer adsorption energy from 

the adsorption energy in a vacuum and the solvation energies. This model quantifies the effects 

from solvent on lignin dimer adsorption, including the contributions from the lignin-solvent and 

the solvent-metals interactions, and suggests how to design catalyst and solvent to tune lignin 

adsorption. 
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4.2 Introduction 

Lignin is an aromatic polymer that can comprise a significant fraction of the mass (up to 

30%) of lignocellulosic biomass,13 but is currently underutilized. Its valorization is important for 

the economic feasibility of lignocellulosic biorefineries. Lignin is composed of primarily of 2 types 

of aromatic moieties syringyl (S) and guaiacyl (G), that differ in the number of methoxyl 

substitutions on the aromatic ring. These monomers are linked by various types of C-O and C-C 

bonds280 with the β-aryl ether linkage (i.e., the β-O-4 linkage) comprising the most abundant type 

of linkage at 50-80% of the inter-unit linkages in native lignins.279 Lignin depolymerization to 

aromatic monomers and low molar mass oligomers is one route to generate renewable aromatic 

chemicals from lignin. Many approaches targeting the β-O-4 linkage offer the potential for 

achieving high yields and selectivities for a limited set of aromatic monomers.5,19,281 Lignin 

hydrogenolysis and partial hydrodeoxygenation is one of these promising approaches to lignin 

depolymerization and has been reported using diverse catalysts such as NiAu,223 Ni/C,226 or 

Pd/C225 in solvents that include short chain alcohols, dioxane, or alkali water.225,233,282,283 As will 

be discussed in more detail, the selection of solvent was shown to have significant impacts on 

products yields and selectivities. However, how these solvents affect the lignin-metal interactions 

at the catalyst surface is still not well-understood. In fact, theoretical studies on how lignin model 

compounds (e.g., a β-O-4 lignin dimer) are adsorbed onto catalyst surfaces, even in the vacuum 

state, is scarce and still inconclusive. The few existing studies only briefly explore the potential 

range of adsorption conformations considering the high degree of freedom in lignin’s structure.31,44  

More importantly, it has been reported that different isomers of the model yielded different 

adsorption conformations on the Ni surface, which subsequently lead to different reaction 

pathways.44 This stresses the significance of adsorption conformation as it is the first step in any 
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reaction. Therefore, this study aims to clarify how lignin adsorbs on metal surfaces and to 

characterize the impact of solvent on this adsorption. 

Experimentally, the choice of solvent, among others, has been shown to significantly 

impact hydrogenolysis product selectivities and yields. One study assessed various solvents using 

Raney Ni as a catalyst and demonstrated that in a presence of H2 gas, aprotic non-polar solvents, 

such as decalin and n-heptane, gave the highest yields at low temperature (90 °C); however, at 

high temperature (300 °C), alcohol solvents demonstrated comparable performance while also 

exhibiting high selectivity.40 Furthermore, studies also point out that ethanol could give higher 

yields than methanol as it can act as a capping agent by alkylation and esterification with lignin’s 

phenolic hydroxyl group, essentially limiting repolymerization.28,274 Given this knowledge, it is 

not uncommon to encounter studies in literature where similar reaction conditions and catalysts 

were used, except for solvent choice, but different products and selectivities between products 

were obtained. On Ni/C, studies using dioxane as a solvent resulted in phenolic monomers with 

hydroxylated propyl side chains (i.e., dihydrosinapyl and dihydroconiferyl alcohol),32,284 whereas 

others using methanol as a solvent reported higher selectivities for products with deoxygenated 

side chains (i.e., 4-propylsyringol and 4-propylguaiacol).226,285 These are in agreement to a recent 

study suggesting that methanol can limit the product defunctionalization when compared to other 

alcohol solvents.34 The effect was claimed to be due to the stronger chemisorption of methanol on 

the Ni surface. For other catalysts, such as Pd/C, a similar case can be found when comparing pure 

methanol versus methanol mixed with water as the solvent.35,36 All of these examples strongly 

suggest the important role played by the solvent on the reaction pathway followed. However, the 

understanding of solvent impacts at surfaces, which could improve the process of catalyst and 

solvent selection, is still very limited. To address this shortcoming, density functional theory 
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(DFT) calculation is selected as the tool because, in addition to providing insights into adsorption 

energetics, it can yield insights into molecular geometry. In the present work, the β-O-4 bond 

within lignin is selected as the key feature of the model system as it is the prime target for 

hydrogenolysis and previous studies have shown it to be the primary yield-determining property 

in lignin.286 

Computational methods have been used in the past to evaluate the impact of solvents on 

lignin solubility and conformation. In an ionic liquid, charge analysis also showed that dissolution 

of lignin dimer is facilitated primarily by H-bond interaction and π-stacking interactions.287,288 For 

H-bonds, anions were found to have the strongest interaction at the α-OH position of the dimer, 

while cations had the strongest interaction at the γ-OH position, whereas the cation contributed 

more to π-stacking interactions. The strength of the interaction could lead to changes in the 

structure of lignin. This was studied in detail for an aqueous solution using classical molecular 

dynamics (MD), where polymeric lignin was shown to form a compact globular structure 

minimizing the exposure of the surface to the solvent due to its natural hydrophobic 

interactions.282,289 However, it was found that the structure exhibited more open conformations 

with increased temperature.290 Interestingly, using DFT calculations combined with an implicit 

solvation model, such as the conductor-like screening model (COSMO)121 to represent alkali 

water, it was found that the compact globular structure of lignin could also be opened up by 

oxidation of benzylic alcohol to form ketone.282 The more open, accessible structure of the 

polymeric lignin was speculated to be the reason for higher monomer yields from oxidized lignin 

relative to natural lignin. This example demonstrates the importance of understanding the 

interfacial behavior of lignin. 
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To address the limited understanding of the adsorption behavior of model lignins on 

surfaces, particularly when the solvent is involved, the present work will conduct a thorough study 

of lignin erythro and threo β‒O‒4 dimer adsorption on metals in both vacuum and liquid 

environments. The goals of the study are to identify the most likely stable adsorption of lignin 

dimers and to identify the relationship between gas phase and liquid phase adsorption. Ultimately, 

we hope that the relationship can be leveraged for a quick estimation of adsorption energy in the 

solvated state. The selected metal surfaces are Ni(111) and Cu(111) to represent metals with strong 

and weak adsorptions. The solvent selected for the explicit model is ethanol as it is commonly 

used in hydrogenolysis reactions.28,226 Particularly, the solvent will be modeled at a density 

corresponding to the temperature of 50 °C to accommodate experiments at low 

temperatures,222,291,292 and therefore, the interactions at higher temperatures should lie between this 

and the simulation results for in a vacuum. 

Selecting an appropriate β-O-4 dimer is important. Previous theoretical studies employed 

dimers with various functionalities included or neglected as representative of β-O-4 linkages 

within a lignin polymer. Linin dimers composed of all functional groups present in the polymer 

are known to have a bond dissociation energy in a range of 2.6 to 3.0 eV.293 However, simplifying 

the dimer model by eliminating either the phenolic hydroxyl or the aliphatic hydroxymethyl group 

can affect the bond breaking energy by approximately 10%, while the effect from methoxyl group 

could be negligible.294,295 Considering that these functional groups can also affect adsorption 

geometries, the present study will use guaiacylglycerol-beta-guaiacyl ether as a representative β-

O-4 dimer as it contains all functional groups an actual lignin polymer would have as well as 

allowing us to study the effect of lignin side chain chirality. 
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To achieve the aforementioned goals, the present manuscript will 1) validate the 

computational setup and suitability of the chosen lignin dimer as representative of polymeric 

lignin, 2) identify lignin’s most stable adsorption conformation in the gas phase, 3) demonstrate 

the effects of solvation on adsorption, and 4) derive and validate the relationship between gas phase 

and liquid phase adsorption. 

4.3 Computational Methods 

4.3.1 Adsorption of Lignin Dimer and Monomers from DFT Calculations 

 Calculations of dimer adsorption in this study were performed through the implementation 

of plane wave DFT in Vienna Ab Initio Simulation Package (VASP). The exchange correlations 

were treated within the generalized gradient approximation (GGA) by Purdew-Burke-Ernzerhorf 

(PBE) functional.161 Projector augmented wave (PAW) potentials were used to represent the 

effective core radii.163 The electronic optimization was achieved self-consistently with a cutoff 

energy of 500 eV. The electronic energy convergence was set at 10-4 eV due to convergence 

difficulty of the surface when included van der Waals, the same criteria were used in previous 

studies with results validated with experimental data.48 The convergence for forces during 

structural relaxation is set at 0.03 eVÅ-1. A Monkhorst-Pack grid with 14 × 14 × 1 k-point sampling 

per (1×1) cell was used for the calculation. A spin-polarized calculation was performed with dipole 

moment correction along the perpendicular direction. Methfessel-Paxton smearing was employed 

with a sigma of 0.20. The effect of van der Waals interaction was accounted for by introducing 

either correction coefficients from Grimme’s method (DFT-D3)296,297 or a non-local correlation 

functional through optB88-vdW.298,299 The computed bulk lattice constants for Cu and Ni as 

relaxed by PBE functional with optB88-vdW are 3.635, 3.517 Å, respectively. 
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The β-O-4 model dimer selected for the present study is guaiacylglycerol-beta-guaiacyl 

ether as it has functionalities and stereochemistry representative of real lignin. The adsorption 

energy of the dimer in the gas phase (Δ𝐸ads
𝑔

) is calculated with simulation cells in vacuum by:  

Δ𝐸ads
𝑔

= 𝐸[Metal ⋯ Dimer] − (𝐸[Metal] + 𝐸[Dimer])  Eqn. (4.1) 

where 𝐸[Metal ⋯ Dimer], 𝐸[Metal], and 𝐸[Dimer] correspond to the energy of a dimer adsorbed 

on a metal slab, the metal slab only, and the dimer in gas phase. The [Metal] structure refers to a 

slab model with 4 layers of close-packed Cu(111) or Ni(111) at (7 × 7) unit cells with a vacuum 

of 16 Å on top of the surface. The bottom two layers of the metal slab were constrained in all 

direction to emulate bulk characteristics. A negative Δ𝐸ads
𝑔

 denotes a gain in energy of the system 

(exothermic process).   

The adsorption energy in the liquid phase calculated with the implicit model, where the 

solvent was represented as a homogeneous constant dielectric constant, was implemented with a 

polarizable continuum model (PCM) developed for VASP (VASPsol) by Mathew et al.300,301 The 

model incorporates the dielectric screening due to permittivity of the solvent and the electrostatic 

shielding due to mobile ions in the electrolyte. The adsorption energy is calculated as: 

Δ𝐸ads
𝑙 (implicit) = 𝐸[Metal ⋯ Dimer(ε)] − (𝐸[Metal(ε)] + 𝐸[Dimer(ε)])   Eqn. (4.2) 

where each simulation cell in the calculation was filled with solvent using an appropriate dielectric 

constant value (ε). A ε of 21.04 was used for ethanol at 50 °C. 

The adsorption of a lignin dimer in liquid is also simulated using an explicit solvation 

model with the adsorption energy from the model calculated as: 

Δ𝐸ads
𝑙 (explicit)  = 𝐸[Dimer Adsorbed] − 𝐸[Dimer Solvated] Eqn. (4.3) 
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where 𝐸[Dimer Adsorbed] is the energy of a lignin dimer in an adsorbed state on a metal surface 

with solvent molecules surrounding it (Figure 4.1B) and 𝐸[Dimer Solvated] is the energy where 

the dimer is fully solvated in the middle of the solvent slab, away from the metal surface (Figure 

4.1A). For both Cu and Ni, 37 molecules of ethanol and a dimer were packed into a 4152.91 Å3 

volume (corresponding to 0.80 g/cm3, See Section 2.2 for calculation details) between metal slabs. 

Noted that the height in z-direction of the metal slab surface ends at a distance corresponds to van 

der Waals radius of Cu (2.09 Å) and Ni (1.97 Å) from the atom center position.302 This corresponds 

to solution density at a temperature of 50 °C, and lignin dimer concentration of 0.13 g/cm3. The 

concentration is slightly higher than a typical range of 0.01 to 0.1 g/cm3 used in lignin 

depolymerization studies, but is not expected to affect the conclusion.37,226 

 

Figure 4.1. Thermodynamic adsorption energy cycle of lignin dimer (lig) in solvated (A and B) 

with ethanol (EtOH) and vacuum (C and D) state. It should be noted that, by definition, the 𝛥𝐸ads
𝑙  

from state A to B is intended to encompass both partial loss in lignin solvation energy and ethanol 

adsorption energy. The δ is fraction of solvation energy retained when dimer adsorbs relative to 

full solvation. The θ is fraction of the surface area covered by adsorbed dimer.  

Alternatively, the liquid state adsorption energy could also be calculated using the gas 

phase adsorption energy and the solvation energy via a thermodynamic cycle shown in Figure 4.1. 
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Instead of going through pathway A to B as done in Eqn. 4.3, one could go from A to D to C to B 

to complete the thermodynamic cycle. Therefore, following the energy terms associated with the 

path, we can define that the liquid state adsorption energy of dimer from a thermodynamic cycle 

as: 

Δ𝐸ads
𝑙 (thermo)  = Δ𝐸ads

𝑔
− (1 − 𝛿)Δ𝐸sol − 𝜃Δ𝐸ads

𝑙 (EtOH) Eqn. (4.4) 

where Δ𝐸sol is the solvation energy of lignin dimer (in EtOH for this study) and Δ𝐸ads
𝑙 (EtOH) is 

the adsorption energy of the bulk solvent on the metal surface. The 𝛿 term is the estimated fraction 

(from 0 to 1) of solvation area retained after adsorption in the liquid phase compared to fully 

solvated in the solvent, which could be approximated in several ways as detailed in Section 3.2b. 

