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With the drive toward carbon neutrality, converting carbon-rich wastes, such 

as biomass and waste plastics, into fuels and valuable chemicals has attracted a surge 

of interest, for addressing the energy transition and environmental concerns. To 

improve the conversion efficiency and circumvent harsh reaction conditions, 

innovations in heterogeneous catalysts and catalytic systems are imperative. However, 

achieving this goal is daunting due to the multidimensional complexity of 

heterogeneous catalysis in terms of active site uncertainty and reaction pathway 

diversity, especially for biomass and plastics systems in which reactants are 

complicated. This thesis addresses these challenges by computational modeling in 

collaboration with experimental work, revealing the importance of microenvironment, 

impurity, structure flexibility, and defects in determining the nature of active sites and 

reaction mechanisms. 

First, we construct a framework incorporating data science, density functional 

theory (DFT) calculations, experimental synthesis, and characterization to clarify the 

active sites in carbon-based catalysts. Chapter 2 investigates the Brønsted acidic 

oxygen-containing functional groups for dehydration reactions, which are important 

for biomass upgrading. We demonstrate the stronger acidity of the phenolic group than 

that of the carboxylic group because of the special carbon environment, making it the 

dominant active site. Chapter 3 focuses on the N-doped carbon catalysts for 

hydrodeoxygenation (HDO) of 5-hydroxymethylfurfural (HMF). We elucidate that 

traces of Fe impurity, instead of abundant nitrogen species, contribute remarkably to 
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the catalytic performance. DFT calculations show that the Fe single site, i.e., the Fe-N3 

site, can promote HMF adsorption and H2 activation, which may be the true active 

site. 

Second, inspired by the importance of the Fe single atom in Chapter 3, we pay 

attention to developing high-performance Fe-N-C catalysts for catalytic transfer 

hydrogenation (CTH) of furfural through understanding the key factor affecting 

reaction pathways and exploring structure-activity relationships. In Chapter 4, we 

fabricate a highly active Fe-N-C catalyst with a turnover frequency of 1882 h-1. We 

use XANES simulations, DFT calculations, and microkinetic modeling (MKM) to 

determine a defective, flexible Fe-N3 site as the dominant active site and reveal the 

critical role of site flexibility in tuning reaction pathways and thus improving activity. 

Chapter 5 utilizes the concept of site flexibility to figure out the activity descriptor for 

the CTH of furfural. By defect engineering, we regulate the Fe-N bond lengths, i.e., 

the Fe-N3 siteôs flexibility, and unravel its profound impact on the CTH activity. 

Molecular orbital interaction analysis provides physical insights into this observation. 

We eventually build the structure-activity of Fe-N3 sites with the Fe-N bond length as 

a geometric descriptor. 

Lastly, in addition to the catalyst activity, we extend our focus to the impact of 

impurity in reactants on stability. In Chapter 6, we develop an efficient workflow 

containing structural similarity, DFT calculation, group additivity (GA) model, and 

Redhead analysis for predicting the heats of adsorption and, thereby, desorption 

temperatures of a broad range of plastics additives in Brønsted acidic zeolites. This 

guides optimizing reaction temperature to remove additives thermally, which is 

essential to mitigate the deactivation effect of additives on the Brønsted acid sites. 
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In summary, this thesis shows the critical role of computational modeling in 

clarifying active sites, investigating reaction mechanisms, establishing structure-activity 

relationships, and improving catalyst stability, which is imperative to reach a sustainable 

future. 
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INTRODUCTION  

1.1 Routes Towards Carbon Neutrality  

Today, most of worldôs energy and daily products rely on non-renewable fossil 

fuels, escalating the carbon dioxide emissions that lead to climate change1,2. In this 

context, exploring alternatives to fossil fuels has become an urgent task for achieving 

a carbon-neutral society by 2050. As a highly abundant, natural carbon source, 

biomassða class of plant and plant-derived materials including wood, energy crops, 

agricultural residues, and animal manureðpresents an obvious choice 3. It is estimated 

that global annual production of biomass could be more than 10 billion tons (dry 

basis), with an energy content exceeding 2 billion tons of coal4,5, up to 240 EJ per year 

(1 EJ = 24 Mt of oil equivalent) by 20606. Additionally, waste plastics is another 

unutilized carbon source. Due to the overuse of plastics and the lack of effective waste 

management, waste plastics are expected to accumulate to approximately 12,000 Mt 

by 20507. Efficiently handling waste plastics via recycling or upcycling can reduce 

reliance on fossil resources and mitigate environmental pollution. Taken together, 

transforming biomass and waste plastics into valuable chemicals, fuels, and materials 

is essential to closing the carbon cycle and has attracted tremendous attention8-14. 

Undoubtedly, heterogeneous catalysis is a key enabling factor to realize this transition. 

Chapter 1 
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1.2 Importance of Heterogeneous Catalysis 

Catalysis, a technology accelerating chemical reactions and improving 

selectivity of desired products, is central to numerous manufacturing processes15. 

Heterogeneous catalysts, where solid materials convert gas and/or liquids, are more 

cost-effective and simplify separation and recycling. Owing to this merit, 

heterogeneous catalysis is indispensable for most industries, encompassing more than 

80% of modern chemical processes16,17. It is also crucial for a sustainable future 

through the conversion of biomass and waste plastics into fuels and value-added 

chemicals. Specifically, purely thermal techniques are non-selective, and further 

upgrading is required to get high-quality products, which is hardly realized without 

catalysis. Therefore, developing new catalysts and exploring optimal reaction 

conditions have attracted increasing attention18-21, aiming at highly active, selective, 

and stable catalytic processes. Nevertheless, achieving this goal is challenging due to 

the complexity of heterogeneous catalysis, discussed in the following section. 

1.3 Complexity of Heterogeneous Catalysis 

A catalytic reaction involves chemical and energy transformations between 

reaction species and active sites. Given this, understanding the nature of active sites 

and reaction mechanisms is the prerequisite for understanding why particular catalysts 

work and designing new catalysts. Yet, active site uncertainty and reaction pathway 

diversity render progress slow. 

First, active sites are not uniform; they differ in geometric structures, 

compositions and locations over the catalyst surface. In addition, they can change 

during the reaction through various processes, including Ostwald ripening, sintering, 

surface reconstruction and segregation22. Overall, this heterogeneity and dynamic 
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variability make it difficult to pinpoint the exact sites responsible for experimentally 

observed catalytic performance, hindering the rational design of catalysts. Taking 

carbon-based catalysts as an example, this thesis demonstrates this point. 

Apart from active site uncertainty, reaction pathway diversity adds complexity 

to catalyst design. Starting with reactants, catalytic reactions often have several 

possible pathways, each with different intermediates and transition states, leading to 

different products. Predicting which pathway dominates under specific conditions is 

essential to improve the reaction rate and the selectivity toward a target product, but it 

is not an easy task and is particularly hard for biomass transformation reactions. 

Indeed, compared to hydrocarbons derived from fossil fuel resources, biomass-derived 

molecules are usually large and composed of multiple functional groups, resulting in 

an exponentially increased number of reactions and surface intermediates, which 

makes the reaction network more complex. 

Besides the activity, catalyst stability is another fundamental issue in catalysis. 

Over the past decades, more than 30 deactivation mechanisms have been reported, 

generally grouped in catalytically active sitesô loss, blockage, and modification23. 

Although many in situ and operando techniques have been developed to monitor 

catalystsô deactivation, a comprehensive mechanistic understanding is lacking due to 

the limitations of individual techniques, hindering the design of stable catalysts. 

Trial-and-error is insufficient to tackle these challenges. With the advent of 

quantum chemistry and rapidly increasing computing power, computational methods 

have emerged as powerful tools for exploring this ñblack boxò. 
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1.4 Role of Computations in Rational Design of Catalysts  

Generally, computational methods can not only provide atomic-level insights 

into experimental catalytic performance but also guide the discovery of novel catalysts 

with high activity and stability. Density functional theory (DFT) is a computational 

method that focuses on the electronic density (a three-dimensional variable) instead of 

solving the Schrödinger equation for the wave function (3N-dimensional variable)24. 

Due to its low computational cost and considerable accuracy, DFT calculations have 

been highly effective in studying a broad range of catalytic systems25. This section 

details the role of computations in the rational design of catalysts, specifically for 

identifying the nature of active sites, revealing reaction pathways, establishing 

structure-activity relationship, and improving catalyst stability (Figure 1.1). 

 

Figure 1.1: The critical role of computations in rational design of catalysts. 
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1.4.1 Identif ying Active Site(s) 

Although many techniques have been developed to characterize the bulk and 

surfaces of heterogeneous catalysts26, information may not be relevant as the active 

sites often constitute only a tiny portion of the surface27. For example, chemisorption 

by CO titrates all metal sites, but steps may be the active ones. Without knowledge of 

the active site and their fraction of the total, the turnover frequency (TOF) does not 

represent the actual activity of the catalyst. Furthermore, characterization methods 

could alter the catalyst, so the connection between titrations and active catalyst sites 

still needs to be discovered. 

Complementary to experiments, computations can identify active sites. For 

instance, data-driven quantitative structure-property relations (QSPR) using various 

elementary machine learning tools (correlation matrix, principal component analysis, 

partial least squares) can efficiently illuminate correlations between catalyst 

performance and structural properties, laying a foundation to determine active 

sites28,29. Furthermore, DFT-based spectroscopy simulation, such as X-ray absorption 

spectroscopy (XAS), which is highly sensitive to the electronic and thus geometric 

properties of active sites, could reveal the structure of active sites such as local 

coordination, bond length, chemical composition, etc30,31.  

1.4.2 Revealing Reaction Mechanisms 

Reaction mechanisms describe pathways from reactants to products and 

byproducts. The key to reaction mechanism investigation at given active sites is 

unraveling the rate- and selectivity-determining step required to design high-

performance catalysts. To this end, DFT calculations have been widely used to obtain 

the energy profiles of reaction pathways of involved intermediates and transition 
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states, chosen based on experimental observations, existing literature, or automatic 

reaction mechanism generators32. The energetics can then be incorporated into 

microkinetic modeling (MKM) to identify rate-limiting steps and predict macroscopic 

reaction kinetics33, such as reaction rates, product selectivity, apparent reaction 

barriers, and reaction orders. The proposed mechanism and active sites can be verified 

by comparing them with experimental results. This framework is the standard 

approach to understanding the performance of catalysts and optimization strategies34. 

1.4.3 Establishing Structure-Activity Relationship 

Despite the importance of comprehensive DFT and MKM calculations in 

revealing intermediates and transition states that determine the reactivity of a catalytic 

system, performing these calculations for high-throughput catalyst screening is 

daunting. Catalystsô activity is fundamentally determined by their electronic and/or 

geometric structures through reduced representations termed descriptors or features. 