The 𝜃 term is the fraction from 0 to 1 of the area of the surface projected on to it by adsorbed lignin 

dimer (with perimeter drawn by dimer atoms’ van der Waals radii) over the entire area of metal 

surfaces (including the area from the top and bottom of metal surfaces due to periodic boundary 

condition). The Δ𝐸ads
EtOH is calculated via an explicit interface model as: 

Δ𝐸ads
𝑙 (EtOH)   = 𝐸[Metal ⋯ EtOH] − (𝐸[Metal] + 𝐸[EtOH]) Eqn. (4.5) 

where 𝐸[Metal ⋯ EtOH] is the energy of the cell of 37 ethanol molecules packed into a 3735.55 

Å3 volume (corresponding to 0.76 g/cm3 (see Section 2.2 for calculation details) between metal 

slabs with van der Waals radii taken into account, 𝐸[Metal] is the energy of the metal slab, and 

𝐸[EtOH] is the energy of the ethanol slab by removing metals from 𝐸[Metal ⋯ EtOH] without 

further relaxation to retain the same density. 

4.3.2 Solvation Energy of Lignin Dimer by DFT Implicit and Explicit Model 

The liquid properties are more sensitive to the temperature change than those of solids. 

Although the DFT models in general ignored the entropy contribution from translation and 
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rotational modes, to capture the temperature effect on the solvent, the corresponding ethanol 

density and dielectric constants at the typical experimental temperature were considered for the 

following calculation setup.  

 Equation 4.4 requires the knowledge of the solvation energy, therefore it is computed from 

both implicit and explicit models. For an implicit model, the effect of solvation was simulated 

using VASPsol with appropriate dielectric constants (ε).303,304 From which, the Δ𝐸sol is obtained 

from: 

Δ𝐸sol = 𝐸[Dimer(ε)] − 𝐸[Dimer]    Eqn. (4.6) 

where 𝐸[Dimer(ε)] is the energy of the dimer in an implicit model with a dielectric constant ε and 

𝐸[Dimer] is the energy of the dimer in vacuum. For ethanol at 50 °C, the ε is set to 21.04.305 

 In an explicit model of solvation, the energy is calculated by: 

Δ𝐸sol = 𝐸[EtOH + Dimer] − (𝐸[EtOH] + 𝐸[Dimer])  Eqn. (4.7) 

where an energy in each term was obtained from averaging DFT relaxed 5 initial structures 

generated from classical MD ran at 50 °C (Section 2.3). For the ethanol only cell, to achieve an 

ethanol density of 0.76 g/cm3 (at 50 °C), 37 molecules of ethanol were packed into a cell volume 

of 3735.55 Å3. For a cell of ethanol with a dimer solute, the cell volume was increased to 4152.91 

Å3 to accommodate for the molar volume of lignin dimer. This approach allows the density of the 

bulk liquid phase to be kept approximately constant (0.04 g/cm3 change). Due to the lack of 

experimental values, the density of the lignin dimer was approximated to be 1.28 g/cm3 using 

COMPASS II force field isothermal isobaric ensemble (NPT) MD. The calculation detail and 

result validations with other similar known density molecules, which show 3-7% error from 

experiments, can be found at Table C1 in the Appendix C. It is acknowledged that the molar 
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volume of the dimer in ethanol could change; the molar volume of phenol in water decreases by 

7%.306 Therefore, additional tests for Δ𝐸sol on several molecules were performed to assure 

sufficiently accurate results (Section 4.5.1). 

4.3.3 Additional Classical Molecular Dynamics 

The liquid structures are all first generated by classical MD methods. The same calculation 

approach is also used to evaluate the adsorption of a lignin polymer to confirm whether the lignin 

dimer selected for the present study is representative of polymeric lignin. These classical MD 

simulations were carried out in the Material Studio software package using the COMPASS II force 

field (type c3a, c43o, c4o, h1, h1o, o2e, and o2h) commonly used for study of organic 

polymers.178,307 The simulation was performed at the required temperature for a duration of 200 ps 

(100 ps equilibration, 100 ps production) at a time step of 1 fs. Temperature coupling was 

performed with the Nose algorithm (Q = 0.01). An accuracy of 10-4 kcal/mol Edwald summation 

method was used for neighboring electrostatic calculations. The van der Waals interaction switch 

function was set at a cutoff distance of 15.5 Å. 

4.4. Development of Computational Approaches  

The model lignin dimer is a complicated molecule as it involves several degrees of freedom 

along the side chain. Moreover, there is currently no experimental data and very limited 

computational data for benchmarking purposes. Therefore, to ensure that the selected calculation 

methodologies are suitable and reliable, simpler aromatic and polymer models were first calculated 

and benchmarked in this section. 

4.4.1 The Significance of van der Waals Correction on Adsorption of Aromatics 

 Although contributions from van der Waals interaction by definition should be 

relatively minimal, this was not the case for π-bond-metal interaction that dominated adsorptions. 
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The calculation of adsorption of smaller aromatics in this section was performed using a smaller 

(4 × 4) Ni super cell. Benzene was selected as a model to investigate selected choice of calculation 

methodology, particularly the importance of inclusion of appropriate van der Waals corrections, 

based on the abundant literature48,308 for benzene and superficial structural resemblance to the 

lignin dimer. Van der Waals interactions were accounted for using optB88-vdW48,308 and DFT-

D331,309 functionals. 

Table 4.1. Calculated adsorption energies (eV) of benzene on close-packed metal surfaces with 

different calculation methodology and comparison to the existing literature. 

 Cu(111) Ni(111) 

PBE/PAW -0.03 -1.02 

PBE + DFT-D3 -0.99 -2.13 

PBE + optB88-vdW -0.72 -1.80 

Theoretical -0.68,48, a -0.79, 48, b -0.53308, c -1.79,308, a 

Experiment -0.62,310 -0.58,311 -0.68 to -0.81312 -1.9550 

References employing aPBE + optB88-vdW, bPBE + vdWsurf. 

The results in Table 4.1 show adsorption energies of benzene lying horizontally on Ni and 

Cu(111) bridge site, which was previously shown to be the most preferable by various metals.48  

The results indicate a systematic trend among investigated metals, wherein PBE alone substantially 

underestimates the adsorption energies, as the underbinding nature of GGA is well-established313.  

This can be addressed by incorporating van der Waals corrections. By correcting this using DFT-

D3, the adsorption energies were all slightly over-compensated compared to experiments. This is 

in agreement with a previous study of benzene Δ𝐸ads
𝑔

 on Ag(111).314 Using optB88-vdW the results 

are in closer agreement with experiment results on a Cu(111) and slightly underestimate for the 

case of Ni(111).315,316 These indicate that optB88-vdW can suitably capture the π-bond interaction 

with d-electrons of the transition metal. Since coupling PBE with optB88-vdW results in the most 

accurate energy for this system, this combination will be employed throughout the present study. 
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4.4.2 Determining Preferable Adsorption Site using Guaiacol 

Where the lignin dimer adsorbs on the surface can significantly impact the adsorption 

energy. To locate the most preferable site, we employed guaiacol, which is structurally equivalent 

to a unit of the dimer. Figure 4.2 shows the adsorption of guaiacol at the different sites of Ni(111) 

with two orientations ‒ 0° or 30° ‒ with respect to the hexagonal ring formed by of nickel atoms. 

The results indicate that guaiacol oriented as 30° to the bridge site is the most stable site with a 

Δ𝐸ads
𝑔

 of -2.00 eV (Figure 4.2). This site and angle preference were in agreement with adsorption 

of phenol on Pd(111).31 Therefore, adsorption of both aromatic rings of the lignin will be 

positioned to best fit the bridge sites. 

 

Figure 4.2. Adsorption energy (𝛥𝐸𝑎𝑑𝑠) of guaiacol at four different sites, top, bridge, FCC, and 

HCP, with two orientations, 0° and 30° with respect to the hexagonal ring formed by of nickel 

atoms on the top layer of the slab. 
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 It should be noted that the Δ𝐸ads
𝑔

 of guaiacol, which contains two more oxygenated 

functional group than benzene, on Ni only shows 0.08 eV higher Δ𝐸ads. On a Cu(111), guaiacol 

Δ𝐸ads
𝑔

 is -1.04 eV (result not shown), 0.32 eV higher than benzene. These indicate that the 

functional groups could have different contributions to the Δ𝐸ads
𝑔

 on different metals. However, 

the major contribution to the Δ𝐸ads
𝑔

 was still from the interaction of π-bonds on the benzene ring 

with the metal surface. Hence, although the dimer model used in this study is a G unit of lignin, 

the results are expected to be extendable to S units of lignin as well. 

4.4.3 Representing Polymeric Lignin Structure with a Dimer  

 

Figure 4.3. Top view and side view of relaxed hypothetical lignin of 10 G-units with only β-O-4 

linkages and possible adsorption conformations of the polymer on metal surfaces (A). The 

approximated adsorption energy of the polymer (Δ𝐸ads
𝑔

(polymer)) for a given number of units 

adsorbed on Ni and Cu and conformation energy (Δ𝐸conf) for a given number of unit fixed to lie 

horizontal (B). 

 

In a natural state, the fully relaxed polymeric lignin is highly twisted and tend to self-

aggregate (Figure 4.3A top). In contrast, the adsorption of lignin is assumed to require the aromatic 

rings to be flat and parallel to the surface to maximize π-bond-metal interaction. This would 

therefore exert constraints on parts of the lignin dimer. The energy cost to constrain the dimer is 

defined here as conformational energy (Δ𝐸conf). Unlike the lignin dimer that only has two units, 

the adsorbed conformation of a polymer chain can vary from an end-of-the-chain adsorption317 to 
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a completely flat configuration (Figure 4.3A),318 which is a tradeoff between the gain from 

adsorption energy and cost due to conformation energy. 

Therefore, the objective of this subsection is to determine the adsorbed conformation of 

the polymer in vacuum and evaluate if that conformation could be modeled using a dimer. This is 

accomplished by first calculating the Δ𝐸conf of a hypothetical 10-unit polymer comprised of only 

β-O-4 linkages using classical MD. The Δ𝐸conf is the energy cost by constraining a certain number 

of lignin’s benzene ring to be flat and horizontally parallel to an imaginary plane (as if they were 

in adsorbed state), which can be expressed by: 

Δ𝐸conf = 𝐸[Polymer Constrained] − 𝐸[Polymer Free]   Eqn. (4.8) 

where 𝐸[Polymer Constrained] is the average energy (from 3 relaxed frames of NVT MD) of the 

polymer with a set number of monomer units constrained, and 𝐸[Polymer Free] is that of a fully 

relaxed polymer with no units constrained. The resulting Δ𝐸conf is shown in Figure 4.3B. The 

Δ𝐸conf increases from 0 eV up to 4 eV as more units in the polymer were constrained. To compare 

Δ𝐸conf with the polymer’s gain in adsorption energy, the Δ𝐸ads
𝑔

 of the polymer was estimated by: 

Δ𝐸ads
𝑔

(polymer) ≈ # 𝑜𝑓 𝑢𝑛𝑖𝑡𝑠 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 ×  Δ𝐸ads
𝑔

(unit)  Eqn. (4.9) 

where Δ𝐸ads
𝑔

(unit) is the DFT-calculated Δ𝐸ads
𝑔

 per unit. For the aromatic unit adsorption, the 

Δ𝐸ads
𝑔

(unit) is -0.72 eV for Cu and -1.80 for Ni. In both of these estimations, the Δ𝐸ads
𝑔

 outweighed 

the Δ𝐸conf significantly, indicating that the lignin polymer preferred to adsorb entirely flat on 

Ni(111) and Cu(111), and hence the β-O-4 lignin dimer, presumably with both rings adsorb on the 

surface, can be used to represent the adsorption of the lignin polymer.  
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4.4.4 Identifying the most Stable Dimer Adsorption Conformation in Gas Phase 

 Because a lignin dimer can exist in multiple conformations, the first task for this section is 

to identify the stable free lignin conformation. To achieve this, 15 conformations of a threo-lignin 

dimer were generated and compared with respect to energy. The image of the most stable 

conformation is shown in Figure 4.4 (free dimer). The relative energy difference between the least 

and the most stable conformation studied was 0.33 eV. The stability of the lignin conformation 

was found to be partially affected by the intramolecular hydrogen bonds. Focusing on just the 

propyl chain, stable conformations (~0.15 eV difference from the most stable one in this study) 

contain 2 to 3 hydrogen bonds from among the aliphatic hydroxyl groups, the β-O-4’s oxygen, and 

the methoxyl group’s oxygen, depending on the conformation (3 was the maximum). This is in 

agreement with previous reports suggesting that intramolecular hydrogen bonding play an 

important role for lignin conformation.319,320 In addition, it should be noted that several other 

conformations exhibited energies close to the most stable one (~0.02 eV), suggesting there could 

be more than one solution. However, a common feature among all the studied free dimers is that 

the angle between the aromatic ring and the propyl chain atoms next to it is about 180°, which is 

to be expected of a free dimer. 

 Upon adsorption with aromatic rings completely parallel to the Ni(111), the angle of the 

threo-dimer was no longer 180° as in the case for the relaxed two-ring adsorbed conformation 

(conformation A and B) in Figure 4.4A and 4B. This supposedly results in an increase in 

conformation energy. Therefore, to ensure that the most likely stable conformation is identified, 

other conformations that are expected to exhibit less constraints were also investigated. These 

conformations are called one-ring conformations and include conformation C, D, and E in Figure 
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4.4. The common trait among these three conformations is that they allow one of the aromatic 

rings to be relatively free, while the other aromatic ring adsorbs onto the surface. 