Therefore, establishing structure-activity relationships through appropriate descriptors 

is significant for predicting advanced catalysts. Over the past decades, extensive ab 

initio computations have been conducted to explore the descriptors and structure-

activity relationships for various systems35-39. For instance, the calculated adsorption 

energy of hydrogen atom can be used to correlate the experimental activity of 

hydrogen evolution reaction (i.e., exchange current, i0)
40; the band gap energy of metal 

oxides shows a good relationship with the apparent activation energy of propene 

oxidation41. Despite these achievements, the structure-activity relationships for 

biomass-related reactions remain limited due to the complexity of this system; an 

efficiently computed, physically interpretable, and experimentally measurable 
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descriptor is missing. This thesis showcases how to develop such a descriptor and 

structure-activity relationship for furfural hydrogenation. 

1.4.4 Improving Catalyst Stability  

As highlighted earlier, catalyst stability is essential for an efficient catalytic 

process. To design stable catalysts, understanding the deactivation mechanisms at the 

atomic scale and relating them to reaction conditions is paramount. Specifically, 

catalyst deactivation can be due to the modification of active sites caused by the 

adsorption of impurities in the reactants42, which may be reversible depending on the 

adsorption strength; in this context, the rapid and accurate prediction of their 

desorption temperatures, guiding the optimization of reaction temperature to make 

them desorb, can improve catalyst stability. The group additivity (GA) can estimate 

molecular properties43,44. GA models can be constructed with a limited amount of data 

from first-principles calculations without inputs from experiments and are physically 

interpretable according to the contribution of every group to the property. In this 

context, the groups or graphs represent the descriptors, and the GA model is a QSPR 

model. In this thesis, we propose a DFT-based GA model in predicting the desorption 

temperatures of plastics additives, aiming to alleviate their deactivation effect on the 

active sites and optimize plastics recycling process. 

1.5 Dissertation Scope and Structure 

This thesis aims to design improved catalysts and processes for carbon 

neutrality by computational modeling synergistically with experiments. Taking 

complex carbon-based materials as an example, we clarify the impact of local 

environment, impurity, structure flexibility , and defect engineering on the nature of 
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active sites (Figure 1.2). We reveal the critical factor affecting the activity of Fe 

single-atom N-doped carbon catalysts and establish the structure-activity relationship 

with a simple geometric descriptor. Apart from activity, we further focus on the 

deactivation effect of impurities in feedstock on the active sites to improve catalyst 

stability. We develop a highly effective workflow for predicting the desorption 

temperatures of additives to mitigate their negative impact on Brønsted acid sites 

(BAS) of zeolites for plastic recycling. 

 

Figure 1.2: Dissertation scope and structure. 

Chapter 2 investigates the Brønsted acidic oxygen-containing functional 

groups in carbon materials. Combining comprehensive experimental characterization 

techniques, data science analysis, and DFT calculations reveals that the phenolic group 

is the dominant acid site for gas-phase chemistries. We demonstrate that carboxylic 
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groups are much less acidic than phenolic groups in the graphitized mesoporous 

carbon. This counterintuitive result is because the electron density delocalization of 

oxygen functional groups is profoundly affected by the carbon microenvironment. 

This chapter proposes a methodology of active site identification for complex carbon 

materials, which can be applied to other carbon-based materials containing other 

heteroatoms. 

Chapter 3 focuses on another important category of metal-free carbon catalyst, 

N-doped carbon catalysts, which are applied for hydrodeoxygenation (HDO) of 5-

hydroxymethylfurfural (HMF) to 2,5-dimethylfuran (DMF). A 91% yield of DMF and 

high catalyst stability are obtained. Complementary to extensive experimental 

characterizations, data science analysis and DFT calculations suggest that Fe impurity, 

rather than non-metallic elements, is critical for the excellent catalytic performance of 

HDO. The proposed Fe-N3 site facilitates H2 activation and HMF adsorption, key 

steps for HDO of HMF. This chapter underlines the non-negligible role of metal 

impurity, even at low concentrations, in determining the overall activity of catalysts, 

meanwhile foreshadowing that Fe single-atom N-doped carbon materials could be a 

promising candidate for biomass conversion. 

In Chapter 4, we are inspired to investigate Fe-N-C catalysts for furfural 

catalytic transfer hydrogenation (CTH). We fabricate a Fe-N-C catalyst with excellent 

catalytic performance, superior to other reported metal and acid-base catalysts. Rather 

than the common four-coordinated Fe sites (Fe-plN4), we determine the three-

coordinated Fe sites (Fe-plN3) as the active sites by combining XANES simulations, 

DFT calculations, and MKM studies. The TOF of Fe-plN3 is higher than that of Fe-

plN4 by several orders of magnitude, which is attributed to the fact that Fe-plN3 sites 
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allow the co-adsorption of key intermediates and the chemistry to proceed. We 

unraveled the importance of site flexibility  in collocating the reagents based on 

electronic structure analysis of the two different Fe sites. This chapter manifests an 

efficient methodology for active site determination. It implies that the structural 

flexibility of the Fe-N3 site is vital for tuning the electronic structure of Fe atoms, 

thereby, the CTH activity. 

Chapter 5 utilizes the flexibility of Fe-N3 sites embedded in the edge of zigzag 

graphene ribbons to establish a structure-activity relationship for Fe-N3 sites. We 

introduce divacancy defects around the Fe-N3 sites to regulate the Fe-N bond lengths 

and CTH activity. We figure out that an unoccupied Fe σὨ  orbital is critical to 

stabilizing the hydride transfer transition state; the change in electronic structure is 

induced by the Fe-N3 distortion, raising the Fe σὨ  orbital and strengthening the 

binding of the transition state. We propose that Fe-N3 site reconstruction is related to 

Fe-N bond lengths, which are used as a simple geometric descriptor for the CTH 

activity of Fe-N3 sites. This chapter provides in-depth insights into the CTH activity 

and paves the way for discovering active Fe-N-C catalysts. 

In Chapter 6, we extend our focus to the influence of reactant impurities on the 

stability of active site. We develop a computational workflow to predict the heats of 

adsorption and, consequently, desorption temperatures of plastics additives in 

Brønsted acidic zeolites, aiming to alleviate the negative impact of additives on 

catalytic recycling of plastics. We leverage the structural similarity among additives 

and develop a group additivity model trained on DFT data to predict heats of 

adsorption for a broad range of additives. We estimate their desorption temperatures 

using the Redhead analysis, guiding the optimization of the reaction temperature to 
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mitigate the impact of the additives. This chapter proposes an efficient strategy to 

improve the stability of catalysts, contributing to plastic waste management. 

Finally, Chapter 7 summarizes the dissertation conclusions and discusses 

directions for future research.  
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IDENTIFCATION OF ACTIVE OXYGEN FUNCTIONAL GROUPS ON 

CARBON MATERIALS   

2.1 Abstract 

Oxygen-containing carbons are promising supports and metal-free catalysts for 

many reactions. However, distinguishing the role of various oxygen functional groups 

and quantifying and tuning each functionality is still difficult. Here we investigate the 

role of Brønsted acidic oxygen-containing functional groups by synthesizing a diverse 

library of materials. By combining acid catalyzed elimination probe chemistry, 

comprehensive surface characterizations, 15Nisotopically labeled acetonitrile 

adsorption coupled with magic-angle spinning nuclear magnetic resonance, machine 

learning, and density functional theory calculations, we demonstrate that phenolic is 

the main acid site in gas-phase chemistries and unexpectedly carboxylic groups are 

much less acidic than phenolic groups in the graphitized mesoporous carbon due to 

electron density delocalization induced by the aromatic rings of graphitic carbon. The 

methodology can identify acidic sites in oxygenated carbon materials in solid acid 

catalyst-driven chemistry. 

2.2 Contributions 

This chapter is adapted from a published work45 collaborating with multiple 

people. Piaoping Yang carried out all the DFT calculations. Jiahua Zhou performed all 

the experimental work and analyzed the XPS, NMR, TPD-MS data. Piaoping Yang, 

Chapter 2 
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Maximilian Cohen, and Jiahua Zhou conducted the XPS data analysis. Pavel A. Kots 

provided the guidance for the catalyst synthesis and the NMR measurement. Stavros 

Caratzoulas oversaw the theoretical calculations and analysis. Dionisios G. Vlachos 

and Weiqing Zheng directed the project and provided supervision. 

2.3 Introduction  

Owing to their low cost, light-weight, high surface area, high thermal 

conductivity, and readily modified structure and surface chemistries, carbon-based 

catalysts are routinely used for energy storage, sensors, electrocatalysis, and 

heterogeneous catalysis20,46,47. Pure carbon with a uniform sp2-hybridized structure is 

not suitable for catalysis. Functionalization with heteroatoms48,49, including N, O, P, 

etc., makes carbon a prominent support and a metal-free catalyst. The 

microenvironment of carbon atoms48,50-52 strongly impacts the interaction between 

reactants, intermediates, and products with catalysts53,54. Undoubtedly, oxygen-

containing functional groups (OCFGs) are widely investigated in many applications54-

56. It has been suggested that the composition in acidic OCFGs (ïOH, ïCOOH, 

lactone, carboxylic anhydrides) affects the metal particle size distribution by serving 

as coordination sites for metal cations, greatly dispersing metal particles57. 

Furthermore, several OCFGs can serve as Brønsted acid sites (BAS), e.g., for 

dehydration, cellulose hydrolysis, etc.58-60, or base sites. The relative activity of each 

type of site is unknown.  

Developing OCFGs composition-function relationships remains elusive due to 

having many different sites and limitations on characterization stemming from 

challenges in using ultraviolet and visible light-based spectroscopic techniques on 

carbon61. Specifically, Fourier transform infrared spectroscopy (FTIR), often used to 
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distinguish sites based on the vibrational frequency of the chemical bonds, is 

inapplicable, as IR photons are almost completely absorbed by carbons. While diffuse 

reflectance IR spectroscopy (DRIFTS) can be applied, obtaining IR extinction 

coefficients is challenging62,63. Temperature programmed decomposition mass 

spectrometry (TPDE-MS) can detect OCFGs over a temperature range (500 to 1200 

K). Yet, surface functionalities may undergo consecutive transformations giving gas-

phase products formed in situ during TPDE rather than being in the initial carbon 

structure64-66. Raman spectroscopy is promising to detect the crystal and molecular 

structure and is very sensitive to the structural disorder of carbon but cannot 

distinguish OCFGs67. Boehm titration68,69 assumes bases of different strength react 

with a specific type of OCFGs but is challenged when distinct chemical functions 

possess similar pKa values. Furthermore, it cannot distinguish aprotic acidic groups 

(lactones, carboxylic anhydrides) that can hydrolyze into ïOH or ïCOOH in water or 

acid/base solutions and does not account for the porosity and material 

hydrophilicity/hydrophobicity (in the liquid phase)60,61,69. High-resolution X-ray 

photoelectron spectroscopy (XPS) is sensitive to the elemental composition and the 

relative carbon fraction in various oxidation states. Blume et al.70,71 reported high-

quality fits of the C 1s spectra. However, some binding energy signals unavoidably 

overlap partially due to similar oxygen chemical states in various OCFGs within only 

a 5 eV energy range. For example, lactones and carboxylic groups containing O= CïO 

cannot be unambiguously identified through peak fitting. The ïOH can be hydroxyl 

(associated with alkyl rings) or phenolic (associated with benzene rings), but it is 

challenging to distinguish the two. Therefore, it is essential to develop general 
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techniques to understand the role of oxygen functionalities in such complex materials 

as carbons. 

Here we investigate the chemical functionality of carbons by synthesizing a 

diverse library of materials with varying oxygen functionalities. We combine 

multimodal techniques, namely ex situ and in situ XPS and TPDE-MS, gas-phase 

elimination probe reactions (tert-butanol and isopropanol dehydration)72, and machine 

learning (ML) tools (regression, partial least squares, etc.)73,74 to elucidate the 

protonated acidic OCFGs (ïOH, ïCOOH) serving as Brønsted acid sites. 

Unexpectedly, we find that ïOH (phenolic group) is the dominant site and extremely 

more active than ïCOOH (carboxylic group). By introducing 15N isotopically labeled 

acetonitrile adsorbed magic-angle spinning nuclear magnetic resonance (MAS NMR) 

as a general acid site identification method for carbons, and comprehensive density 

functional theory (DFT) calculations, we demonstrate that the higher activity of ïOH 

stems from the carbon microenvironment and specifically the electron density 

delocalization caused by aromaticity and the number of benzene rings conjugated with 

the conjugate base of the acid site. 

2.4 Methods 

2.4.1 Machine Learning 

Non-negative Least square regression (NNLS) and partial least squares (PLS) 

were applied to simplify the complexity of the high-dimensionality data and relate the 

multiple types of OCFGs with the dehydration rate. These various elementary machine 

learning were carried out using Python software. 
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2.4.2 DFT Calculations 

Spin-polarized DFT calculations were performed using the Vienna ab initio 

software package (VASP, version 5.4.1)75. The electron exchange and correlation 

effects were described by PerdewïBurkeïErzenhof (PBE) exchange-correlation 

functional76. The core electrons were represented with the projector augmented wave 

(PAW)77 method and a plane-wave cutoff of 500 eV was used for the valence 

electrons. Van der Waals interactions were considered via dispersion-corrected density 

functional theory calculation (DFT-D3)78 in the simulations. The Gaussian smearing 

method with a smearing width of 0.05 eV was employed. The pristine graphene ribbon 

with armchair edges contained 54 C atoms and 12 H atoms, while the one with zigzag 

edges consisted of 60 C atoms and 12 H atoms. The vacuum space in the z-direction 

was set to 25 Å and the in-plane vacuum between ribbons was set to at least 15 Å. 

Brillouin zone was sampled with a (1 × 3 × 1) k-point and (3 × 1 × 1) k-point grid for 

the armchair edge model and the zigzag edge model, respectively. All geometry 

optimizations were performed using the conjugate gradient algorithm. The atomic 

force convergence of 0.02 eV/Å and the energy tolerance of 10ī6 eV were employed. 

The total energies of the gases were calculated in boxes of 20 Å × 21 Å × 22 Å using 

gamma point. To obtain thermal corrections of electronic energies at 523 K, the 

vibrational frequencies were computed within the harmonic oscillator approximation 

via diagonalization of the Hessian matrix using the central difference approximation 

with a displacement of 0.015 Å. Transition states were computed using nudged elastic 

band and dimer calculations79,80 and confirmed by vibrational frequency calculations. 

Thermochemical parameters of gaseous species were taken from the Burcat 

database81. The free energies of surface species were corrected using the python 

Multiscale Thermodynamic Toolbox (pMuTT)82. 
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The deprotonation energy (DPE) was defined as the energy required to 

separate the proton from the acid group, as shown below (Eq. 2.1): 

 ὈὖὉὉ Ὁ Ὁ  (2.1) 

where Ὁ , Ὁ , and Ὁ  represent the energies of the proton, conjugate base 

group, and acid group. The cluster models with 66 C atoms and 22 H atoms (before 

substitution with ïOH and ïCOOH) were employed for DPE calculations. The 

calculations for charged states were performed by applying a neutralizing uniform 

background charge distribution83. 

For NMR calculations, a cutoff energy of 600 eV was used and an electronic 

step convergence criterion was set to 10ī9 eV. 

2.4.3 Preparation of Functionalized Carbon Materials 

Graphitized mesoporous carbon (GMC) (Sigma-Aldrich, <500 nm, >99% trace 

metal basis) was first treated with concentrated nitric acid (Sigma-Aldrich, 70%, 

purified by redistillation, ů 99.999% trace metals basis) under vigorous magnetic 

stirring at 130 °C for varying time. The ratio of nitric acid to carbon was set as 150mL 

to 6 g to keep the concentration of HNO3 constant. After treatment, the solution was 

cooled to room temperature, centrifugated, and washed with deionized water until the 

pH reaches 7. Then the carbon samples were dried at 110 °C for 24 h. Finally, the 

samples were annealed in a tube furnace at different temperatures for 1 h under 

Helium with a 100mL/min flow rate and a heating ramping of 1.5 °C/min. The 

samples are labeled as GMCs-ox (a h)-b °C, with a and b corresponding to the HNO3 

treatment time (a = 6 h, 12 h, 24 h, 48 h) and annealing temperature (b = 200 °C, 

400 °C, 600 °C, 800 °C), respectively. 
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2.4.4 Materials Characterization 

The Raman spectra, Specific surface area (BET) measurement, Temperature-

programmed decomposition (TPDE-MS), Elemental analysis, X-ray photoelectron 

spectroscopy, and 15N solid-state MAS NMR spectroscopy are reported in Appendix 

A.1 

2.4.5 Probe Reactions 

The probe reactions were carried out in a quartz reactor with an internal 

diameter of 9 mm. The catalyst bed was fixed by two inert quartz beds (30-40 mesh) 

and was placed in the isothermal zone of a furnace. A thermocouple, covered by a thin 

quartz tube, was placed in the middle of the reactor to infer the catalyst bed 

temperature. Mass flow controllers (Brooks) controlled the flow rates; Nitrogen (N2) 

(>99.999%) was used as the carrier gas for purging tert-butanol into the reactor, and 

helium (He) (>99.999%) served as the balance gas. The total flow rate of the gas 

mixture was 100mL/min. 

The probe reactant was introduced to the reactor through a gas saturator with 

controlled temperature. The alcohol flow rate was adjusted through the flow rates of 

N2 and He and the bubblerôs temperature. All pipelines were heated to >150 °C by 

heating tapes to prevent alcohol condensation. The reaction products were analyzed 

using gas chromatography (Agilent 7890 A) equipped with a Plot-Q column and a 

flame ionization detector (FID). The catalyst was pretreated in a mixture of N2 

(50mL/min) and He (50mL/min) at 140 °C for 1 h before purging alcohol into the 

reactor. The initial dehydration rate was calculated by extrapolating the data to zero 

time (Eq. 2.2): 

 ὈὩὬώὨὶὥὸὭέὲ ὶὥὸὩ
  

   
 (2.2) 
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2.5 Results and Discussion 

2.5.1 Quantification of Oxygen-containing Functional Groups (OCFGs) 

Graphitized mesoporous carbon (GMC) was chosen on account of its highly 

graphitic composition (Figure A.1 in Appendix A.2), low fraction of surface 

functional groups, heteroatoms, and limited density of imperfections, such as twists, 

non-aromatics, links, and vacancies. Nitric acid oxidation involves oxidative ions 

(e.g., H3O
+, NO3

-, NO2
+, arising from self-dehydration) that attack the aromatic rings, 

change the conjugate carbon atoms, and introduce vacancies, defects, and edge planes. 

Collectively, nitric acid oxidation forms basic and acidic groups (carbonyls, 

carboxylic, phenolic groups, etc.)84 as shown in Figure 2.1a. The oxidized materials 

were subsequently annealed and are hereafter denoted as GMCs-ox (a h)-b °C (acid 

treatment for hours and annealed at temperature b; see Methods). Figure 2.1b shows 

that the intensity ratio of the D-band to G-band (ID/IG) of the oxidized GMCs-ox is 

lower than the as-received-GMCs, revealing conversion of the graphitized carbon to 

defects during treatment (conditions in Table A.1). Both XPS analysis and CHNS 

measurement (Table A.1) indicate the introduction of oxygen into the carbon without 

other heteroatom contamination e.g., nitrogen (Figure A.1a, Table A.2, and Figure 

A.3). The elemental composition can be determined from the C 1s and O 1s core-level 

spectra with sensitivity factors from the Kratos library64 (Table A.1). Figure 2.1c and 

Figure 2.1d exhibit the representative and stable C 1s and O 1s fitting models70,85 of 

two samples, with detailed fitting basis and assignments, fitting parameters, and 

Monte Carlo error analysis in Appendix A.3. The quantification of the species from 

the C 1s spectra (Figure A.5) is disturbed by the asymmetric structure of the graphitic 

carbon peak (group C1, Imax = 284.4 eV) up to high binding energies. Differences in 
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OCFGs (range higher than 285 eV) can still be observed by subtracting the GMCs-ox 

C 1s spectra from the as-received GMCs (Figure A.4). Minor errors in the subtraction 

of the graphitic peak result in a large error due to the small OCFGs fractions, 

highlighting one of the challenges in data analysis86. Although assigning the chemical 

bonds contributing to the O 1s core-level spectrum (Figure 2.1d) is less 

straightforward87-89, the differences in spectra among samples are again statistically 

significant (Figure A.3). Below, we use spectra differences as part of our approach. 