 The resulting Δ𝐸ads
𝑔

 for each of these dimers is presented in Table 5.2. As the results show 

higher Δ𝐸ads
𝑔

 from both conformation A and B, it is clear that the interaction between the aromatic 

ring and the metal outweighs the conformation energy by having two rings completely adsorb on 

the surface. Furthermore, conformation A was shown to be statistically more stable than B. The 

bond lengths between these two are shown in Fig. 5.4 and are mostly similar. The main difference 

between these two is at the oxygen within the β-O-4 bond where, in one conformation, this oxygen 

atom is away from the surface (2.91 Å away, Fig. 5.4A), and the other closer to the surface (1.94 

Å away, Fig. 5.4B). Conformation A is analogous to a previous study using 2-phenoxy-1-

phenylethanol as a model dimer adsorbing on Pd(111).14 On the other hand, conformation B is 

similar to what was used in a recent DFT study on reaction pathways during lignin 

hydrogenolysis.13 Taking their reported adsorbing structure an relaxed using our setup resulted in 

Δ𝐸ads
𝑔

 of -3.33 eV, a similar value to the result for conformation B in the present study (-3.50 eV 

from Table 5.2). As conformation A is shown here to be more stable, this may affect subsequent 

reaction pathways. It should be noted that we have investigated changes within each conformation 

using at least 5 additional images, each with minor changes such as adjusting dihedral angles and 

alternating position of the methoxyl group, to determine how these perturbations impact Δ𝐸ads
𝑔

. 

The results are presented as an average (Δ𝐸̅ads
𝑔

) with standard deviation shown in Table 5.2. The 

image shown in Fig. 5.4 is of the most stable conformation with the atomic position of 

conformation A and B provided in the supporting materials. 
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Lastly, for lignin dimer adsorption on a Cu(111) surface, only conformations A and D were 

selected for comparison between two-ring and one-ring adsorption. Although the interaction 

between Cu and the dimer was weaker than that of Ni, as observed by the significantly lower Δ𝐸ads 

(Table 5.2), the adsorption conformation A is still more favorable. 

 

Figure 4.4. Relaxed adsorption conformations of lignin threo-dimer where in A) and B) both rings 

adsorb to the surface with both aryl rings completely planar, C) only one ring is completely planar, 

D) and E) only one ring adsorbs. The change in angles between the aromatic ring to the atoms next 

to it in conformation A and B compared to relaxed free dimer is shown in the enlarged images. 

The distances (Å) from the surface to all oxygen atoms in the molecule are also shown for 

conformation A and B. 

To supplement the results on adsorption of the threo-isomer the adsorption of the erythro-

isomer on Ni(111) using two conformations is next investigated. These two conformation are 

derivatives from threo-isomer in the Figs. 4.4A and 4.4B structures. To reserve conformation A 
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and B for threo-isomer and prevent confusion, these derived structured are called conformation I 

and II shown in Figure 4.5I and II, respectively. Unlike the threo-isomer, the results show that 

conformation II, where the oxygen atom of the β-O-4 is close to the surface, is now the most stable 

conformation (Table 3), and is in agreement with previously published literature.44 The reason that 

the conformation in Fig.4.5I is not the most stable could be due to the strain at its ether oxygen 

atom that needs to be as high as 3.14 Å away from the surface compared to 2.91 Å for the 

conformation in Fig.4.4A to remain connected with the propyl chain of this isomer. This resulted 

in the β-O-4 bond angle of 130°, compared to 122° in both Figure 4.4A for the threo-isomer and 

for the free lignin (data not shown). Overall, the observed differences in adsorption conformation 

implies that erythro- and threo-isomer could undergo different reaction paths. 

Table 4.2. Adsorption energy in eV and average aryl carbon atoms distance to metal surface (Δd) 

in Å for different adsorption conformations of the threo-dimer (shown in Figure 4.4) and 

conditions on Ni(111) and Cu(111) surfaces. 

Metal Ni(111) Cu(111) 

Conf. A B C D E A D 

 Vacuum 

Δ𝐸ads
𝑔

 -3.59 -3.50 -3.10 -2.48 -2.26 -1.99 -1.55 

Δ𝐸̅ads
𝑔

 -3.53 ± 0.03 -3.33 ± 0.10 -3.06 ± 0.04 - - - - 

Δd 1.98 2.00 1.98 1.97 1.99 2.97 2.77 

 Implicit Solvent Model (εr = 21.04) by Eqn. 4.2 

Δ𝐸ads
𝑙  (implicit) -3.55 - - - - - - 

Δd 1.97 - - - - - - 

 Implicit Solvent Model (εr = 80.00) by Eqn. 2 

Δ𝐸ads
𝑙  (implicit) -3.52 - - - - - - 

Δd 1.98 - - - - - - 

 Explicit Solvent Model (ρ = 0.76  g/cm3) by Eqn. 3 

Δ𝐸̅ads
𝑙  (explicit) -0.58 ± 0.55 - - 0.46 ± 0.54 -  0.35 ± 1.16  0.76 ± 1.05 

Δd 1.99 - - 2.00 - 2.90 3.08 

 Thermodynamics cycle by Eqn. 4.4 

Δ𝐸̅ads
𝑙 (thermo)(a) 

Δ𝐸̅ads
𝑙 (thermo)(b) 

Δ𝐸̅ads
𝑙 (thermo)(c) 

-0.58 ± 0.20 

-1.09 ± 0.50 

-1.21 ± 0.53 

- - 

 0.24 ± 0.18 

 0.03 ± 0.37 

-0.05 ± 0.36 

- 

 0.46 ± 0.14 

 0.40 ± 0.33 

 0.53 ± 0.26 

 0.69 ± 0.10 

 0.60 ± 0.44 

 0.72 ± 0.32  

(a) The δ in Eqn. 4.4 was calculated based on solvent accessible surface area (SASA) using probe 

radius of 1.25 Å, (b) by the number of neighbor atoms within 2.5 Å distance, and (c) by number of 

bonds within the 2.5 Å distance. 
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Figure 4.5. Relaxed adsorption conformations of lignin erythro-dimer where both rings adsorbed 

on the Ni(111) with one conformation yielding an ethyl oxygen atom away from the surface (I) 

and the other adsorbed onto the surface (II) with distances from the surfaces to all oxygen atoms 

in the molecule and some bond distances within the molecule. 

Table 4.3. Adsorption energy (Δ𝐸ads
𝑔

) in eV and average aryl carbon atoms distance to Ni(111) 

surface (Δd) in Å for the two different adsorption conformations of the erythro-dimer (shown in 

Figure 4.5). 

Metal Ni(111) 

Conf. I II 

Δ𝐸ads
𝑔

 -3.16 -3.73 

Δ𝐸̅ads
𝑔

 -3.16 ± 0.00 -3.63 ± 0.10 

Δd 1.98 1.96 

 

4.5 Adsorption Energy of Lignin in Solvated Environments 

4.5.1 Comparison of the Implicit and Explicit Model for Solvated Lignin Adsorption  

The adsorption energies of a solvated lignin dimer from both implicit and explicit models 

are shown in Table 5.2, where the dimer’s initial conformation for two-ring and one-ring 

adsorption was taken from the most stable threo-isomer adsorption in vacuum (i.e. the A and D 

conformation).  

The explicit model and implicit models gave very different adsorption energies. In the 

implicit model, Δ𝐸ads
𝑙 (implicit), it was found that by applying a ε of 21.04 (equivalent to ethanol 
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at 50 °C) the adsorption energy change very slightly compared to that of the vacuum state. To 

examine the effect of ε on Δ𝐸ads
𝑙 , the ε was increased to 80 (equivalent to water at 25 °C), but the 

change in  Δ𝐸ads remained minimal. In contrast, the explicit solvation model yielded an average 

Δ𝐸ads
𝑙 (explicit) of -0.58 eV for two-ring adsorption on a Ni(111), a 2.95 eV reduction compared 

to its vacuum counterpart (Table 5.2). Furthermore, on a Cu(111) the adsorption decreased so 

drastically that the Δ𝐸ads
𝑙 (explicit) is positive for both the one-ring and two-ring conformation, 

suggesting that the dimer no longer prefers to adsorb on the surface at this liquid density. It should 

be noted that the large standard deviations of the explicit model results are associated with the 

fluctuations in NVT MD from which the images were sampled, and are expected of liquid phase 

simulations. A test run using ab initio MD for 3 ps production run also yielded similar fluctuations 

(results not shown). 

Apart from the energy, there are also differences in the relaxed geometry between the 

implicit and explicit model. In the results using the implicit model, there was virtually no change 

in either bond length or the distance of the dimer from the surface compared to the gas phase 

conformations (within 0.03 Å). However, noticeable structural changes can be observed from the 

explicit model. For the case of the two-ring adsorption conformation on a Ni(111), the entire 

hydroxymethyl group shifted away from the surface and closer to the solvent phase primarily due 

to the hydrogen bonding of the γ-hydroxyl group with ethanol. For example, the oxygen atom of 

the γ-hydroxyl became 3.73 ± 0.26 Å away from the surface compared to 3.29 Å in the vacuum 

state as shown in Figure 4.5A. To a lesser extent, the effect is also observed on the β-O-4 ether 

oxygen atom, which drifted 0.10 ± 0.04 Å away from the surface compared to its vacuum state. 

On the other hand, the change is almost negligible for the α-hydroxyl group due to its structural 

proximity to the β-O-4 ether and methoxyl oxygen atoms, allowing the α-hydroxyl group to form 
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intramolecular hydrogen bonds with these ether groups and less likely to interact with ethanol. 

Apart from these, no significant changes were observed among the aromatic atoms. On the 

Cu(111), similar changes were observed upon explicit solvation.  

Table 4.4. Comparison of solvation energy (Δ𝐸sol) of similar aromatic molecules in alcohol 

solvents using different implicit models, an explicit model, and from experiments. 

Conditions  Solvation Energy 

Solute Solvent T° 
Density 

(g/cm3) 
ε  

VASP

sol 
COSMO Explicit Exp 

Phenyl ethanol EG 25 °C 1.11 40.00  -0.20 -0.36 -0.63 ± 0.38 -0.68321 

1,3-Dimethoxy 

benzene 
2-PrOH 25 °C 0.79 20.18  -0.09 -0.30 -0.60 ± 0.52 -0.58322 

Benzoic acid 2-PrOH 25 °C 0.79 20.18  -0.20 -0.35 -0.78 ± 0.28 -0.76322 

Benzyl alcohol EtOH 25 °C 0.79 24.50  -0.16 -0.35 -0.81 ± 1.04 -0.66322 

Dimer* EtOH 50 °C 0.76 21.04  -0.63 -0.78 -1.53 ± 0.74 - 

* threo-guaiacylglycerol-beta-guaiacyl ether  

 

To ensure that the description of the solute-solvent interactions by an explicit model is 

dependable, solvation energies of similar aromatic molecules in alcohols were calculated using 

implicit models and an explicit model and compared to experimentally determined values (Table 

4). It should be noted that for this, another implicit model (COSMO) was also used for comparison 

purposes. The differences between VASPsol and COSMO include, but are not limited to, the 

method used for calculating cavity size and electrostatic interactions.119 From the results, we can 

see that both implicit models consistently underestimated the solvation energy. This could be due 

to their limitations in describing site-specific interactions between solute and solvents (e.g. 

hydrogen bonding) as well as parametrization for the metal’s cavity size.323 In contrast, the explicit 

model showed promising results compared to experiments and support that the results from explicit 

solvation model are the most reliable in the present study. These results suggest the adsorption 
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energy difference between the implicit and explicit model is mainly due to the inaccurate 

description of lignin-solvent interaction in the implicit model.  

4.5.2 Calculation of Solvated Lignin Adsorption Energy from a Thermodynamic Cycle 

 

Figure 4.6. The values for solvent accessible surface area (SASA) using a 1.25 Å probe radius 

(grey mesh), the number of neighboring atoms (enlarged solvent atoms), and the number of bonds 

within a 2.5 Å radius before and after adsorption for relaxed A and D conformation from Table 

4.2 in ethanol. The average 𝛿 value is shown in parentheses. 

 

Calculation of Δ𝐸ads
𝑙 (explicit) using Eqn. 4.3 is an expensive calculation and further 

scaling up of the cell size would be computationally prohibitive for most cases. In this section, we 

propose strategies to approximate adsorption energy in the solvated state using a thermodynamic 

cycle (Δ𝐸ads
𝑙 (thermo) ). As shown in Figure 4.1 and Eqn. 4.4, the Δ𝐸ads

𝑙 (thermo) can be 

calculated by leveraging known Δ𝐸ads
𝑔

 with calculated Δ𝐸sol and bulk solvent adsorption energy 
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(Δ𝐸ads
EtOH), all of which can be simulated with less expense than direct calculations. For example, 

Δ𝐸sol does not include metal atoms and Δ𝐸ads
EtOH can be calculated in smaller cell and scaled up as 

necessary using the work of adhesion concept,111 i.e. adsorption per area. The fraction of the metal 

surface area covered by lignin dimer (𝜃) was assumed to be the same as in gas state. This leaves 

only the 𝛿 parameter to be calculated, which is the fraction of solvation surface of the dimer in the 

solvated, adsorbed state (Figure 4.1C) relative to the fully solvated state (Figure 4.1B).  

Here, we investigated three approaches to estimate the 𝛿, including surface accessible 

surface area (SASA), the number of bonds, and the number of neighboring atoms. The SASA is 

defined as the surface area of a molecule that is accessible to a solvent, and is typically used in 

biomolecule investigations. For these, we employed a cutoff radius of 2.5 Å for bond length and 

number of neighboring atoms. It should be noted that the number of neighbors is not equal to 

number of bonds because some neighbor atoms may form bonds with multiple dimer atoms. 