The various carbon Ci (species from C 1s fitting) and oxygen Oi (species from O 1s 

fitting) groups depicted in Figure 2.1a that are quantified from the XPS data, e.g., C3, 

C6, or O4, do not in most cases correspond to a single functional group and thus to a 

single active site, but rather to a collection of a few of them. Conversely, individual 

oxygen species may appear in several XPS groups, correlating XPS groups. These 

correlations complicate the data analysis and development of structure-reactivity 

relations. For example, standard principal component analysis of the groups affecting 

the reaction rate gives unphysical results. It is thus crucial to account for these 

correlations to reveal the actual active sites. 



 21 

 

Figure 2.1: Carbon surface microenvironment. (a) Graphitic model structures and 

oxygen-containing functional groups (OCFGs): green and blue shadings 

indicate acidic and basic OCFGs, respectively. (b) Raman spectra of as-

received GMC and GMC-ox (oxygen-functionalized) normalized to the 

D-band intensity of the GMC-as received sample. (c) C 1s peak fitting of 

GMCs-ox (24 h)ī400 ÁC and (d) O 1s peak fitting for GMCs-ox (24 

h)ī200 ÁC (inset enlarged view of Figure. 2.1d) for showcasing the 

approach. 

To unequivocally unravel the distribution of groups, we combine XPS with 

TPDE-MS of the CO, CO2, H2O released upon heating the samples (previously 

annealed at various temperatures). Comparison of the pristine and annealed samples 

reveals important mechanistic information on the stability of the various groups. As 

shown in Figure 2.2a, the broad CO2 peak in the pristine GMCs-ox (48 h) sample from 
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150 to 400 °C with a maximum around 250 °C is attributed to the decomposition of 

carboxylic groups (group O6)90. The shoulder at 400ï600 °C stems from the 

decomposition of carboxylic anhydride and lactones (groups in O2 and O5), which are 

more stable than the carboxylic groups (group O6). The H2O peak at 250 °C is 

attributed to the dehydration of phenolic/hydroxyl groups (group O4) or the formation 

of carboxylic anhydrides from the condensation of neighboring carboxylic groups 

(group O6). Notably, the significant peak at 600ï650 °C in the CO profile arises 

predominantly from the degradation of phenolic or ethers from the CïO bond (groups 

in O3, O4, O5; Figure 2.1a). Peaks higher than 650 °C are ascribed to C =O from 

ether, ketone, or quinone groups (groups in O1, O2, O5). 

Figure 2.2b displays the fittings of the O 1s difference spectra of samples 

annealed at various temperatures. The data are correlated with the H2O, CO2, and 

COMS profiles. The difference spectra between GMCs-ox (48 h)ī200 ÁC and GMCs-

ox (48 h)ī400 ÁC can be fitted with four peaks (Figure 2.2b, bottom). The 531.2 eV is 

assigned to the C =O double bond of (group O2) ketones, lactones, anhydrides, etc.; 

the 531.9 eV to the CïOïC in furans or keto-enolic tautomers of group O3; the 532.7 

eV to the phenolic group (group O4), and the 534.2 eV to the carboxylic group (group 

O6). Consistent with the TPDE profile of the pristine GMCs-ox (48 h) and GMCs-ox 

(48 h)ī400 ÁC, the carboxylic group (group O6) is mainly removed, and the phenolic 

group (group O4) is partially condensed upon annealing at 400 °C. In addition, the 

phenolic/hydroxyl species (group O4) in the difference spectra of GMCs-ox (48 

h)ī400 ÁC and GMCs-ox (48 h)ī600 ÁC (Figure 2.2b, middle) are largely decomposed 

upon annealing at 600 °C. In contrast, carboxylic groups (group O6) almost fully 

disappear, in line with the MS profiles. The protonated groups O4 and O6 are 
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completely eliminated when annealed at 800 °C (Figure 2.2b, top) due to their lower 

thermal stability than species in group O2 and O3. These findings agree with MS data. 

In summary, we conclude that the MS data and the fittings of the O 1s difference 

spectra furnish comprehensive data for quantifying the OCFGs from the XPS fitting 

model we use in the present work. Figure 2.2c and Figure 2.2d show the distribution 

of sp2 vs. sp3-hybridized carbon and OCFGs in the oxidation and annealing steps and 

provides mechanistic understanding during the treatments. Notably, after six hours of 

nitric acid treatment, the graphitic (sp2-hybridized) carbon has decreased significantly, 

indicating structure damage at early times, giving rise to sp3 carbon64. At longer 

oxidation times, the sp2 and sp3 carbons change more gradually. The oxygenated 

groups more likely form early on at the more reactive sp3 carbons of pentagons or 

heptagons. Consistent with the MS profiles, the density of protonated O4 and O6 

groups is anticorrelated with the annealing temperature but positively correlated with 

the oxidation time. Clearly, the acidic groups (phenolic, carboxylic, anhydride, 

lactone, etc.) are predominantly obtained by low-temperature liquid-phase oxidation. 

In contrast, the basic groups (ketones, quinones, and isolated carbonyl groups) form 

primarily upon annealing in an inert gas at temperatures > 400 °C. These expected 

findings can guide future materials synthesis. Overall, various oxygenated groups are 

simultaneously introduced upon acid treatment and further adjusted with thermal 

treatment. 
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Figure 2.2: Carbon hybridization and OCFGs at various conditions. (a) a TPDE-MS 

profiles of CO, CO2, and H2O for GMCs-ox (48 h)-fresh, GMCs-ox (48 

h)-b °C, (b = 400, 600, and 800 °C). (b) O 1s ranges of XPS spectra and 

difference spectra (hatched areas including the fit). Concentration of 

carbon and functional groups from C 1s and O 1s fittings during 

pretreatment at (c) various oxidation times and (d) annealing 

temperatures after oxidation for 48 h. 
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2.5.2 Correlating Alcohol Dehydration with Acid Active Centers 

Expectedly, the acidic and basic OCFGs give the material acid-base 

bifunctional properties90,91. The base properties result probably from the adsorbed Oī 

and O2
ī species or pyrone-like structures92, whereas the acid properties stem from 

protonated species including carboxylic (ïCOOH) and phenolic/hydroxyl groups 

(īOH). Other OCFGs with complicated structures, such as lactones, are non-catalytic. 

Water or an acidic/basic environment can hydrolyze some of these OCFGs into 

protonated groups (for example, carboxylic anhydrides form two carboxylic groups 

and lactones generate one carboxylic and a neighboring phenolic group, 

respectively)60. This interconversion of groups, potentially during reaction, can 

complicate the development of structure-reactivity relations as the number and type of 

sites may occur at time scales comparable to those of chemical reactions (see below). 

To reveal the Brønsted acidic nature of OCFGs, we employed tert-butanol (t-

BuOH) dehydration to isobutene as a probe acid-catalyzed reaction72,93,94. Figure 2.3a 

depicts time-on-stream (TOS) data for the as received and the four oxidized carbons, 

illustrating the initial rate (circles on the y-axis). The rate varies slowly with TOS. The 

practically zero dehydration rate over the as-received GMC (Figure 2.3a, bottom) 

indicates minimal acidity. In stark contrast, samples with abundant acidic OCFGs 

exhibit high initial dehydration rate (Figure 2.3a, middle and top). However, the initial 

dehydration rate does not scale linearly with the oxygen content (Figure 2.3b). 

Specifically, samples with similar oxygen content can show profoundly different 

initial rates by an order of magnitude (see data with O between 1 and 4 mmol/gcat.; 

gray ellipse). A similar rate is obtained using materials with an oxygen content 

varying significantly from 1 to 3 mmol/gcat. (Bottom data in Figure 2.3b; blue ellipse). 
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Consequently, the variation in type, strength, and carbon hybridization makes it 

challenging to correlate the Brønsted acid active sites to the dehydration rate.  

 

Figure 2.3: Probe reaction and key reactivity descriptors. (a) a tert-butanol 

dehydration rate on oxidized samples. Reaction conditions: 140 °C, 

4mol% t-BuOH, 10mg catalyst. The initial rates are estimated using a 

3rd-order polynomial fit and extrapolated to zero reaction time. (b) 

Correlation between oxygen content and initial rate. (c) Correlation 

matrix, showing the correlation coefficients between descriptor pairs. The 

purple and gray colors indicate a strong positive and negative correlation 

between factors. (d) R square of scatter plot of the initial rate against the 

concentration of OCFGs. 
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It is challenging to unravel the contribution of the dominant OCFGs (see 

detailed structures of individual groups in Figure A.6) 2.3g) to alcohol dehydration 

due to the overlap of binding energies among functional groups in the XPS spectra. 

The C 1s and O 1s core-level XPS spectra fitting provides information about multiple 

groups at once, as shown in Figure 2.1a. We employ stoichiometric relationships 

between the XPS fitting groups of the fresh sample (C3-C6 (j = 1ï4) and O1-O6 (j= 

5ï10)) and the intrinsic oxygen functional groups (Gi (i = 1ï10)) to quantify the latter 

and build OCFGs-reactivity relations (see Appendix A.4). Before decoupling the 

OCFGs into individual groups (Gi), we correct the surface oxygen content obtained 

from XPS with bulk content measured by CHNS (Appendix A.4). We then investigate 

the OCFGs-reactivity relationship using elementary machine learning tools including 

correlation matrix, ordinary least squares regression, and partial least regression. To 

eliminate the dynamic change of the OCFGs during reaction, we consider the initial 

reaction rate and the group concentration obtained from the fresh samples for these 

data analyses. The correlation matrix indicates that three acid groups, namely G3 

(phenolic/hydroxyl), G4 (carboxylic), and G10 (carboxylic anhydride), positively 

impact the dehydration activity. G3 exhibits the strongest positive correlation (0.93) 

with the dehydration rate (Figure 2.3c). In contrast, the basic groups, except for G5 

(isolated carbonyl), correlate weakly with the reaction rate. The strong positive effect 

of G5 on the reaction rate could merely be the result of the correlation between G3 and 

G5. Likewise, the ordinary least squares regression of the dehydration rate with Gi 

(Figure 2.3d) also suggests that G3 is the dominant active site, further confirmed by 

the partial least regression (Figure A.9). The 95% credible intervals of the G3 

(hydroxyl/phenolic) site, showing the lowest root-mean-squared error (RMSE) range 
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(Bayesian analysis, Figure A.10) without overlapping with any alternative candidates 

and the best linear regression statistically, deduce it as the optimal active site. 

To better understand the dynamics of surface species upon thermal treatment 

and exposure to H2O, we employ 2-propanol (IPA) as the probe molecule and the 

typical acid-catalyzed dehydration90 to propylene on acid sites and dehydrogenation to 

acetone catalyzed by acid-base pairs (Figure 2.4a).At 250 °C, over the oxidized 

GMCs, 2-propanol undergoes almost exclusively dehydration to propylene and non-

dehydrogenation product (acetone) was detected, indicating a surface free of Lewis 

acid95, acid-base pairs and metal sites96,97. As shown in Figure 2.4a, the steamed 

catalyst is less active than the fresh one but more active than the annealed catalyst, 

suggesting that the fast deactivation is due to the loss of active sites (thermally 

desorbed and coking) (see details in Appendix A.5: in situ XPS, Figure A.11-13; ex 

situ XPS, Figure A.15 and Figure A.16; TPDE-MS, Figure A.17); and the in situ 

formation of protonated carboxylic group (G4) (from hydrolysis of carboxylic 

anhydrides by steaming in 0.1 bar H2O at 250°C) compensates for the deactivation 

resulting from thermal decomposition (air free XPS of steamed sample, Figure A.18). 

To eliminate the complication from the in situ formed ïCOOH (from hydrolysis of 

carboxylic anhydride) causing difficulties in obtaining intrinsic activity of active 

species, we investigate the dynamics of active sites with various reaction conditions in 

t-BuOH dehydration (Figure 2.4b). Water co-feed from the beginning gives intuitively 

a decreased initial dehydration rate due to enhancement of the reverse, equilibrium-

limited dehydration reaction72. Water co-feed in the middle of the reaction slightly 

dropped the reactivity compared with the one cofeeding water from the beginning, 

suggesting the minor compensating effect of water. 1 h steaming and annealing 
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pretreatments over the catalyst at 140 °C influence the dehydration rate slightly, 

suggesting minor and very slow hydrolysis of anhydride at low reaction temperature 

(140 °C). Therefore, we exclude the unprotonated acidic groups (G10, carboxylic 

anhydride) from the active sites contributing to the initial dehydration reactivity at 

140 °C. 

 

Figure 2.4: Dynamics of surface species. (a) Dynamics of active sites with 

pretreatment conditions (inset initial rate with treatment conditions). 

Pretreatment conditions: annealing for 1 h; steaming for 1 h with 0.1 bar 

steaming; carrier gas of 100mL/min N2/He or N2/water mixture. Reaction 

conditions: 250 °C, 4mol% 2-propanol, 100mL/min N2/2-propanol 

mixture, 50mg catalyst. (b) Dynamics of active sites during reaction at 

140 °C (inset: scheme of hydrolysis of non-protonated acidic groups). 

Reaction conditions:140 °C, 4mol% t-BuOH, 10mg catalyst, carrier gas 

100mL/min water/N2 mixture. 

With the number of active centers (G3, īOH; G4, īCOOH) quantified and the 

exclusion of the G10 as possible active center, we construct a two-parameter kinetic 

model and three one-parameter models to estimate the TOF of t-BuOH dehydration on 

each active site (See details in Appendix A.6). Due to the dynamic change of the 
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OCFGs during reaction, we correlate the overall t-BuOH initial dehydration rate with 

the number of ïOH and/or ïCOOH in the four models (Table A.20). The two-

parameter kinetic model (model A) estimated that the TOF of ïOH 

(phenolic/hydroxyl) groups is higher than that of ïCOOH (Table A.20); notably, the 

TOF of ïCOOH could be lower, even zero, due to the confidence interval including 

zero (Table A.21, model A), further suggesting that ïOH (phenolic/hydroxyl) groups 

are more active than ïCOOH groups. Furthermore, model C, which assumes ïOH is 

the unique active site, exhibits the best regression, further indicating ïOH is more 

active than ïCOOH for alcohol dehydration. This is a counterintuitive result; aliphatic 

alcohols are known to be less acidic than their corresponding acids. We examine the 

physical basis and the dehydration mechanism using calculations and introduce NMR 

for acid site characterization of carbons next. 

2.5.3 Mechanistic Study and Acid Site Verification 

To understand the reasons behind the higher activity of ïOH, we performed 

DFT calculations for the dehydration of 2-propanol over ïOH (phenolic) and ïCOOH 

associated with benzene rings. We demonstrated that most of the ïOH were in the 

form of phenolics (ïOH associated with benzene rings) and ïCOOH are showed as the 

ArïCOOH (ïCOOH associated with benzene rings) due to the nonreduction 

preparation and treatment atmosphere. The active sites, ïOH and ïCOOH, were 

grafted onto terminal sites of the armchair and zigzag graphene ribbons; the optimized 

geometries of the four models are shown in Figure A.19. The Brønsted acid-catalyzed 

dehydration of IPA is well understood, and our calculations did not reveal any 

deviations from the E1 mechanism (Figure 2.5a and Figure 2.5b). After binding, the 

IPA hydroxyl accepts a proton from the Brønsted site (ïOH or ïCOOH). A water 



 31 

molecule is eliminated, and the resulting intermediate carbocation is stabilized by the 

conjugate base (ïOī or ïCOOī). We considered the ensuing ɓ-elimination to 

propylene both in the presence and absence of the produced water molecule at the 

catalyst surface. The free energy profiles for the overall reaction on the two sites are 

compared in Figure 2.5c. Two observations are in order: (a) dehydration on the ïOH 

site requires 0.3 eV less activation energy than on the ïCOOH site, revealing that the 

former is a stronger Brønsted acid, in agreement with our experimental data; (b) the ɓ-

elimination is slightly more facile on the ïOī group than on the ïCOOī group by 0.12 

eV in the presence of the water molecule but the order is reversed when the water 

molecule is not at the surface. The latter has no kinetic implications, however, because 

clearly the water elimination (first step) is rate limiting. 
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Figure 2.5: Reaction pathways of IPA dehydration on the acidic OCFGs and strength 

of acidity. Probe reaction and key reactivity descriptors. IPA dehydration 

pathways at (a) ïOH and (b) ïCOOH. (c) Corresponding Gibbs free 

energy profiles at 523 K (Brønsted acid site and conjugate base denoted 

by AH and A, respectively). (d) Delocalization of conjugate base excess 

charge. 

Additionally, we note that both intermediates (AH_C3H8O* and 

A_C3H7_H2O*) in the first step are less stable on the ïOH site than on the ïCOOH 

site but the stability of transition states (TS1) exhibits an opposite trend. This can be 

understood by the differences in hydrogen bonding on the two sites. Specifically, IPA 

bound to the ïCOOH site participates in two hydrogen bonds, ïH2O2ẗẗẗO1H1ï and ï

H1O1ẗẗẗO3ï (Figure A.21a) but only in one hydrogen bond, ïH2O2ẗẗẗO1H1ï, when it is 

bound to the ïOH site (Figure A.21b). This explains the difference in stability of the 
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intermediates prior to reaction. The corresponding transition states, however, are 

stabilized by only one hydrogen bond each (O2-O1, Figure A.21c and d). On the ïOH 

site, the H-bond is stronger than on the ïCOOH site as the respective O2-O1 H-bond 

lengths are 2.534 and 2.646 Å. After protonation and CïO bond cleavage, which 

proceed in a concerted manner (Figure A.21e and f), the O2-O1 bond on the ïOH site 

is longer than on the ïCOOH site (2.863 Å vs. 2.798 Å), leading to a less stable 

intermediate. 

At first sight, the conclusion that we have a stronger Brønsted acid in ïOH 

than in ïCOOH might be surprising. However, consideration of the bond structure 

around the grafting sites can readily explain it. The conjugate base of ïCOOH prefers 

to delocalize its excess charge over its two oxo groups. On the other hand, the 

conjugate base of ïOH can delocalize electron density over a network of conjugated 

double bonds furnished by the aromatic rings of the support and, as a result, is more 

stabilized, resulting in the hydroxylôs stronger acidic character. That this is indeed the 

case can be seen in Figure 2.5d, where we plot the excess electron densities of the two 

conjugate bases. It is evident that ïOï delocalizes its electron density over the carbon 

atoms of the neighboring aromatic rings of the support more extensively than ïCOOï. 

Thus, the relative acidity of the ïOH and ïCOOH groups is essentially determined by 

the support. The deprotonation energies (DPE) of the two sites seem to be aligned with 

these observations as the DPE of ïOH is smaller than that of ïCOOH by 0.16 eV. The 

effect of delocalization on the Brønsted acidic character of the hydroxyl is also evident 

in the varying DPE with the number of the fused aromatic rings in the following pairs: 

phenol, benzoic acid; 1-naphthol, 1-naphthoic acid; 1-anthrol, 1-anthracenecarboxylic 

acid; 1-pyrenol, 1-pyrenecarboxylic acid; and 1-coronenol, coronene-1-carboxylic 



 34 

acid. Figure 2.6 illustrates the transition from phenol being less acidic than benzoic 

acid to 1-coronenol being more acidic than coronene-1-carboxylic acid. 

 

Figure 2.6: Relative DPE (DPE-OH DPE-COOH) for aromatic alcohols and acids with 

varying number of fused aromatic rings: phenol, benzoic acid; 1-

naphthol, 1-naphthoic acid; 1-anthrol, 1-anthracenecarboxylic acid; 1-

pyrenol, 1-pyrenecarboxylic acid; and 1-coronenol, coronene-1-

carboxylic acid. 

To assess the DFT calculations and provide further evidence of the acid sites, 

we have used 15NMAS NMR of absorbed acetonitrile (ACN, a weak base) from the 

gas or liquid phase to distinguish the acidity strength of ïOH (phenolic/hydroxyl) and 

ïCOOH (Ar/R-carboxylic) due to the high sensitivity of magnetic shielding to the 

local electronic environment of the observed nucleus. 15N MAS NMR spectra of CAN 

chemisorption from the gas phase at very low surface coverage show peaks of ACN 
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strongly bonded to acid sites (Figure A.22). The chemical shift of the acidic OCFGs is 

lower than the as-received GMCs. Figure 2.7a depicts the correlation between the 15N 

chemical shift and the ïOH/ïCOOH concentration ratio based on XPS analysis. 