Correspondingly, the probe radius of the SASA is 1.25 Å. The cutoff was chosen based on the 

assumption that the solvation energy was mostly influenced by neighbor atoms and that 2.5 Å also 

represents a strong hydrogen bond distance. The values were calculated using Python scripts 

coupled with the PyMOL package.324 

Figure 4.6 shows the results of these simulations for the SASA, the number of neighbor 

atoms, and the number of bonds. The SASA is represented with a grey mesh around the dimer 

whereas neighboring atoms are enlarged and translucent. Taking SASA as an example, from these 

we can see that in the bulk solvent, the lignin dimer has ~550 Å2 of SASA. As expected, the 

accessible area decreased upon adsorption to ~300 Å2 for Ni(111). The trend is similar using other 

criteria. It should be noted that there is not a significant difference between the SASA of the two-

ring (Figure 4.6A) and the one-ring conformations (Figure 4.6D). Originally, it was anticipated 
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that the one-ring conformation may allow more interactions between the dimer and ethanol 

molecules. However, all three criteria suggested equivalent, or even less, interactions because the 

folded structure of the one-ring conformation limited the exposure of part of the dimer to solvent. 

Given these values for each criteria, the 𝛿 value for each conformation is the ratio of the values 

from a selected criterion of that conformation to that of the dimer in the bulk solvent. For example, 

the 𝛿 value for the adsorption conformation presented in image A1 of Figure 4.6B calculated by 

SASA is 0.53 and was obtained from 288 divided by 545. All 𝛿’s are shown in the parentheses in 

Figure 4.6.  

Table 4.2 presents the results for the Δ𝐸ads
𝑙 (thermo) determined using the calculated 𝛿 

values in Eqn. 4.4. The results indicate that using the SASA for 𝛿 yielded the closest approximation 

to Δ𝐸ads
𝑙 (explicit), which typically show only ~0.1 eV error and correctly predict that the dimer 

would not adsorb on Cu. More importantly, the SASA of vacuum and solvated states are almost 

identical. Calculating the SASA of two-ring adsorbed dimer in vacuum yielded 285 Å2, compared 

to 288 Å2 for the solvated state. On a Cu(111), the SASA in vacuum state is 315 Å2, compared to 

319 Å2 in the solvent. This means that users would not be required to generate solvated structures, 

which could inherently be dependent on the type of methods used. Since the SASA is highlighted, 

it should be noted that SASA is also not sensitive to the chosen probe radius. As shown in Figure 

S1, the 𝛿 value only changed by 0.1  in response to changing the probe radius from 0.5 to 1.5 Å. 

For Cu, similar to the results from Δ𝐸ads
𝑙 (explicit), estimation using Δ𝐸ads

𝑙 (thermo) with 

SASA indicates that the dimer does not prefer to adsorb at this density. Equation 4.4 implies that 

the use of a Cu catalyst with alcohol solvent for depolymerization of a lignin dimer would require 

high temperature to mitigate the solvation effect and allow lignin to adsorb. This is in agreement 

with the observed experimental conditions where Cu-based catalysts were typically found to be 
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used with these elevated temperatures.228,325 On the other hand, it also explains why a majority of 

the successful depolymerization experiments, particularly those using more mild conditions, 

employ Ni-based catalysts which can maintain adsorption of dimer even in solvated 

conditions.222,226,291  

Equation 4.4 highlights the effect of solvents on adsorption energy and suggests strategies 

to improve adsorption via either choosing solvent that has less interaction with the dimer (lower 

Δ𝐸sol), or choosing a solvent that has less interaction with the metal surface (lower 

Δ𝐸ads
𝑙 (solvent)). Investigating to the contribution from each term in Eqn. 4.4 shows that for both 

Ni(111) and Cu(111) 

Given that the former is harder to tune (as solvation of lignin is required), it may be easier 

to find solvent that can dissolve lignin but has less interaction with the metal surface. This is in 

agreement with experiments which investigate the effect of solvents on hydrogenolysis of a lignin 

4-O-5 model dimer and found that the highest yields were obtained in decaline and 

methylcyclohexane, both of which are expected to yield low Δ𝐸ads
𝑙 (solvent), due to being 

relatively large molecules and completely hydrogenated.40 Therefore, the use of Eqn. 4.4 can help 

approximate adsorption energy of dimer and aid in solvent selection for a particular catalyst. 

4.6 Conclusion 

 The present study has provided a systematic investigation and analysis of the adsorption 

conformation of lignin dimers representing a vacuum and solvated state. First, it was demonstrated 

that a lignin β-O-4 dimer exhibited similar adsorption behavior to its polymer counterpart. The 

preferred adsorption conformation for both a erythro- and threo-isomer of the dimer was found to 

be with two aryl rings adsorbed on the surface. However, the erythro-isomer prefers the 
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conformation where its ether oxygen on the alkyl chain is close to the surface, whereas the threo-

isomer favors the conformation where the ether oxygen is away from the surface. Adsorption 

energy of the dimer in vacuum on Ni(111) was also shown to be significantly higher than that on 

Cu(111) surface.  

 Upon solvation with ethanol using an explicit representation of the ethanol at a density 

corresponding to 50 °C, the adsorption energy was reduced significantly for all surfaces. While 

the dimer prefers adsorbing on Ni(111), the reduction in adsorption energy leads to endothermic 

adsorption for Cu(111). As implicit models were found to not be able to sufficiently describe 

solvent-solute interactions, and the explicit model is quite expensive computationally, an 

alternative, more computationally efficient approach to calculate the solvated adsorption energy 

was developed based on a thermodynamic cycle. The model resulted in errors on the scale of only 

~0.1 eV relative to the explicit model and correctly predicted that the dimer would not adsorb on 

Cu in the studied condition. This finding would allow for future studies to be able to select the 

solvent for a particular metal catalyst more effectively relative to explicit solvation method. 

Moreover, these results emphasize the critical impact that the solvent plays on lignin adsorption 

during processes employing heterogeneous catalysts for lignin upgrading.  
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CHAPTER 5 Catalytic Hydrogenolysis of Lignin to Aromatic Monomers 

5.1 Summary 

Lignin hydrogenolysis has been recently been studied extensively as it shows high yields 

and selectivities with limited condensation reaction. Moreover, the reaction can also exploit other 

hydrogen source apart from H2 such as from ethanol, i.e. catalytic transfer hydrogenolysis. A 

number of studies have shown that several supported metal catalysts can be used for the reaction 

using biomass as a substrate. The reaction does not only serve as a lignin valorization method, but 

also biomass pretreatment. However, due to variable quality of lignin and biomass substrate, it is 

unknown how do these catalysts compare both in term of monomer yields, and the quality of 

pretreated biomass. In this study, a series of supported metal catalysts (metal/C) is used for 

catalytic transfer hydrogenolysis using birch biomass as a substrate and ethanol as a solvent at 200 

and 220 °C. The catalysts were chosen based on previous report that it has been used for ethanol 

reforming. The results revealed that Co/C, Ni/C, Ru/C, and Pd/C can give high yields and 

selectivities, in a respective order. Particularly, Co/C has not been used previously for catalytic 

hydrogenolysis transfer of lignin before. It was also showed that, for this method, the amount of 

β-O-4 contents is the most critical functional group the reaction. In term of pretreatment efficacy, 

biomass resulted from these catalysts showed significant higher removal of xylan and lignin, 

compared to catalysts that give low yields and no catalyst at all. Moreover, in all cases glucan was 

almost perfectly retained. Significant improvement in glucose yields were observed from reactions 

with catalysts that gave high yields, particularly it was shown that the glucose yields were 

correlated to lignin removal. These show that catalytic hydrogen transfer, with an appropriate 

catalyst, is an effective method for both lignin monomer generation from lignin and pretreating 

biomass. 
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5.2 Introduction 

 The plant cell walls of lignocellulosic biomass are comprised primarily of the structural 

polymers cellulose, hemicellulose, and lignin. Among these, lignin is the most underutilized 

component where it is cheaply burned at site. Considering that it comprises 17-33% of the 

biomass,13 there has been a significant effort in valorization of lignin. One of the methods is 

depolymerization of lignin to valuable products through hydrogenolysis, in which the products are 

typically followed by hydrodeoxygenation in the same reaction pot.5,281 The methods have drawn 

significant attention in the past several years due to its ability to apply to whole biomass, i.e. the 

lignin valorization step has become pretreatment step in itself, showing limited condensation in 

certain conditions, and the compatibility with hydrogen transfer reactions, which allows it to 

leverage other hydrogen sources than pressurized gas.274,326 A number of catalysts for the reaction 

has been proposed and shown to give high yields, such as Ni, Pd, and Ru-based catalysts.19 

However, different studies using different lignin sources, conditions, and catalysts have resulted 

in not just monomer yields and, sometimes, product types that are not comparable, but also the 

impact on the pretreated biomass. The lack of benchmarking standard hinders the process of 

catalyst selection and design. Therefore, the present study aims to fill this gap by determining the 

efficiency of different supported metal catalysts on both monomer yields and quality of the 

pretreated hardwood biomass by a mean of enzymatic hydrolysis. The reaction will be performed 

using hydrogen transfer from the selected solvent, which is ethanol in this work. 

 Early dedicated lignin hydrogenolysis studies were performed by Pepper et al., where it 

was shown that using whole softwood biomass as a substrate, monomer yields as high as 22% 

could be achieved by using Raney Ni catalyst with water/dioxane (50:50) solvent.327,328 Since then, 

there has been significant development in the process including identifying new catalysts, solvents, 
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and new hydrogen sources. Arguably, the reaction gains the most traction when it was 

demonstrated that using Ni/C with hardwood and alcohol solvents, lignin monomer as high as 50% 

were achieved with >90% selectivity.226 Many other studies using similar conditions with Ni/C 

have shown similarly high yields ranging from 26% to similarly high depending on biomass 

type.275,283–285 Other supported transition metal catalysts also have shown promising results, for 

example Pd/C, Ru/C, Pt/C, and many other transition metal alloys.35–37,223,233 These indicate that 

there are many possible transition metals, possibly more that has not been investigated, that could 

efficiently perform lignin hydrogenolysis. 

 Many of the hydrogenolysis reactions did not use H2 as a hydrogen source, but instead 

relies on the hydrogen transfer mechanism (catalytic transfer hydrogenolysis), such as from 

alcohols,200,226,229,326,329 formic acid,330 and dioxane,233 each of which with different donating 

mechanisms. One of the advantages of the process is that it doesn’t require excessively high 

pressure-rating vessels as one would do for molecular hydrogen. However, this also indicates that 

the efficacy of the reaction would also partly depend on the alcohol reforming activity of the 

catalyst. As alcohols are the most commonly used hydrogen donors and ethanol will be used in the 

present study, it is worth discussing about the capability of ethanol reforming of some of transition 

metal catalysts. Ethanol reforming is a process that convert ethanol to methane and other syngas 

and is typically conducted at very high temperature (600-800 °C).331,332 Adsorbed hydrogen atom 

from the process could be the source for lignin hydrogenolysis. Mechanistically, ethanol reforming 

is a complex reaction process that involve several molecular decompositions, water activation, and 

oxidation of the adsorbed carbon species.331 Metals that are typically used include, Ni, Co, Fe, Cu, 

Pt, Pd, and Rh.331–334 Therefore, these metals could have potential for lignin hydrogenolysis. 

Particularly, to our knowledge, supported Co and Rh catalyst have not been previously used for 
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catalytic transfer hydrogenolysis. Nevertheless, it should be noted that some of the metals have 

different decomposition mechanism compared to others. For example, on Ni and Co, ethanol first 

loses the hydroxyl hydrogen, resulting in CH3CH2O ∙ adsorbing species, whereas on Pt and Pd, 

hydrogen abstraction first occurs at the α-carbon position, resulting in CH3ĊHOH adsorbing 

species.330 These adsorbing species are likely to have different affinities to the metal surface. 

Previous studies have proposed that adsorbing species, particularly one with stronger interactions 

with the catalyst, could block lignins from getting to the surface and hence results in lower 

hydrogenolysis yields.40 Therefore, the low/high final monomer yields could be partly attributed 

to the catalyst’s reforming reaction paths. 

 Regardless of catalysts and conditions, a common trait among all the examples that resulted 

in relatively high monomer yields is that a high-quality lignin, i.e. high amount of β-O-4, was used 

as a substrate. This is in agreement with studies indicating that C-O ether bonds in lignin are 

significantly more fragile than C-C bonds;295 additionally, investigation of the reaction pathways 

from some of the catalysts (using moderate temperatures around 200 °C) point out that the products 

are primarily from cleavage of the β-O-4 bond.19,226 High-quality lignins are mostly obtained in 

situ during the hydrogenolysis reaction of biomass, where lignin is extracted out by the solvents. 

This is because lignins isolated from biomass pretreated by traditional methods, such as dilute acid 

or kraft, typically has a degraded structure where β-O-4 amount is low and significant amount of 

C-C bonds was formed during the pretreatment.335,336 However, it should be noted that with recent 

advances in pretreatment processes, high quality lignin could also be obtained from novel 

pretreatments such as Cu-catalyzed alkaline-oxidative (Cu-AHP)249,337,338 and γ-valerolactone 

pretreatment,339 where studies have shown that lignin retain high amount of its native β-O-4 
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contents.340 In the present study, to ensure high quality of lignin, whole biomass will be used as a 

reaction substrate to maximize monomer yields. 