Notably, the chemical shift of ŭiso (
15N) decreases with increasing ïOH/ïCOOH ratio 

(quantified by XPS), suggesting the average ïOH in this carbon material has stronger 

Brønsted acidity than the average ïCOOH. Due to the high mobility of ACN, even at 

low coverage, and acid site heterogeneity, the experimentally measured value of ŭiso 

(15N) is effectively a superposition of ACN at different binding locations (ïOH and ï

COOH). To confirm this, ACN was deposited from liquid phase at surface coverage 

above monolayer with gradual desorption (15N NMR result, Appendix A.7, Figure 

A.23 and Figure A.24). 15N MAS NMR reveals four different peaks. Based on the 

relative desorption rate, the peaks were assigned to liquid phase ACN, strongly/loosely 

physically absorbed ACN, ACN absorbed on weak acid sites, and ACN absorbed on 

strong acid sites. However, it is impossible to distinguish the exact position of ïOH 

and ïCOOH, even in spectra measured at low temperatures (ī25 to ī75 ÁC), due to 

the complex carbon microenvironment around acid sites. It was reported that the main 

interaction of the probe molecule (15N ACN) with the hydroxy (in zeolite) is via a 

NẗẗẗHïO type hydrogen bond to the Brønsted proton. Until recently, the isotropic shift 

of nitrilic nitrogen atoms (ŭiso 
15N) was believed to be a descriptor of the BAS acidity 

strength; 15N chemical shifts to a lower frequency (decrease in ppm) correspond to 

strong BAS98-100. The chemical shift can be reflected in the NẗẗẗH bond length; a 

stronger NẗẗẗH bond (i.e., a shorter the r (NẗẗẗH)) shields nitrogen more, and shifts the 

electron density toward the nitrogen atom, resulting in the 15N chemical shift to lower 

frequency98. Consistently, the theoretical chemical shift of 15N over ïOH is 260.43 
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ppm, which is smaller than on ïCOOH (264.79 ppm). The calculated NẗẗẗH bond 

length shown in Figure 2.7b further verifies the lower chemical shift of ïOH than ï

COOH. Thus, 15N NMR of absorbed ACN can be effectively applied to estimate the 

average surface acidity of ïCOOH and ïOH, despite ambiguities concerning the exact 

position of each site type (phenolic ïOH or Ar/RïCOOH), which is further proved by 

ACN absorbed at low and high coverages. 

 

Figure 2.7: 15NMAS NMR of absorbed acetonitrile. (a) 15N chemical shifts (from 

gas-phase absorbed 15N ACN) against ïOH/ïCOOH concentration ratio. 

(b) Theoretical isotropic 15N chemical shifts of Cŭ15NẗẗẗH for ïOH and 

ïCOOH vs. HẗẗẗN bond length. 

2.6 Conclusions 

Oxygenated carbon materials as metal-free catalysts have been demonstrated in 

many vital applications, but the catalytic activities of the functional groups have 

remained elusive. The combination of XPS and TPDE-MS, computational modeling, 

machine learning (data analysis) and the dehydration probe reactions can reveal the 
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acidic OCFGs. Our study further demonstrates that the acidic groups 

(hydroxyl/phenolic, Ar/R-carboxylic, anhydride groups) can significantly be 

modulated by changing the pretreatment conditions (thermal treatment, steaming at 

various temperatures). The non-protonated acidic anhydride can be hydrolyzed to form 

in situ protonated groups in gas-phase reactions at high steaming temperatures 

(250 °C) but slower at low temperatures (140 °C). The ïOH (phenolic/hydroxyl) and ï

COOH (Ar/R-carboxylic) are the dominant acidic active sites. Strikingly, the higher 

activity of ïOH (phenolic) than ïCOOH (Ar-carboxylic) is evidenced by DFT 

calculations, NMR characterization, and deprotonation energies. While OCFGs are 

simply classified as acidic and basic, the reactivity of OCFGs can counterintuitively 

change profoundly by the carbon microenvironment because of the electron density 

delocalization resulting from the neighboring aromatic rings or the various OCFGs. 

Using probe reactions, we have developed a methodology for analyzing complex 

systems. Combining probe reactions and multimodal characterizations, we identified 

the acidic groups and mathematically quantified the active species on carbon surfaces. 

The methodology for site characterization can be applied to more complex reactions 

that involve carbon as a support. Overall, the analytical approaches and findings 

presented here can be extended to other carbon-based acid site-driven heterogeneous 

catalysis and materials containing other heteroatoms. 
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NITROGEN -DOPED CARBON FOR SELECTIVE PSEUDO-METAL -FREE 

HYDRODEOXYGENATION OF 5-HYDROXYMETHYLFURFURAL TO 2,5 -

DIMETHYLFURAN: IMPORTANCE OF TRACE IRON IMPURITY  

3.1 Abstract 

Heteroatom-doped carbon materials have recently emerged as effective 

catalysts for various chemical and electrochemical reactions. The free of metals 

especially noble metals reduces cost and eliminates issues like sintering or leaching of 

metals at elevated temperatures in solvents. In this work, selective 

hydrodeoxygenation (HDO) of 5-hydroxymethylfurfural (HMF) to 2,5-dimethylfuran 

(DMF) is for the first time achieved over simple nitrogen-doped carbon (N-C) 

catalysts. At optimal reaction conditions, a 91% yield of DMF is obtained with 

excellent catalyst stability. Extensive characterization, including extended X-ray 

absorption fine-structure (EXAFS) and soft X-ray absorption spectroscopy (sXAS), 

model reactions, basic data science analysis, and DFT calculations suggest that ppm of 

Fe in particular FeN3 sites formed in pyrolysis, rather than non-metallic elements, 

drive key steps such as H2 activation and deoxygenation of ïOH during HMF HDO. 

3.2 Contributions 

This chapter is adapted from previously published work101 in collaborating 

with multiple people. Piaoping Yang performed all DFT calculations and data science 

analysis. Heyang Liu and Zhidong An et al. perform all experiments and 

Chapter 3 
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characterizations. Jiang Li , Dionisios G. Vlachos, Ran Long, and Yuan-Ye Jiang 

directed the project and provided supervision. 

3.3 Introduction  

The replacement of finite fossil reserves with sustainable biomass to produce 

fuels and chemicals is important for minimizing environmental concerns102,103. 

Platform chemicals are important building blocks for the biomass-to-fuel and chemical 

transition, analogous to the BTX (benzene, toluene, and xylene) in the petrochemical 

industry104. 5-hydroxymethylfurfural (HMF), produced from hexose by acidic 

dehydration, is an essential biomass platform105. Various biofuels and value-added 

chemicals can be readily prepared from HMF106. Among HMF derivatives, 2,5-

dimethylfuran (DMF) is particularly attractive. It was proposed as a promising 

transportation fuel additive due to its higher energy density, higher boiling point, high 

octane number, and lower solubility than ethanol107. It can also be used for producing 

renewable para-xylene108.  

In 2007, Dumesic et al. firstly proposed DMF as an advanced biofuel 

molecule107. The production of DMF from carbohydrates was accomplished via 

selective dehydration of fructose to HMF in a biphasic system followed by 

hydrodeoxygenation (HDO) of HMF to DMF over a chloride-resistant CuRu/C 

catalyst giving 76ï79% DMF yield. Since then, many HDO catalysts have been 

reported, including Pd109-112, Pt113,114, Ru115-119, Cu120-123, Ni124-126, Fe127, and their 

alloys. For example, Thananatthanachon and Rauchfuss reported that the Pd/C catalyst 

enables a one-pot synthesis of DMF from fructose with a total yield of 51% using 

formic acid as solvent and a hydrogen source109. Schüth et al. reported that PtCo 

bimetallic nanoparticles afforded DMF with 98% yield after 2 h at 180 °C, while 
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complete conversion of HMF was achieved in just 10 min113. Vlachos et al. reported 

the catalytic transfer hydrogenation (CTH) of HMF to DMF over a Ru/C catalyst with 

DMF yield > 80 %116, and further disclosed the role of RuO2
117. Barta et al. reported a 

series of works on Cu-catalyzed HDO of HMF, where the over hydrogenation of the 

furanic ring was inevitable120-122. Fu et al. reported that Ni-tungsten carbide and 

perovskite-type oxide-supported Ni catalysts afforded a DMF yield up to 98%124,125. 

Recently, we reported the first example of heterogeneous Fe-catalyzed HDO of HMF 

using alcohol solvents as additional H-donors to accelerate the hydrogenation of the 

C=O bond127. Aside from the cost of noble metal-based catalysts, the inevitable 

sintering and leaching of metals in organic solvents usually lead to unsatisfactory 

catalyst stability. 

Robust metal-free catalysts, such as carbon or heteroatoms-doped carbons, are 

highly appealing due to carbon being the most abundant element on earth128. While 

commonly used as a support of metal nanoparticles, carbonôs direct use as a catalyst 

has recently emerged129. For instance, Su et al. reported that glucose-derived 

hydrothermal carbon, enriched with oxygenated groups, is efficient for organic 

syntheses, such as nitrobenzene reduction and Beckmann rearrangement130. Shi et al. 

reported that carbon is capable of catalyzing reductive hydrogen atom transfer 

reactions131. Krishnan et al. reported graphitic carbon nitride-catalyzed chemical 

conversions, such as hydrogen transfer, synthesis of indole-substituted 4H-chromenes, 

and biomass-derived saccharidesô conversion to HMF132-134. Qi et al. reported a 

transition metal-like carbocatalyst for the hydrogenolysis of CïO linkages in aromatic 

oxygenates using molecular hydrogen135. Graphene oxide and nitrogen-doped carbon 

materials were also reported for catalytic oxidation of HMF to 2,5-diformylfuran136,137. 
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In addition, carbon materials-doped with heteroatoms, such as nitrogen (N), 

phosphorus (P), boron (B), and sulfur (S), are extensively investigated in 

electrocatalysis since 2009138,139. N-doping has been studied the most, and is believed 

to induce charge redistribution and/or create Lewis base sites, thus facilitating electron 

transfer and adsorption, e.g., of O2
140,141. 

To date, there is still a dispute about the real active center in metal-free 

catalysts, and the role of metal impurities is questionable142. Although some reports 

totally attribute the activity and the selectivity to non-metallic species, the role of 

metal impurities still cannot be ruled out because it is impossible to completely 

remove them even after ñsuper washingò (long-time acid washing). Even extremely 

low level, e.g., 0.1 wt%, of Fe can significantly promote reactivity such as O2 

reduction and hydrogenation143,144. 

In this work, the HDO of HMF to DMF is for the first time realized over 

simple N-doped carbon catalyst at a highest yield of 91% with excellent stability. In 

addition, to the best of our knowledge, this is one of the first two works on the direct 

use of heteroatoms-doped carbon-based catalysts for CïO bond scission135 (the results 

are comparable to reported representative work in Table B.1), and the role of metal 

impurity is first discussed in ñpseudo-metal-freeò HDO. The state of Fe impurity is 

investigated via extended X-ray absorption fine-structure (EXAFS) rather than XPS 

due to the trace amount. In addition, soft X-ray absorption spectroscopy (sXAS) is 

combined with XPS to explore the state of non-metallic elements in the N-C catalysts. 

The combination of characterization, experiments results, correlation matrix, and DFT 

calculations suggest that ppm level of Fe impurity, especially FeN3 sites forming in 
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pyrolysis are probably essential for the key steps in HDO reactions such as H2 

activation and deoxygenation of ïOH. 