 Using biomass as a substrate implies that lignin valorization process has also become a 

pretreatment process in itself, which is also commonly known as lignin-first biorefinery.33,341,342 

As such, apart from the monomer yields, the process should also be subjected to criteria that are 

traditionally used to evaluate the efficacy of a pretreatment process. One of the common method 

is to measure how much the pretreatment has increase the accessibility to the carbohydrates. This 

is typically performed by enzymatic hydrolysis to produce sugar monomers. Some of the factors 

that could impact enzymatic hydrolysis yields include lignin content, hemicellulose content, and 

cell wall’s porosity. Lignin inhibits enzyme accessibility and its removal is well known to be vital 

for enzymatic hydrolysis.343 However, it should be noted that it is not in a linear relationship with 

sugar yields as certain biomass and pretreatment do not require high removals to obtain high 

sugars.344 Similarly, hemicellulose was also reported to inhibit accessibility,344 although this could 

be addressed by addition of xylanases.345 Lignin re-deposition and other structural changes that 

occur during pretreatment, which ultimately change cell wall’s porosity, has also been shown to 

affect sugar yields.346,347 Without addition of catalysts, the lignin valorization process using 

biomass substrate would be similar to an organosolv pretreatment. Previous ethanol-based 

organosolv pretreatment is typically mixed with water and slight addition of acids to help remove 

hemicellulose.348,349 The pretreatment were able to remove lignin down to just 5% depending on 

the severity. In the present thesis, no acid will be added, and hence the effect from catalyst on this 

process in term of enzymatic hydrolysis would be demonstrated. 

In summary, previous studies have suggested that several transition metal catalysts can be 

used to perform lignin hydrogenolysis using whole biomass as a substrate, particularly through 
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hydrogen transfer reactions. However, due to diversity of lignin sources, pretreatments, and 

reaction conditions, it has been difficult in determining the efficiency of different supported metals 

catalysts, both on the criteria of monomer yields and as a pretreatment. Therefore, in the present 

study different metal/C catalysts, particularly those that have been shown to possess ethanol 

reforming capability, will be compared using the same source of lignin, from which monomer 

yields, characteristics of pretreated biomass, and enzymatic hydrolysis yields will be determined. 

The metals include Fe, Co, Ni, Cu, Zn, Ru, Pd, and Ag. Additionally, the same treatment will be 

performed on lignins obtained after alkali pretreatment to demonstrate the importance of the 

quality of the substrate. 

5.3 Experimental Methods 

5.3.1 Biomass and Lignin Compositions 

The biomass used for the present thesis is silver birch (Betula pendula Roth.) grown in 

northern Sweden and supplied by Curt Lindström (Smurfit-Kappa Kraftliner AB, Piteå, Sweden). 

The biomass was characterized with S/G ratios and β-o-4 content of 3.2. The biomass was Wiley 

milled to 5 mm size. Following air-drying, all samples had moisture contents of 3-5%, and the 

composition for each feedstock was determined by NREL/TP 510-42618 with minor 

modifications.350  

The lignin was obtained from alkaline pretreatment of debarked wood chips of 20-year old 

hybrid poplar (Populus nigra x maximowiczii cv. NM6) obtained from Dr. Raymond Miller 

(Michigan State University Forest Biomass Innovation Center, Escanaba, Michigan) at a liquor-

to-wood ratio of 4:1 using conditions identical to those in our previous work for an H-factor of 

166.242 Lignin was obtained by fractionally precipitated from this liquor through two sequential 

pH reduction approaches. The first one employed sequential acidification and precipitation at using 
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CO2 at room temperature and atmospheric pressure to stepwise decrease the pH. The lignin was 

collected at pH 11, 10.6, 10, 9, and by adding 1 M H2SO4, also at the pH 2. These samples are 

named RT-1, RT-2, RT-3, RT-4, and RT-5, respectively. The second lignin fractionation approach 

employed the Sequential Liquid-Lignin Recovery and Purification (SLRP) process using CO2 

acidification at elevated temperature (115 °C) and pressure (6.2 bar) as reported in our previous 

work.243 For the SLRP fractions, the lignin was collected at pH 11 and 10.5 and named SLRP-1 

and SLRP-2, respectively. The percent recovery from each pH fraction can be found in our 

previous work.286 

For both biomass and lignin, the Klason lignin content as determined by NREL standard 

procedure (NREL/TP-510-42618) was used as a basis for subsequent characterization and 

monomer yield determination. 

5.3.2 Catalytic Hydrogenolysis of Lignin and Biomass 

Catalytic hydrogenolysis of lignin was performed according to previous work.230 In short, 

10% metal loading metals/C was synthesized by incipient wetness where the metals were sourced 

from Fe(NO3)3∙9H2O, Co(NO3)2∙6H2O, Ni(NO3)2∙6H2O, Cu(NO3)2∙3H2O, Zn(NO3)2∙6H2O, and 

Ag(NO)3, and RuCl3∙xH2O, where x is estimated as 0.5, which is an average degree of hydration 

reported for the product (Sigma-Aldrich). For example, 2.76 g of Ni(NO3)2∙6H2O was added to 8 

g deionized water and stirred until well mixed. The solution was then added dropwise to 5 g of 

activated carbon (Darco® G-60, Aldrich, water absorption capacity of 2.1 mL/g). The mixture was 

kept wet at room temperature for 24 h before drying overnight at 100 °C. Then it was calcined at 

400 °C under nitrogen atmosphere for 4 hr, and reduced at 400 °C under 10% H2 in an Ar 

atmosphere, both of which used at a temperature ramp of 6.25 °C/min. For Pd/C, it was purchased 
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from commercially available product (Sigma-Aldrich 205699). The finished catalysts were stored 

and weighed in an anaerobic glove box.  

For the hydrogenolysis reaction, 200 mg of biomass (or 40 mg of alkali lignin), 30 mg of 

catalyst, and 4 mL of ethanol were charged to a 10 mL passivated stainless steel reactor while in 

the anaerobic glove box. Reactors were submerged into a fluidized sand bath set at 200 or 220 °C 

for 6 hr. The resulting liquid was collected, filtered, and injected into GC/MS (Agilent 7890A / 

5975C) using Agilent DB-WAXETR column (30 m x 0.250 mm x 0.25 μm) with 1:1000 split for 

product. The temperature program holds at 60 °C for 3 min before ramping up at 40 °C/min to 

260 °C and held for 2.5 min. Standards were run for quantification. Yields were determined as 

mass products per mass Klason lignin using standard curves constructed from pure monomers 

including 4-propyl guaiacol, 4-propyl syringol, 4-ethyl guaiacol, 4-ethyl syringol, and syringol. 

All standards were purchased from Sigma Aldrich except 4-propyl syringol, which was 

synthesized according to Parsell et al.,37 and 4-ethyl syringol, which was estimated using the same 

response factor as 4-propyl syringol. After collecting the liquid, the leftover biomass was washed 

with excessing amount of water and left to dry at room temperature. 

5.3.3 Enzymatic Hydrolysis 

Approximately 10±0.3 mg of the pretreated biomass was added to 1.5-mL Eppendorf® 

Safe-Lock microcentrifuge tubes. The hydrolysis was performed at a 5% (w/v) solid loading with 

the citric acid buffer at a concentration of 50 mM and pH around 5.5 was added based on the 

findings of Lan et al.351. To prevent bacterial contamination during hydrolysis, tetracycline and 

cycloheximide was added at a concentration of 40 μg/mL and 60 μg/mL, respectively. Enzyme 

cocktails consisted of Cellic CTec2 and HTec2 (Novozymes A/S, Bagsævard, Denmark) and were 

added at a ratio of 2:1, respectively. For all experiments, the total enzyme loading was 20 mg total 
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proteins per gram of glucan in the biomass sample. The reaction was performed in a shaking 

incubator at 50 °C at 160 rpm. After 72 hours, samples were collected and analyzed for glucose 

and xylose using HPLC with a method reported previously.352 The amount of sugar yields are 

based on the fraction of glucose and xylose determined from composition analysis of the whole 

biomass from NREL standard method. 

5.4. Monomer Yields from Native Lignin in Biomass Using Different Catalysts  

 

Figure 5.1. Monomer yields from hydrogenolysis reaction at 200 °C (patterned) and 220 °C using 

different metal/C catalysts with whole biomass. The results are arranged according to group and 

period in the periodic table. The column “None” refers to no catalysts added. The products are, 

from left to right, 4-propylguaiacol (4-PG), 4-propylsyringol (4-PS), 4-propenylguaiacol (4-

PnylG), 4-propenylsyringol (4-PnylS), 4-ethylguaiacol (4-EG), 4-ethylsyringol (4-ES). The very 

small green color in Pd corresponds to syringol. 
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 From a general observation of Figure 5.1, it can be seen that the highest monomer yields 

obtained by using whole biomass as a substrate were obtained from Co and Ni catalysts at ~50% 

with Ru and Pd also resulting in relatively high yields. Not using catalyst resulted in virtually zero 

monomers. Notably, there is a large difference between the temperature of 200 and 220 °C. This 

is likely due to that at 220 °C resulted in significantly higher ethanol reforming activity as there 

was noticeable more bubbles and pressure upon opening the reactors. Noted that by arranging the 

results according to groups in periodic table (Figure 5.1), a volcano-plot like shape could be 

observed, particularly for period 1 where a sufficient number of metals was investigated. This 

suggests that the energetics related to adsorption and desorption of species on Co and Ni resulted 

in optimal reactivity. Interestingly, Co-based catalyst was also shown to yield highest amount of 

H2 during low temperature ethanol reforming (400 °C).332 

 From each of the catalyst in Figure 5.1, we can see that not all of the catalysts that were 

previously reported for ethanol reforming (all except Zn and Ag) are working well, including Fe 

and Cu. For Fe, the low yields were likely to be caused by the high affinity of Fe with oxygen. 

From a previous theoretical study on ethanol reforming mechanism at, it is likely that ethoxy 

adsorbing species was formed at the interface. At the temperatures in the present study (compared 

to 800°C, where H2 formation from Fe was comparable to Co and Ni),332 the adsorbing species are 

likely to stick to the Fe surface. On the other side of the volcano, the reason why Cu does not work 

is likely to be opposite that of Fe. Studies have suggested low adsorption energy of ethanol on Cu 

surfaces. Therefore, higher temperatures than the current study (800°C) were typically used for 

ethanol reforming with Cu to produce high amount of H2 likely by improving kinetics and lowering 

the solvent-solvent interactions.332 Apart from this, the interaction between lignin and the Cu itself 

was also low. It was even showed that lignin dimer solvated in ethanol at 50 °C did not adsorb on 
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Cu surface anymore.353 Therefore, higher temperature should be used for Cu to reduce the solvent-

solute interactions. In agreement with this analyses, in previous studies on catalytic transfer 

hydrogenolysis of lignin using Cu-based catalysts, studies have shown that a temperature of 300 °C 

was sufficient for Cu to generate significant H from methanol, resulting in almost complete 

conversion.228,354 However, due to high temperatures, the products were also completely 

hydrogenated. 

 Apart from metals that were typically used for ethanol reforming, Zn and Ag were also 

investigated. It can be seen that both of which did performed hydrogenolysis as compared to no 

catalysts, they both resulted in ~7% monomer yields at 220 °C, similar to Cu (Figure 5.1). For Zn, 

it has been previously used as a co catalyst with Pd, where it was found through multiple 

characterization techniques that Zn deposited and form complex at activated carbon’s ‒OH sites, 

where it was proposed to facilitate reaction either by help binding with hydroxyl groups of lignin 

or it could desorb from the surface as Zn2+ ions from the reaction heat and deposited back upon 

cooling down. Nevertheless, in the present study, it is clear that not sufficient hydrogen was 

generated for both of these catalysts as evidenced by the low yields, and the products were virtually 

all composed of unsaturated propenyl side chain. 

 In the context of product types and distribution, it can be seen from Figure 5.1 that at 

220 °C, the metal Co, Ni, Ru, and Pd resulted in mostly 4-propylguaiacol (4-PG) and 4-

propylsyringol (4-PS). The catalyst Cu and Ni gave the highest amount of saturated products and 

also the highest selectivity based on the native lignin’s units (>96 % for both catalysts). In the 

native lignin, there are primarily two units, i.e. syringyl and guaiacyl, where the former has two 

methoxyl groups on its aromatic ring and the latter has one. The monomer products from each of 

these groups are expected to retain its original methoxyl group(s). Given that the S/G ratio of the 
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birch used in this study is 3.2 but the S/G ratio of the products from Co and Ni catalysts is 4.83 on 

average, this implies that more of the lignin’s syringyl units underwent hydrogenolysis, and ~4% 

products from guaiacyl units were lacking assuming that monomers from syringyl have reached 

maximum. This could be due to several reasons, for example, the guaiacyl units of lignin could be 

less susceptible to hydrogenolysis, or more likely, higher number of the guaiacyl units are not 

linked by β-O-4 from both sides. As the reaction primarily aims at cleaving β-O-4, to generate 

monomer it is required that both ends of the unit are β-O-4 linkage. This could be supported by 

well-studied topic that during lignin biosynthesis, more guaiacyl units leads to less β-O-4 bonds.235 

Apart from these, a major portion of monomers from catalysts that resulted in low yield is 

contributed to unsaturated products, including 4-propenylguaiacol (4-PnylS) and 4-

propenylsyringol (4-PnylG). The same is applied for reaction at 200 °C. Both of these suggest the 

insufficient generation of hydrogen adatoms in those conditions.  

 

Figure 5.2. Monomer yields from hydrogenolysis reactions of lignin dimer (guaiacylglycerol-beta-

guaiacyl ether) using Pd/C in ethanol with and without presence of H2 gas. The 4-vinylG and 4-

PnolG refer to 4-vinylguaiacol and 4-propenylguaiacol, respectively. 

 

Among all of the catalysts, Pd is the only catalyst that gave unique products including 4-

ethylguaiacol (4-EG), 4-ethylsyringol (4-ES), and a very tiny amount of syringol (result not shown 

in Figure 5.1 as it is visually too small). Additionally, unlike other catalysts that were reported to 

yield similar products whether there is with or without H2 added such as Ni/C. The product 4-EG 
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and 4-ES were not reported in previous studies using that use Pd/C with H2 gas. To ensure that our 

reactions and product identification is accurate, a lignin dimer (guaiacylglycerol-beta-guaiacyl 

ether) was employed for further investigation. Lignin dimer was used to eradicate any other 

possible side reactions or contributions from other linkages in real lignin. 

Figure 2 shows the different products obtained from lignin dimer hydrogenolysis on Pd/C 

with and without presence of H2 gas. Without hydrogen gas, a similar product profile to lignin was 

generated. However, addition of H2 gas resulted in products (4-propanolguaiacol, 4-PnolG) that 

are similar to previous studies.266 Specifically, if we look at difference H2 pressure in Figure 5.2, 

we could see that at lower pressure, 4-PG was produced (possibly more if the pressure was ever 

lower). However, it totally disappears at high pressure. These suggest that lignin on Pd/C 

undergoes different reaction path in presence of H2, and was likely dependent of the hydrogen 

coverage at the metal-liquid interface. Future studies to probe into the effect of hydrogen coverage 

on different catalyst would make an interesting future study. Note that the results in Figure 5.2 are 

estimated from peak areas and were not quantified, therefore, yields were not reported. 

Additionally, the temperature of the one with H2 gas was slightly lower due to reactor limits, while 

the other one needs to be at higher temperatures to ensure sufficient hydrogen is produced. The 

longer reaction time was used for the one with H2 to see if the product would eventually change. 

5.5 Lower Monomer Yields from Low Quality Lignin  

To elucidate the importance of using high quality lignin for hydrogenolysis, a similar 

reaction condition at 220 °C using Ni/C catalyst was performed lignin obtained from alkali 

pretreated black liquor and precipitated through CO2 sequential acidification. Noted that it was 

shown in our previous work that fraction precipitated at higher pH, e.g. RT-1, and temperature, 
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e.g. SLRPs, tend to have higher β-O-4 content than those precipitated at lower pH.286 In the present 

samples, the β-O-4 of alkali lignin ranges from 15 to 31%. 

 

Figure 5.3. Monomer yields from hydrogenolysis reaction using Ni/C and ethanol at 220 °C of 

alkali lignin that was sequentially precipitated through CO2 acidification. The S refers to syringol. 

 The hydrogenolysis yields from different fractions of alkali pretreatment show 

significantly lower monomer yields (Figure 5.3). Even the fraction precipitated at higher 

temperatures only resulted in ~7% yields compared to 50% when whole biomass is used. The 7% 

is close to yield approximation using β-O-4 content, i.e. 0.32 = 0.09. This indicate that, similar to 

whole biomass, the hydrogenolysis reaction results in almost complete cleavage of β-O-4 linkages. 

However, the monomers from alkali lignin are different in that there are 4-EG and 4-ES that was 

only found from Pd/C previously. More importantly, significant amount of syringol was produced. 

These indicate the capability of C-C cleavage of Ni/C that could be facilitated by certain 

functionality of alkali lignin that was induced from the acid precipitation, particularly SLRP. 

However, this is not within a scope of the present work and should be subject to future studies. 
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5.6 Characteristics of the Pretreated Biomass and Enzymatic Hydrolysis 

 

Figure 5.4. Images of raw birch biomass (A), and after pretreatment at 220 °C in ethanol with no 

catalyst (B), and with Co/C catalyst (C). 

  After partial removal and hydrogenolysis, the biomass could now be considered 

pretreated. The physical color before and after pretreatment is shown in Figure 5.4. Comparing 

between before pretreatment (Figure 5.4A) and after pretreatment without catalysts (Figure 5.4B), 

it can be seen that biomass has become significantly darker, despite compositional analysis 

indicating that pretreatment without catalyst removes 42% of the lignin (Figure 5.5). This indicates 

that lignin was melted during the process and redeposited on biomass surface, which is a common 

phenomenon observed previously in dilute acid pretreatment and is expected to retard cellulose 

accessibility.355 With addition of Co/C catalyst it is clear that the color becomes lighter (Figure 

5.4C), suggesting of more lignin removal. 
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Figure 5.5. Percent recovery of glucan, xylan, and lignin after pretreatment at 200 (dotted line) and 

220 °C in ethanol with different metal/C catalysts (A). The correlation between total monomeric 

yields and lignin removal (100 – lignin recovery) (B). 

 A summary of percent recovery of each main biomass component after pretreatment is 

shown in Figure 5.5A. Noted that untreated birch was characterized with 41% glucan, 20% xylan, 

and 20% lignin. Overall, it was shown that cellulose was successfully reserved even after the 

reaction at 220 °C. However, hemicellulose was partially lost particularly at the higher 

temperature. Catalysts seem to have some effect on the loss of hemicellulose, most likely through 

its hydrogenolysis. Hydrogenolysis of hemicellulose at similar conditions was previously reported 

to result in soluble sugars without further hydrogenations,37,226 which should theoretically be 

recoverable from the liquid fraction. More noticeably, for lignin recovery there seems to be an 

inverse-shaped volcano plot, indicating that lignin removal could be correlated to monomer yields. 

The correlation is shown in Figure 5.5B, where it can be seen that the relationship is not entirely 

linear as it seems to flatten out in for higher monomer yields. This could be due to couple of 

reasons. First, the maximum amount of lignin removal was reached. Second, the dimers and other 

ethanol soluble products from some catalysts were not taken into consideration. These products 
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are not likely to redeposit on biomass, and hence higher lignin removal even though monomer 

yields were not as high.  

 

Figure 5.6. Enzymatic hydrolysis yields of the biomass after the reaction at 200 (dotted line) and 

220 °C in ethanol with different metal/C catalysts (A). The sugar yields are based on the untreated 

biomass compositions. The correlation between lignin removal and glucose yields (B). 

 Lastly, effects from pretreatment on enzymatic hydrogenolysis is evaluated. Noticeably, 

there is also a volcano-plot like for the glucose yields (except from Cu to Zn, Figure 5.6). This 

reflects the effect from lignin and hemicellulose removals on hydrolysis yields. Without any 

catalyst, the glucose yields were only 31%, whereas the glucose yields >75% could be obtained 

from reactions that added Co/C, Ni/C, Ru/C, and Pd/C using a temperature of 220 °C. Noted that 

the slightly higher glucose yields from Pd and Ru catalysts was because they preserved slightly 

higher amount of glucose. For xylose yield, it does not exhibit a strong trend because those that 

could yield higher xylose, such as Co/C, also has higher loss of xylan after pretreatment. Overall, 

this indicates that adding catalysts, such as Co, Ni, Ru, and Pd catalysts did not only result in high 

monomers from lignin hydrogenolysis, but also significantly promote accessibility of enzymes to 

cellulose and hemicellulose.  
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5.7 Conclusion 

 The present study has conducted a comparison of lignin catalytic transfer hydrogenolysis 

from ethanol using different supported metal catalysts with the goal of demonstrating their effects 

on both aromatic monomer yields and pretreatment efficacy. Selecting catalysts that were 

previously used for study of ethanol reforming, we found that in term of total monomer yields at 

220 °C, Co/C gave the highest amounts (52%) followed by Ni/C, Ru/C, and Pd/C. All of these 

catalysts also exhibited high selectivity, particularly for Co/C and Ni/C. Interestingly, Co/C is an 

promising candidate that has not been used for this purpose previously. It was also affirmed that 

hydrogenolysis at this condition relies heavily on the quality of the substrate, i.e. β-O-4 content, 

as evidenced by significantly lower yields (~7%) when using alkali. 

 Apart from lignin valorization, the reaction is also a pretreatment in itself. It was shown 

that after the reaction, cellulose was essentially preserved in all cases, whereas hemicellulose was 

lost. The loss tends to be higher with catalysts that generate higher monomer yields. This is similar 

to lignin, although more lignin is removed than hemicellulose (down to as low as 20% of the 

original). The evaluation of its efficacy as a pretreatment was determined by sugar yields from 

enzymatic hydrolysis. Similarly, it was found that catalysts that resulted in high monomer yields 

tend to also result in more glucose yields. This was likely because of higher lignin removal from 

those catalysts. Therefore, through comparison of different catalysts, our results suggest that 

addition of catalysts have a large impact not on just monomer yields, but also pretreatment aspect 

of the biomass. Therefore, selecting a proper catalyst for lignin-first approach is vital and further 

development, such as alloying or support modification, is needed for a robust and cost-effective 

catalyst.  
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CHAPTER 6  Summary and Outlook 

In the present thesis, a complete application of DFT has been used to get adhesion values, 

fundamental understanding of the solid/solid interface, predictive models, and recommendations 

for experiments. From the simulations at the SOFC’s interface, it was found that unlike most other 

oxides, CuO has a strong interaction with Ag, and is almost 5 times stronger than that of YSZ. 

Moreover, during the brazing of the Ag in air, diffused oxygen in Ag also partially promotes the 

interfacial interactions. With these, the Ag-CuO system was able to wet and adhere strongly to the 

YSZ surface. The strong Ag/CuO adhesion was identified to be due to the CuO chemical properties 

and unique surface structure. Using this knowledge, a descriptor was formulated based on a 

combination of these factors and validated with a number of difference oxides. Using this 

descriptor which allows quicker estimation of Ag/oxides adhesion for materials search, new 

multivalent oxides that will be stable in SOFC operating conditions while also providing strong 

adhesion with Ag were identified, such as CuAlO2 and Cu3TiO4. The descriptor can have wider 

impacts for materials search in Ag/oxide interfaces, such as thin film growth or coating 

applications. 

Due to the complexity of the problem, in the liquid/solid interface, DFT was only employed 

to draw insight from a solvated lignin dimer on catalyst surfaces, and not for development of 

screening models. To reduce the complexity of lignin and render it small enough for DFT 

simulations, spectroscopic and wet chemistry methods showed that despite the variability and 

complexity of lignin polymer, β-O-4 linkage emerges as the primary functional group that 

determines the amount of monomer yields for hydrogenolysis. A model was also developed and 

validated to show that using this functionality alone was sufficient to predict theoretical maximum 

monomer yields. Therefore, a dimer containing just this linkage was used for DFT simulation. The 
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simulation of a β-O-4 dimer adsorption on Ni(111) and Cu(111) surface shows that, in a vacuum, 

the dimer prefers to adsorb on the metal surfaces with both aromatic rings parallel to the surfaces, 

where Ni(111) shows significantly higher adsorption energy. Upon solvation with an explicit 

model that represents ethanol with density at 50 °C, it was found that the lignin dimer still adsorbs 

on the Ni(111) surface with a similar conformation. However, it no longer adsorbs on the Cu(111) 

surface. This implies that Cu(111) may not be an effective catalyst, particularly at lower 

temperatures. It should be noted that representing solvation using implicit models could not 

describe the solvent-lignin interactions accurately. To circumvent the large liquid/solid interface 

calculations, a model based on a thermodynamic cycle was developed for prediction of dimer 

adsorption energy for a given solvent and catalyst. Although the model is not suitable for large 

screening, it facilitates understanding for solvent selection by providing quantification to the 

solvent effect. Performing catalytic hydrogen transfer reactions on lignin shows that using Ni-

based catalysts did result in much larger yields than a Cu-based catalyst. This is partly due to low 

lignin-Cu interactions; however, it is also contributed by other factors, and among those is lower 

amount of hydrogen produced from ethanol in Cu(111). 

 

Figure 6.1. Lignin dimer adsorption on Pd (111) with 0 and 0.33 ML hydrogen coverage. 

Although the present thesis has shed light the effect of solvent at the catalyst surface for 

lignin reactions, there remains many other phenomena at the interface that need to be explored in 

LPd-O1=2.3Å LPd-C=2.1Å
LPd-O2=2.3Å

LPd-O1=3.1Å LPd-C=3.6Å
LPd-O2=3.4Å



133 

 

order to fully comprehend the reaction and for catalyst design. Naturally, one of those is the solvent 

effect beyond adsorption, i.e. on the reaction pathways. Stabilization of the intermediates from 

different solvents may favor different reaction paths and different energy barriers.  

 

Figure 6.2. Ab intio shows alcohol decomposition leads to H and ethoxy adsorbing species on 

Ni(111). 

Other phenomena that would affect lignin hydrogenolysis are the effects from other 

adsorbing species. For example, one of those is the effect of hydrogen coverage. As we have briefly 

discussed in Chapter 5, different hydrogen pressure could result in different products. Preliminary 

DFT calculations support the hypothesis by showing that on the Pd(111) surface, a hydrogen 

coverage of 0.33 ML on the surface leads to much weaker adsorption as shown by the distance 

between the dimer and surface shown in Figure 6.2. As many liquid and gas phase experiments 

used excessive H2 gas, study on this topic may reveal that having higher H2 does not necessarily 

always lead to higher catalytic activity. More importantly, it would provide valuable insight on 

how hydrogen coverage affects reaction energy barriers as well as reaction pathways. 

The other type of surface coverage is that, instead of pressurizing with H2 gas, it could be 

covered with other intermediates from solvents, such as when hydrogen is obtained through 
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catalytic hydrogen transfer from ethanol. This represents challenging simulations as it involves 

two concurrent reactions ‒ ethanol decomposition and lignin hydrogenolysis. As detected in the 

preliminary ab intio molecular dynamics shown in Figure 6.1, ethanol decomposed to an ethoxy 

and hydrogen adatoms. While the hydrogen will be used for hydrogenolysis and its coverage is 

expected to be low, the ethoxy adatom could affect the reaction rate depending on its interaction 

with the catalyst. These topics will make an interesting subject for future studies as the 

understanding could have a wider impact on more than just lignin hydrogenolysis, particularly on 

other reductive reactions using different hydrogen sources and pressures. 
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APPENDIX A: Supplementary Materials for Chapter 2 

Table A1. List of all the studied metals and oxides, including their crystal structures, lattice 

constants, surface energies from the present work, along with comparisons to experiment values, 

and the calculated values for the descriptor (𝜒 MO) as shown in Eqn. 2.4. All computational values 

are based on LDA functional unless otherwise stated. 