3.4 Methods 

3.4.1 DFT calculations and Correlation Matrix  

DFT calculations were performed using the Vienna ab initio software package 

(VASP, version 5.4.1)75. The electron exchange and correlation effects were described 

by optPBE-vdW exchange correlation functional145. The core electrons were 

represented with the projector augmented wave (PAW)77 method, and a plane-wave 

cutoff of 400 eV was used for the valence electrons. The Gaussian smearing method 

with a smearing width of 0.05 eV was employed. The Fe-N sites and metal-free N 

sites were modelled based on a 6 × 6 unit cell of graphene. The vacuum space in the z-

direction was set at 20 Å to prevent the interaction between periodic images. The 

Brillouin zone was sampled with a 3 × 3 × 1 k-point grid. Due to the magnetic 

moment of Fe, all calculations of Fe-N sites were spin-polarized. Gas-phase 

calculations were carried out using a 20 Ĭ 21 Ĭ 22 ¡ supercell and a single ũ point. All 

geometry optimizations were performed using the conjugate gradient algorithm. The 

atomic force convergence of 0.02 eV/Å was employed. Transition states were 

computed using nudged elastic band and dimer calculations79,80. Vibrational frequency 

was calculated to verify only one imaginary frequency in each transition state. All 

energies reported are electronic energies. The adsorption energy (Ὁ ) is defined as 

the energy difference before and after the adsorption, as shown below: 

 Ὁ Ὁ Ὁ Ὁ   (3.1) 
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where Ὁ , Ὁ , and Ὁ   are the total energy of the 

adsorbed species and the surface, the energy of the clean surface, and the energy of a 

species in the gas phase, respectively. 

The correlation matrix of catalyst structural and reactivity features was 

calculated using Python. 

3.4.2 Catalyst Preparation and Characterization 

The N-doped catalysts were prepared by simple pyrolysis of nitrogen 

precursors onto various supports under Ar at 300ï1100 °C. Melamine was examined 

as nitrogen precursor. Activated carbon and metal oxides such as Al2O3, TiO2, and 

SiO2, were investigated as supports. The preparation of N-doped catalysts is as 

follows: a certain amount of melamine was added into the solution, and then 1 g 

activated carbon was added into the mixture and the solution was stirred at 60 °C for 

16 h followed by evaporation at 40 °C to remove the ethanol solvent. The obtained 

solid was dried at 60 °C overnight. Then the mixture was ground into a fine powder 

and pyrolyzed in a tubular furnace in argon at a flow rate of 100 mL minï1. To prepare 

the best N-C catalyst, the following furnace temperature program was used: 20 °C 

hold for 60 min, ramp 10 °C minï1 to 550 °C and hold for 3 h, then ramp 5 °C minï1 to 

700 °C and hold for 2 h. The N-C catalysts are denoted as xN-C-T, where x represents 

the N/C ratio in the precursor, and T represents the final pyrolysis temperature. The 

value of x is 0.2 if not specified. The N-C catalysts prepared from different batches 

exhibited comparable catalytic performance, demonstrating that our preparation 

method is reproducible. 

The effect of Fe loading was studied by preparing various N-C catalysts with 

different Fe loadings. The procedure is similar to making the N-C catalysts, except for 
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the addition of Fe(acac)3 as the Fe precursor. These catalysts are denoted as x% Fe-N-

C-700, where x represents the mass loading of Fe. In addition, to minimize the Fe 

impurity from the N-C catalyst precursors, melamine and carbon were soaked in 50 

mL HCl aqueous solution (1 mol/L) overnight, and then washed using deionized 

water. These washed precursors are used to prepare N-C catalysts that denoted as N-

C-700-AW. Fe cannot be completely removed, and the Fe loading is 0.0209 wt% in N-

C-700-AW catalyst (Table B.2). 

X-ray absorption fine structure (XAFS), Scanning electron microscopy (SEM), 

Transmission electron microscopy (TEM), High-angle annular dark-field imaging-

scanning transmission electron microscope (HAADF-STEM), Energy dispersive 

spectrometer (EDS) mapping, X-ray diffraction (XRD), N2 adsorption, X-ray 

photoelectron spectroscopy (XPS), Fourier-transform infrared (FTIR) spectroscopy, 

Raman spectroscopy, etc. are reported in Appendix B.1 

3.4.3 Catalytic Performance Measurements 

The catalytic HDO of HMF was carried out in a 50 mL stainless reactor 

purchased from Anhui Kemi Machinery Technology Co., Ltd. For a typical process, 

0.5 mmol HMF, 100 mg heterogeneous catalyst, and 20 mL n-butanol solvent were 

loaded into a quartz lining in the reactor. The reactor was purged by hydrogen 3 times, 

and then purged with 4 MPa H2 at room temperature. The reaction was carried out at 

240  for 12 h with a stirring speed of 800 rpm. After the reaction, the liquid 

products were collected and 0.5 mmol toluene was added to the solution as an internal 

standard. The products were analyzed using GC, and intermediates were explored by 

gas chromatograph-mass spectrometry (GC-MS). GC-MS analysis was conducted by 

Q Exactive GC (Thermo-fisher). The GC-MS oven temperature program was as 
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follows: 50 °C hold for 2 min, ramp 8 °C minï1 to 250 °C hold for 1 min, and then 

ramp 30 °C minï1 to 280 °C hold for 10 min. 

Some important experiments were performed at least twice to ensure 

reproducibility. The conversion and yield for the HDO of HMF were calculated in 

mol% as follows:  

 #ÏÎÖÅÒÓÉÏÎρ
     

     
ρππϷ (3.2) 

 9ÉÅÌÄ 
     

     
ρππϷ (3.3) 

The TOF values are always calculated at conversions < 20% based on the 

contents of Fe atoms (Table B.2). In this case, it indicates the average activity of Fe 

atoms. To further preclude the interference from side reactions between HMF and 

solvents that are irrelevant to the HDO activity, the TOF was calculated based on the 

DMF yield as follows: 

 4/& 
    

    
ρππϷ (3.4) 

3.5 Results and Discussion 

3.5.1 The Structure of N-doped Carbon Catalysts 

The nitrogen-doped carbon catalyst was prepared by simple pyrolysis of 

melamine onto activated carbon at pyrolysis temperature ranging from 300ï1100 °C. 

SEM images of the optimal N-C-700 catalyst (i.e., 0.2N-C-700 in Table 3.1 below) 

show irregular flakes with a coarse surface (Figure 3.1a and Figure 3.1b). HRTEM 

(Figure 3.1c) reveals a lattice spacing of 0.34 nm corresponding to the (002) facet of 

amorphous graphitic carbon. The HAADF-STEM image and EDX elemental mapping 
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images (Figure 3.1d) clearly show that nitrogen and trace iron are homogeneously 

doped into activated carbon.  

The XRD patterns (Figure 3.1e and Figure B.1) indicate that N-doping does 

not lead to any changes in the crystallinity of the support. The N-C-700 catalyst is 

thermally stable under reaction temperature as shown in the TGA profile (Figure B.2). 

The N2 adsorption isotherm of N-C catalysts (Figure B.3 and Figure B.4) can be 

classified as a type IV isotherm with a nitrogen uptake at low relative pressures and an 

H4-type hysteresis loop around a relative pressure of 0.4ï1.0 P/P0, suggesting that the 

catalyst possesses both micro- and meso-pores. The Raman spectra of N-C catalysts 

are shown in Figure 3.1f, and the intensity ratio between the disorder-induced D-band 

at about 1362 cmï1 and the G-band at about 1590 cmï1 usually depicts the degree of 

graphitization in carbon-based catalysts. As the increased intensity for the D-band was 

compensated by a decrease in the full width at half maximum (FWHM), the integrated 

area ratio was used to determine the degree of graphitization146. The SD/SG ratio (Table 

B.4) significantly decreases with increasing pyrolysis temperature (from 4.21 at 

300 °C to 1.93 at 1100 °C), and the combination mode peak of the D and G modes at 

2900 cmï1 gradually disappears during pyrolysis at elevated temperatures, indicating 

that a higher graphitization degree at increased pyrolysis temperature. 
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Figure 3.1: Carbon structure analysis. (a) and (b) SEM images and (c) HRTEM 

image of the N-C-700 catalyst. (d) HAADF-STEM image, C, N, 

combined elemental, O, and Fe maps of the N-C-700 catalyst. (e) XRD 

patterns of N-C catalysts prepared at different pyrolysis temperatures. (f) 

Raman spectra of C, C-700, and N-C catalysts prepared at different 

pyrolysis temperatures. 

The state of non-metallic elements including N, C, and O, is thoroughly 

investigated via XPS and sXAS. The N 1s XPS spectra depict five types of N species: 

cyano N (398.2 eV), pyridinic N (398.8 eV), amino N (399.8 eV), pyrrolic N (400.5 

eV), and graphitic N (401.5 eV) (Figure 3.2a, Figure 3.2b, and Table B.5)141,147-149. 

The total N content decreases with increasing pyrolysis temperature due to the gradual 
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decomposition and removal of N species in precursors during pyrolysis. The percent 

of amino N gradually decreases with increasing pyrolysis temperature, and completely 

disappears at 1100 °C. Pyridinic N also decreased from 45% at 300 °C to ca. 25% at > 

700 °C. By comparison, the percentage of cyano and graphitic N gradually increases 

at higher temperatures. The percent of ca. 20% is observed at 550ï900 °C of cyano N, 

which increases from 0 at 300 °C to 61% at 1100 °C of graphitic N. The percent of 

pyrrolic N is kept at ca. 22% below 900 °C, and then slightly decreases to 15% at 

1100 °C. Thus, amino and pyridinic N in melamine gradually convert to cyano N and 

then graphitic N during pyrolysis. The increase of N/C ratio led to less graphitic N but 

more cyano and amino N.  

Graphitic C is the only C species in all C 1s XPS spectra (Figure B.6) except 

for 0.2N-C-300 catalyst. The sp2-bonded carbon (NïC=N) at 288.27 eV is mainly 

derived from melamine147, suggesting incomplete graphitization of melamine at 

300 °C, consistent with XPS spectra in Figure 3.2a and FTIR results in Figure B.7. In 

the O 1s XPS spectra (Figure B.8), the content of O=CïO* decreases at higher 

pyrolysis temperatures and N/C ratios (Table B.6), suggesting that the labelled oxygen 

atoms are probably consumed during pyrolysis via decarboxylation (consistent with a 

significant drop in the total O content) or amidation to form O=CïN species137. 

In the sXAS spectra (Figure 3.2c), the features in the energy range below ca. 