 

Structural 

Info. 
Metal/ 

Oxide  

Lattice 

constants (Å) 
𝜸 (J/m2) 𝚫𝑯𝐟,𝐌𝐎 

(ev) 
𝑵𝑴, 
 𝑵𝒐 

𝑬𝐌−𝐎 𝑨𝐌𝐎 𝝌 𝐌𝐎 

Present Exp.* Present Others Exp. 

Metallic 

Fm-3m 

(111) 

Ag 

4.1474PBE 

4.0857 

0.77PBE 0.75356, PBE 

1.24182 ‒ 

4.0035 1.10 1.15 357 

Ag(l) ‒ ‒ 0.77±0.01PBE ‒ 0.93358 ‒ 

Ag(l)  with O at surface  0.67±0.01PBE ‒ ‒ ‒ 

Ni 

3.5161PBE 

3.5240 

1.94PBE 2.02359, PBE 

2.37358 ‒ 

3.4230 2.68 2.56360 

Corundum 

R-3c 

(0001)M
 

α-Al2O3  

4.7333, 

4.7533, 

12.9177 

4.7590, 

4.7590, 

12.9910 

2.08 2.13361 1.69362 -17.42 6, 3 -1.45 19.40 0.855 

α-Cr2O3  

4.9388, 

4.9930, 

25.9979 

4.9589, 

4.9589, 

13.5931 

2.04 1.60363, PBE 1.60364 -14.27 6, 3 -1.19 21.43 0.627 

α-Fe2O3  

5.0083, 

5.0083, 

13.5404 

5.0350, 

5.0350, 

13.7200 

1.52 1.60365, ‡ 1.90366 -9.81 3, 3 -0.82 21.73 0.094 

In2O3  

5.5042, 

5.5042, 

14.5231 

5.4870, 

5.4870, 

14.5100 

1.58 ‒ ‒ -9.78 6, 3 -0.81 26.24 0.341 

Rh2O3  

5.0524, 

5.0524, 

13.6446 

5.0529, 

5.0529, 

13.6400 

2.11 1.52367, PBE ‒ -6.53 6, 3 -054 22.11 0.258 

Rock salt 

Fm-3m 

{100} 

BaO  5.4803 5.5230 0.46 0.53368 ‒ -5.64 2, 1 -0.94 15.02 0.116 

CaO  4.7203 4.8105 0.85 0.88368 1.31369 -6.78 2, 1 -1.13 11.14 0.190 

CdO  4.6546 4.6953 0.82 ‒ ‒ -2.57 2, 1 -0.43 11.01 0.065 

MgO  4.1457 4.2112 1.26 1.20368 1.20370 -6.40 2, 1 -1.07 8.50 0.235 

NiO  4.0600 4.1684 1.28 1.14371 1.38364 -3.48 2, 1 -0.58 8.24 0.124 

Fluorite 

Fm-3m 

(111)O 

c-CeO2  5.4151 5.4110 1.01 1.00372 1.20373 -11.54 2, 1 -1.44 12.70 0.216 

c-ZrO2  5.1175PBE 5.0700 0.81PBE 0.79374, PBE ‒ -19.09 2, 1 -2.39 10.96 0.423 
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Table A1 (cont’d) 

 

 

 5.0320  1.18 ‒       

c-YSZǂ  

 

 

7.2373, 

7.2373, 

15.3526 

‒ 0.70PBE 

1.04375, † 1.2394 -421.77 8, 4 -2.29 43.86 0.405 
7.1163, 

7.1163, 

15.0960 

‒ 1.42 

Antifluorite 

Fm-3m 

(111)M 

Rb2O  6.5600 6.7400 0.25 ‒ ‒ -3.72 2, 0 -0.46 18.62 0.025 

Tenorite 

C2/c  

(111) 

CuO  

4.6939, 

3.4318, 

5.1426PBE 4.6530, 

3.4100, 

5.1080 

0.72PBE 0.74148, PBE ‒ 

-1.94 2, 1 -0.65 17.52 0.066 
4.5359, 

3.3422, 

5.0054 

1.16 ‒ ‒ 

Tenorite 

C2/c  

(111) 

Cu2O  

4.2772 

4.2696 

0.65PBE 0.67376, PBE ‒ 

-2.06 2, 1 -0.51 29.50 0.030 
4.1271 0.94 ‒ ‒ 

Zincite 

P63mc 

(01̅0) 

ZnO 

3.2044, 

3.2044, 

5.1373 

3.2493, 

3.2493, 

5.2054 

1.10 ‒ ‒ -3.45 2, 1 -0.86 28.51 0.097 

Rutile 

P42/mnm 

(110) 

SnO2 

4.7309, 

4.7309, 

3.1958 

4.7373, 

4.7373, 

3.1864 

1.46 1.29377 ‒ -6.33 3,2 -1.05 21.38 0.135 

TiO2 

4.5716, 

4.5716, 

2.9269 

4.5940, 

4.5940, 

2.9590 

0.97 0.90378 ‒ -10.03 3,2 -1.67 18.92 0.250 

Anatase 

I41/amd 

(101) 

TiO2 

3.7652, 

3.7652, 

9.4766 

3.7760, 

3.7760, 

9.4860 

0.82 0.52379, PBE ‒ -8.62 4, 2 -1.44 19.27 0.284 

Delafossite 

P 63/mmc 

(for 

CuAlO2) 

or R-3m 

(0001)O 

CuAlO2 

2.8218, 

2.8218, 

11.1750 

2.858, 

2.858, 

11.293 
380 

3.02 3.47187, HF  ‒ -9.69 1, 1 -1.21 6.88 0.156 

CuCrO2 

2.9393, 

2.9393, 

16.7759 

2.9734, 

2.9734, 

11.400 
381 

1.40 ‒ ‒ -10.11 1, 1 -1.26 7.48 0.150 

CuFeO2 

2.7498, 

2.7498, 

17.1314 

3.035, 

3.035, 

11.449 
382 

1.08 ‒ ‒ -8.51 1, 1 -1.06 6.54 0.141 
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Table A1 (cont’d) 

*lattice constants were taken from the default structures in Material Studio unless cited,  
PBEvalues from PBE functionals,  
‡values from GGA with full-potential linearized augmented plane wave,  
HFvalues from Hatree-Fock, 
ǂlattice constants were supercell of ZrO2 and substituted with Y to obtain 9%-doped yttria,  
†12.5%-doped yttria, Δ𝐻f,MO is defined by Δ𝐻f,MO =  𝐸𝑜𝑥𝑖𝑑𝑒 − (𝑛𝑀 ∙ 𝐸𝑚𝑒𝑡𝑎𝑙 + 𝑛𝑂 ∙ 𝐸𝑂), where 𝐸𝑜𝑥𝑖𝑑𝑒  is the energy of 

the oxide cell per formula, 𝑛𝑀/𝑛𝑂 is the number of metal/oxygen in the oxide structure, 𝐸𝑚𝑒𝑡𝑎𝑙  is the energy of metal 

per atom taken from its bulk structure, and 𝐸𝑂 is the energy of atomic oxygen taken from half of the oxygen gas. 

A.1 Surface Energy Calculation 

The surface energies for stoichiometric symmetric slabs were calculated from the formula, 

𝛾 =
𝐸slab − 𝑛𝐸b

2𝐴
 

, where 𝛾 is the surface energy, 𝐸slab is the calculated energy of the slab, 𝑛 is the molecular ratio 

between the slab to the bulk formula, 𝐸b is energy of the bulk structure, and A is the surface area 

of the slab.  

For stoichiometric asymmetric slabs, including in the delafossite and Cu3TiO4, the surface 

energies were estimated based on an average between both surface terminations as follow, 

𝛾 =  
𝛾I + γII

2
=

𝐸Slab
I + 𝐸Slab

II − 𝑛𝐸b

4𝐴
  

 

CuGaO2 

2.9510, 

2.9510, 

17.0000 

3.011, 

3.011, 

11.441 
383 

2.82 ‒ ‒ -6.76 1, 1 -0.85 7.54 0.094 

CuInO2 

3.3052, 

3.3052, 

17.1665 

3.3831, 

3.3831, 

11.551 
383 

2.54 ‒ ‒ -5.70 1, 1 -0.71 9.46 0.061 

Cu3TiO4 

P21/c 

(010)O 

Cu3TiO4 

 

2.9188, 

11.1783, 

6.6167 

3.090, 

5.272, 

11.552 
384 

1.76 ‒ ‒ -13.12 2, 2 -0.82 15.86 0.086 
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, where 𝐸Slab
I  and 𝐸Slab

II  are the energy of the non-stoichiometric symmetric slabs of the two 

terminations present in the stoichiometric slab, and 𝑛 is the molecular ratio between the combined 

slabs and the bulk formula. 

 

Figure A1. The relaxed bulk structure of CuAlO2 (a) and its (0001)O surface (b). The relaxed bulk 

structure of TiCu3O4 (c) and its (010)O surface (d). 

A.2 Energetics and Orientations of the Individual Surfaces 

In the present study, two metals and six types of oxide structure were investigated. The 

surface energies of these components are listed in Table A1 with some obtained by both PBE and 

LDA functionals for benchmarking purposes throughout the study. For individual surface energies, 

it was found that results from LDA functional, as obtained from metals, ZrO2, and CuO, conformed 

better with experiments. Similar preference for LDA was also reported in a recent study where 

PAW potentials and GGA functional, which is typically regarded as a more superior one, were 

used for calculation of work functions, but particularly for surface energy, LDA was chosen for 

the reason that it yielded results closer to experiments.357 Therefore, most of the results presented 
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in this study, including Table 2.1, will be based on LDA functional. Nonetheless, we expected that 

the trends of surface energy among oxides and metals will be the same for both functionals. 

Hereafter, mentions of metals/oxides surface in the present study are referred to the phase and 

surface presented in Table A1 unless otherwise stated. 

For oxides of corundum structure, the stoichiometric surface (0001) with a single metal 

atom per unit cell at the surface termination was chosen for this study (Figure A5). It should be 

noted that in practice the surfaces of many corundum oxides could coexist in two forms, (0001) 

and (11̅02) due to extremely close surface energies.367,385,386 Previous studies have reported that 

for (0001) surface of Al2O3, Cr2O3, Fe2O3, and Rh2O3, the single metal atom termination was the 

most stable over a wide range of oxygen chemical potential.367,387–389 No information was found 

for corundum In2O3, but it was expected to be the same. The (0001) surface used in this study was 

relaxed with more stringent criteria (force < 0.015 eV and broken symmetry) because of potential 

surface reconstruction. Upon relaxation, all of the corundum oxide’ surfaces investigated in the 

present study exhibited substantial change, wherein the top metal atom exhibited an inward 

relaxation toward the bulk (Figure A5). In relative to the bulk structure the position moved inward 

by 76, 58, 97, and 45% for Al2O3, Cr2O3, In2O3, Rh2O3. Previous study on Al2O3 using GGA 

functional and experiments also reported ca. 80% inward movement of an Al atom.390–392 The 

inward movement of the top metallic atom was likely in order to minimize the energy from a 

numbers of dangling bonds at the metal atom. To an even greater extent, the inward movement of 

the surface Fe in Fe2O3 was 163%, meaning it submerged into the sublayer (Figure A5d). This 

inward movement of the atom for Fe2O3 was tested in both ferromagnetic and antiferromagnetic 

state, both of which yielded the same configuration. These changes were expected to affect 

adhesion properties, particularly in case of Fe2O3. The drastic change in the position of the metal 
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atom in Fe2O3 and In2O3 could contribute to their lower surface energy in relative to most other 

corundum oxides in Table A1. 

Within fluorite structure, the surface energy of cubic ZrO2 was obtained by both LDA and 

PBE functionals as it represented a YSZ surface, which is one of the main components in SOFC-

related interface that will be investigated in more detail. The results indicated that using PAW 

potential with PBE functional, like in cases of CuO and metals, tends to underestimate the surface 

energy. It should be noted that the selection of (111) surface was not only supported by it being 

the lowest surface energy, but also adhesion of YSZ with metal interfaces were shown to occur on 

this surface.91 

Cupric oxide’s structure is one-of-a-kind due to its unpaired d electron inducing Cu 

magnetic moments and a cubic-to-monoclinic structural distortion.393 The structure’s most stable 

surface was reportedly to be (111).148 It should be noted that majority of previous studies in CuO’s 

electronic structure, and catalysis, employed lower Ueff of 4-7 eV with regards to PBE functionals. 

148,149,394,395 However, the difference between experimental and our CuO’s lattice constants was 

significant when Ueff was 7 eV. Since lattice constants would be more important given the context 

of this study, we employed a lesser used Ueff of 8.50 for Cu. The discrepancy between our results 

and previous computational studies is likely due to the higher cutoff energy in this study ‒ 500 eV, 

whereas previous studies used 400 eV or less. Additionally, similar reasonable lattice constants 

were achieved if we used the cutoff energy of 400 eV.  

For cuprite structure, previous computational study reported that (111) surface exhibited 

the lowest energy, with a caveat that symmetry must be broken during surface relaxation to 

facilitate its reconstruction, and hence, lower surface energy.376,396 As the study was performed in 
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PBE functional, Table 2.1 also includes results from PBE functional for Cu2O to ensure the present 

computational setup enabled us to achieve the lowest surface energy possible. 

For zincite structure, it was reported to mostly exposed (21̅0) and (01̅0) surfaces.397 

However, computationally, our calculated surface energy showed slightly higher surface energy 

of the (21̅0) surface (1.21 J/m2) than the (01̅0) surface (1.10 J/m2). Therefore, the prediction was 

based on (01̅0) surface, although it should be noted that the Wadh from the prediction based on 

(21̅0) doesn’t differ much (results not shown). For rutile phase, many studies have demonstrated 

that the (110) surface is the most stable ones for both SnO2 and TiO2.
377,378 In case of TiO2, the 

other morphology that was investigated was that of anatase structure. Anatase TiO2 was also 

previously shown computationally to have the lowest surface energy being (101), which was also 

one of the most exposed surfaces on its synthesized thin films.398,399 

Lastly, in delafossite structure there was limited literature on their surfaces. However, 

detailed investigation was conducted on surfaces of CuAlO2. By using XPS, studies suggested that 

thin film of CuAlO2 on alumina exposed almost solely (0001) surface 185,186. The surface was also 

shown computationally to be O-terminated.187 As the structure of Cu3TiO4 is similar to delafossite 

oxides, and its (101) is equivalent to the (0001) surface of delafossite. Therefore, the (101) surface 

of Cu3TiO4 was used in this study. 
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A.3 AIMD Simulation of the Liquid Ag/YSZ Interface  

 

Figure A2. Pair radial distribution function of Ag-Ag in liquid Ag with 2 O atoms dissolved 

showing the nearest Ag-Ag distance of 2.8 Å, which is the same to the experimental value of pure 

silver measured in reducing atmosphere. 

A.4 Comparison to Previous Computational Study of Ni/ZrO2 

The importance of using c-YSZ instead of c-ZrO2 due to stability concerns was highlighted 

when comparing the 𝑊adh with prior computational studies. Previous DFT studies of the 

Ni(111)/ZrO2(111) interface using the PBE functional with an ultrasoft pseudopotential indicated 

a 𝑊adh of 1.00 J/m2.400 Other studies using c-ZrO2 also reported similar values at 1.12 and 1.28 

J/m2 when using the PBE functional with norm-conserving pseudopotential and linear combination 

of atomic orbital (LCAO) DFT.105,401 All of these values are larger than the results of 0.49 J/m2 

from GGA-PBE functional in the present study on Ni(111)/YSZ interface. This is likely due to the 

phase instability of cubic ZrO2. Pure zirconia exists in a monoclinic phase at low temperature, 

tetragonal at 927 °C, and cubic at 2377 °C until its melting point.402,403 To stabilize the cubic phase, 

8%-40% yttria is necessary.153 

Calculations on Ni(111)/c-ZrO2(111) interface calculations were performed with both 

GGA-PBE and LDA functionals. Upon relaxation, the cubic to tetragonal phase transition started 

from the interface region and propagated through the ZrO2 slab. This led to an energy reduction of 
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the slab by 1.07 and 0.22 eV (54 and 11 meV per ZrO2 formula unit) for the GGA-PBE and LDA 

functionals, respectively. However, the cubic ZrO2 slab for surface energy calculations remained 

meta-stable cubic phase after minimization. Thus, according to Eqn. 2.1, the energy reduction of 

the interface slabs due to phase transformation would proportionally reduce the interface cell 

energy (𝐸12), and consequently falsely increase the calculated 𝑊adh. This might be the reason for 

the high 𝑊adh at Ni(111)/c-ZrO2(111) interface in previous DFT studies.105,400,401 

A.5 Formation of Metal-Oxygen Bonds at the Interface  

 

Figure A3. Projected density of states (PDOS) of interface atoms in Ni/YSZ, Ag/YSZ, and 

Ag/CuO in their no-contact positions (slabs were 10 Å apart) and in their interface position as 

calculated by LDA functional. 

To obtain deeper insight into the nature of metal/oxide interface bonding, projected density 

of states (PDOS) calculations were generated for the interfaces shown in Figure A3. Firstly, before 

the slabs were put together to make the interfaces, PDOS calculations were performed on a no-

contact configuration, where the metal and oxide slabs were separated by 10 Å. This serves as a 
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reference point as well as providing initial characteristics of individual slabs. Comparing the 

metals’ PDOS in Figure A4, the range of energies of d-orbitals in Ni was wider than Ag and there 

a higher density of incompletely filled states evidenced by spilling across the Fermi level. This 

suggests an easier distribution of charges in Ni, and hence more polarizable than Ag. In the YSZ 

slab, a band gap in the O of 2.88 eV was observed. However, for CuO, the band gap was not very 

clear in the no-contact PDOS. This minor error was likely due to the disturbance of the CuO 

antiferromagnetic spins by the presence of Ag in spite of the 10 Å vacuum in between. A 0.28 eV 

band gap was obtained in (Figure A4) by removing the Ag slab and keeping the CuO slab in the 

same cell dimensions.  

 

 

Figure A4. Projected density of states (PDOS) of CuO(111) surface with stretched lattice 

parameters to match that of the metals in the interface. It exhibited a bandgap of 0.25 eV. 

Upon contact with the oxide surface, the noticeable feature of interface bonding observed 

in all three interfaces was the previously developed metal-induced gap states (MIGS) proposition, 

wherein the oxygen p-states spilled over into the band gap region (Figure A3).404 This stemmed 

from the charge transfer at the interface in order to reach electrochemical potential equilibrium for 

electrons. Although the charge transfer, presumably from metals to the oxide oxygen atoms, would 

theoretically increase the energy of the oxide slabs, but the energy of the overall system was 
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reduced as a results of the charge transfer. This was manifested in the shift of the PDOS for both 

the metal and oxide toward lower energy states (Figure A4).  

Principally, the strength of the bonds at the interface was attributed mostly by the 

appearance of bonding and anti-bonding states resulting from the coupling of the metal d-states 

and the oxygen p-states in the oxide, which are located below the oxide valence bands and above 

the metal d-bands, respectively.405 It should be noted that non-bonding states could appear and 

mingle in between these two states. However, a definitive criterion separating these states cannot 

be drawn from PDOS diagrams due to complex deformation of dispersive bands.406 Therefore, as 

an estimate, any occupied states whose energy was lowered corresponded to bond formation, 

whereas the opposite was observed for the anti-bonding.  

The shifts in density of states shown in Figure A3 correspond well to the higher adhesion 

energy of Ni/YSZ than Ag/YSZ. In the Ni/YSZ interface, the formation of the bonding p-states 

below the metal d-states was noticeable as the majority of the p states at interface oxygen atoms 

shifted to under -5 eV, well below the oxygen valence bands in the no-contact states. The same 

phenomenon was observed in the Ag/YSZ interface, but to a much lesser extent. Lastly, for the 

Ag/CuO interface, the shift in p-states of the oxygen atoms was not as dramatic as those in YSZ 

structure. However, the trend was similar in that there is a lesser amount of the p-state in the anti-

bonding region (~0 to -3 eV) and a higher population in the lower energy range of -4 to -8 eV. 

Overall, the PDOS showed several indications of the interaction between interface metal atoms 

and the oxygen atoms of the oxides.  
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A.6 The Interface Energy and Work of Adhesion Descriptor  

 

Figure A5. Surface structures showing the difference between the position of the terminated 

metallic atom of most corundum oxides (represented by Al2O3) and the Fe2O3. These are (0001) 

surface of initial Al2O3 slab (a), relaxed Al2O3 slab (b), initial Fe2O3 slab (c), relaxed Fe2O3 slab 

(d), relaxed Ag(111)||Al2O3(0001) interface (e), and relaxed Ag(111)||Fe2O3(0001) interface (f). 

 

Figure A6. The correlation between Wadh and the oxide formation energy of (0001) surface 

corundum type oxide and {001} rock salt type oxide. Note that Fe2O3 was not included for the 

reason that its geometry was unlike other corundum oxides after surface relaxation. 
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APPENDIX B: Supplementary Materials for Chapter 3 

Table B1. The Summary of quantified lignin properties and monomer yields. 

Fraction 
Klason 

Lignin 

β-O-4 
β -O-

4 
β -5 β-β S/G S/G 

Mn Mw PhOH AlOH 
13CNMR HSQC HSQC HSQC HSQC Thio* 

RT-5 57.80 15.23 58.08 3.49 38.43 1.8 1.73 1825 7161 0.82 1.59 

RT-4 69.46 20 58.27 4.98 36.75 1.8 1.70 2811 21558 0.73 1.27 

RT-3 86.61 21.91 59.56 4.77 35.67 1.84 1.73 3461 28066 0.71  1.26 

RT-2 68.25 21.92 59.88 5.48 34.64 1.86 1.76 3765 33923 0.71  1.27 

RT-1 86.45 22.88 64.62 5.72 29.66 1.86 1.76 4161 30883 0.68  1.27 

SLRP-2 78.50 28.66 67.67 8.53 23.79 1.95 1.92 6269 71216 0.52 1.25 

SLRP-1 70.74 31.25 73.02 7.94 19.04 1.99 1.95 6960 15400 0.47  1.25 

Fraction      Ni-catalyzed hydrogenolysis yields‡ (%) Quantitative thio* yields (%) 

 4-PG 4-PS 4-VG 4-VS Sy Total S unit G unit H unit Total 

RT-5 0.44 1.2 0 0 0 1.64 2.99 1.52 0.07 4.58  

RT-4 0.62 1.62 0 0 0.6 2.84 5.12 2.64 0.07 7.83  

RT-3 0.98 2.31 0 0 0 3.29 5.59 2.84 0.05 8.48  

RT-2 0 0 0 0 0 0 5.50 2.75 0.06 8.31  

RT-1 1.32 3.17 0 0 0 4.49 6.14 3.05 0.06 9.25  

SLRP-2 0.76 2.65 0.95 1.48 1.1 6.92 8.88 4.06 0.06 13.00 

SLRP-1 0.77 2.51 0.92 1.24 0.78 6.23 10.70 4.81 0.06 15.57  

Fraction Cu-catalyzed oxidation yields† (%) 

 V S VA SA AceV AceS Total 

RT-5 2.97 ± 0.05 1.23 ± 0.14 0.51 ± 0.08 0.08 ± 0.04 0.57 ± 0.04 0.00 ± 0.00 5.40 ± 0.18 

RT-4 4.63 ± 0.30 6.29 ± 0.26 0.78 ± 0.01 0.01 ± 0.19 0.70 ± 0.02 0.91 ± 0.05 13.41 ± 0.40 

RT-3 4.88 ± 0.44 6.83 ± 0.51 0.85 ± 0.12 0.12 ± 0.06 0.71 ± 0.06 1.04 ± 0.16 14.42 ± 0.73 

RT-2 4.87 ± 0.05 6.62 ± 0.13 0.84 ± 0.05 0.05 ± 0.06 0.75 ± 0.02 0.91 ± 0.11 14.11 ± 0.19 

RT-1 4.14 ± 0.35 6.34 ± 0.21 0.77 ± 0.03 0.03 ± 0.06 0.63 ± 0.02 0.81 ± 0.09 12.80 ± 0.42 

SLRP-2 5.58 ± 0.09 7.85 ± 1.06 0.68 ± 0.01 0.01 ± 0.06 0.63 ± 0.06 0.33 ± 0.04 15.21 ± 1.07 

SLRP-1 5.91 ± 0.08 7.76 ± 0.12 0.72 ± 0.03 0.03 ± 0.11 0.62 ± 0.01 0.44 ± 0.08 15.57 ± 0.20 

* thio = thioacidolysis 

‡ 4-PG = 4-propylguaiacol, 4-PS = 4-propylsyringol, 4-VG = 4-vinylguaiacol, 4-SG = 4-vinylsyringol, Sy = Syringol 

† V = Vanillin, S = Syringaldehyde, VA = Vanillic Acid, SA = Syringic Acid, AceV = Acetovanillone, AceS = Acetosyringone 
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Figure B1. Trends of phenolic hydroxyl contents (black) in fractionated lignin showing lower 

values in fractions precipitated at higher pH, while aliphatic hydroxyl content (red) do not show 

any specific trend. 

 
Figure B2. Trends of S/G ratios in fractionated lignin by HSQC NMR (red) and thioacidolysis 

(black) showing higher S/G values in fractions precipitated at higher pH and SLRP samples 

 
 

Figure B3. Trends of β-O-4 content (black) as measured by 13C-NMR and molecular weight among 

fractionated lignin showing similar increasing trend in fractions precipitated at higher pH and 

SLRP samples. 
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Figure B4. Kinetics of Cu-catalyzed oxidation reactions of lignin sample SLRP-2 showing time 

for optimal yield at the study condition is at 7 minutes. 
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APPENDIX C: Supplementary Materials for Chapter 4 

The isothermal isobaric ensemble (NPT) molecular dynamics was performed using 

COMPASS II force field with types similar to that described in the main manuscript. For each 

compound, 10 molecules of it was randomly packed in a cell with a volume of 4000 Å3. The cell 

was then relaxed and underwent NPT MD with 1000 ps equilibration time and 1000 ps production 

time, from which the cell volume was averaged over. Temperature coupling was performed with 

the Nose algorithm (Q = 0.01) and Berendsen barostat was employed with a decay constant of 0.1 

ps. 

Table C1. Comparison between density calculated from NPT dynamics using COMPASS II force 

field and experimental density of compounds similar to the dimer. 

 MD (g/cm3) Exp. (g/cm3) Error (%) 

Benzoic acid 1.23 1.27 -3.15 

1,3 Methoxy benzene 1.06 1.01 4.95 

Phenyl Ethanol 0.99 1.02 -2.94 

Guaiacol 1.19 1.11 7.21 

Glucose 1.45 1.54 -5.84 

guaiacylglycerol-beta-guaiacyl ether 1.27 - - 

 

 

Figure C1. The change in fraction of surface accessible surface area (SASA) of the dimer in 

solvated adsorb in reference to fully solvated state (δ) as estimated by SASA as a function of probe 

radius. 
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