405 eV of the N sXAS spectra reflect 1sŕp* transitions, while spectral features at 

higher energies reflect 1sŕů* transitions150. With increasing pyrolysis temperature, 

the peak at ca. 400 eV, reflecting a 1sŕp* transition of the N=CïNH2 group derived 

from melamine150, gradually shifts to lower energies that correspond to pyridinic and 

pyrrolic N. Meanwhile, the peak of graphitic N at ca. 402 eV151,152 becomes more 
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pronounced, consistent with the XPS results. Catalysts with increasing N/C ratios have 

more intense N=CïNH2 peaks because of more melamine precursor (Figure 3.2d). The 

C sXAS spectra shows that more intense peak for the 1sŕp* transition of C=C is 

observed with increasing pyrolysis temperature (Figure 3.2e). The 1sŕů* transition of 

CïH disappears at > 300 °C153. Thus, more conjugated structures are formed upon 

pyrolysis, consistent with the evidence in Raman spectra (Table B.4). The C sXAS 

spectra of catalysts with different N/C ratios are similar, suggesting that the N loading 

does not influence the C structure (Figure 3.2f). 
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Figure 3.2: Identification of N species. N 1s XPS spectra of N-C catalysts prepared 

at different (a) pyrolysis temperatures and (b) N/C ratios at 700 °C. sXAS 

spectra of the N K-edge and C K-edge for N-C catalysts prepared at (c, e) 

different pyrolysis temperatures and (d, f) different N/C ratios at 700 °C. 
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3.5.2 HDO Reactivity over Various Catalysts 

The HDO of HMF over various carbon-based catalysts is investigated (Table 

3.1). A glass vial was used to exclude influence from the metallic reactor body. A 

blank test (entry 1) clearly shows that the HDO reaction is unlikely to proceed without 

a catalyst. Unexpectedly, the nitrogen-doped carbon catalyst fabricated at different 

pyrolysis temperature (entries 2ï6), especially 0.2N-C-700 catalyst (entry 4), 

exhibited excellent activity and selectivity towards the HDO reaction. The DMF yield 

over 0.2N-C-700 catalyst reached 91.0%. The major furanic by-product are 

determined as 0.1% 2,5-diformylfuran (DFF) and 3.5% Ŭ-furil (Figure B.9 in 

Appendix B.2). To our knowledge, this is the first example of selective HDO of HMF 

to DMF over simple carbon-based catalysts. 
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Table 3.1: Catalyst screening for the HDO of HMF to DMF.a 

 

Entry Catalyst 
Conv. 

[%] 

Yield[%] 
CMBb 

BDA 

Yieldc 

[%] 
DMF MF DHMF DFF 

1 - 78.8 5.0 4.0 3.8 9.9 28.8 5.9(1.2) 

2 0.2N-C-300 92.0 10.7 4.5 1.2 0.3 18.2 16.1(1.5) 

3 0.2N-C-550 100 31.3 5.1 0.5 0.1 37.0 100(3.1) 

4 0.2N-C-700 100 91.0 0 <0.1 0.1 91.1 79.7(0.9) 

5 0.2N-C-900 100 80.4 0 0 0.1 80.5 55.8(0.7) 

6 0.2N-C-1100 93.2 15.4 4.1 0.6 0.2 21.8 69.2(4.5) 

7 1N-C-700 100 42.3 6.6 0 1.4 50.3 49.0(1.2) 

8 0.5N-C-700 100 66.2 0.6 0 1.1 67.9 23.7(0.4) 

9 0.1N-C-700 98.8 60.5 2.7 0 13.4 77.5 94.8(1.6) 

10 0.05N-C-700 72.8 24.8 5.9 9.7 8.4 67.0 60.3(2.4) 

11 C 90.6 21.0 8.8 0 0 32.9 67.0(3.2) 

12 C-700 100 51.4 6.5 0 5.6 63.5 70.6(1.4) 

aReaction conditions: 0.5 mmol HMF, 20 mL n-butanol, 0.1 g catalyst, 4 MPa H2, 

T=240 °C, and t=12 h. b CMB= carbon mass balance. Unlisted by-products include Ŭ-

furil, ethers or acetals formed from n-butanol solvent and furanic compounds, and 

undetected by-products such as humins. c BDA is butyraldehyde dibutyl acetal, 

formed from n-butanol and butyraldehyde (the dehydrogenation product of n-butanol). 

Values in parentheses refer to the yield ratios of BDA/DMF. 

Besides ordinary furanic products, a significant peak of butyraldehyde dibutyl 

acetal (BDA) is detected in the GC spectra (Figure B.9), which is formed by 

acetalization of n-butanol and butyraldehyde (dehydrogenation product of n-butanol), 
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suggesting that catalytic transfer hydrogenation also occurs during HMF HDO, and n-

butanol also donors hydrogen154. In this case, the yields of BDA and the ratio of BDA 

yield to DMF yield are also listed in Table 3.1 to illustrate the CTH ability of the 

catalysts. The BDA yields significantly increased when the pyrolysis temperature was 

higher than 550 °C, suggesting higher CTH activity. In addition, the ratios of BDA 

yields to DMF yields achieve the lowest value for 0.2N-C-550 and 0.2N-C-700 

catalysts, which means a compatible CTH and HDO activity to furnish high yields of 

target DMF product. 

The HDO activities also vary with different N/C ratios (entries 7ï10), which 

can be affected by the contents and the structure of N species and the pore structure 

especially the BET surface area (Table B.7). The optimal N-C-700 catalyst with a N/C 

molar ratio of 0.2 possessed the largest BET surface area (1142 m2/g). The pristine 

carbon support affords a low DMF yield of 21.0% (entry 11), and the DMF yield is 

significantly improved after direct pyrolysis at 700 °C (entry 12). Besides DMF, some 

furanic by-products such as DFF are detected especially at low N/C molar ratio. In 

order to identify the key factor affecting activity, we next use correlation matrix, the 

basic data science tool that we recently illustrated for catalyst-performance-synthesis 

maps28 to investigate the relationship between non-metallic elements, catalyst 

structures, and the HDO performance. 

3.5.3 Active Site Identification 

3.5.3.1 Correlation between Non-metallic Elements and HDO Performance 

The type of N and O species and their percent contents, and the BET surface 

area are considered as non-metallic elements and structural characterization features. 
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The HDO performance such as HMF conversion and DMF yield are taken as 

representative responses (factors). The yield of BDA is another response that indicates 

the catalystôs ability to abstract hydrogen from the n-butanol solvent. These data are 

collected from Table 3.1, Table B.5, and Table B.6. All in all, 3 responses and 11 

characterization features (we could have also included additional data, such as Raman, 

XRD, etc., and additional responses, such as the yields of various by-products) are 

correlated in Figure 3.3. 

 

Figure 3.3: Correlation matrix of catalyst structural and reactivity features. The 

darker red and blue indicate a stronger positive and negative correlation 

between any two features, respectively. 

In general, no strong correlation between non-metallic elements, structural 

features and the HDO performance is observed. The DMF yield is weakly correlated 
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with all structural features, in which the highest positive correlation is only 0.51 with 

CïO species. Likewise, the BDA yield is negatively or weakly correlated with N or O 

species. Thus, the miss of factors with strong correlation suggested that the non-

metallic species may be not the most important active centers for the HDO reaction. In 

addition, the BDA yield is relatively strongly positively correlated with the BET 

surface area, which can be attributed to the exposure of more active centers at higher 

surface areas. This result leads us to investigate the real active site in the N-doped 

catalysts.  

3.5.3.2 The Importance of Fe Impurity  

We take a close look at the elements in the most active 0.2N-C-700 catalyst. 

As shown by the elements analysis (Table 3.2), the catalyst almost entirely consists of 

nonmetallic elements, such as C, N, H, and O. It is worth noting that, however, the 

determination of metallic impurities contents155 also verifies the existence of metal 

species and iron was the most abundant metallic element (189 ppm), mainly derived 

from the C and N precursors (Table B.3). The EDX elemental mapping images (Figure 

3.1d) shown above also confirms that trace iron are homogeneously doped into the 

carbon support. Inspired by our previous work which reported Fe-catalyzed HDO of 

HMF127, we propose that the Fe impurity may play an important role during reaction, 

though the content of Fe in N-C catalysts is ca. 150 times lower than that in Fe-N-C 

catalysts. 
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Table 3.2: Elemental composition of 0.2N-C-700 catalyst. 

Element Abundance in weight% 

C 80.78 

N 7.79 

H 1.94 

O 9.49(11.95)a 

Fe 0.0189 

Co 0.0004 

Ni 0.0008 

Cu 0.0003 

Mo 0.0002 

a Obtained from the difference of major elements from 100%, and the value in 

parenthesis is the average result of three elemental analyses. 

We next explore the state of Fe impurity in 0.2N-C-700 catalyst by the X-ray 

absorption near-edge structure (XANES) spectra and Fourier transforms (FTs) of the 

extended X-ray absorption fine-structure (EXAFS) spectra at the Fe-K edge, as the 

extremely low loading of Fe leads to challenges in revealing the state of Fe by 

traditional methods such as XPS or CO-DRIFTs and signals are hardly detected in the 

Fe 2p XPS (Figure B.10) and the CO-DRIFT spectrum (Figure B.11) of 0.2N-C-700 

catalyst. The pre-edge peak at ca. 7114 eV that corresponds to a 1sŕ3d transition of 

Fe3+ oxide is not significant in N-C-700 catalyst (Figure 3.4a)156. The Fourier 

transform (FT) k2-weighted EXAFS spectra of Fe K-edge show that N-C-700 catalyst 

has two peaks. The peak at about 1.50 Å corresponds to Fe-N (O) coordination and the 

peak at about 2.00 Å corresponds to Fe-Fe coordination (Figure 3.4b). The fitting 

results are shown in Figure. 3.4c and Figure. 3.4d. Fourier transformations of the 

EXAFS spectra of N-C-700 fit well with the structure shown in the inset of Figure. 

3.4c. The coordination number of Fe-N bond is 4.40 (Table B.8), but the error of CN 
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is very significant due to the extremely low loading of Fe (1.06). A small peak at 2.00 

Å corresponds to Fe-Fe coordination, and CN is only 0.83. The lower coordination 

number proves that some Fe atoms exist in the form of small clusters. Wavelet 

transform (WT) also found that the catalyst had a maximum intensity at about 4 Åï1 

and 6 Åï1, which further proved the existence of Fe-N coordination and Fe clusters 

(Figure. 3.4e). 

 

Figure 3.4: The state of Fe impurity. (a) Fe K-edge normalized X-ray absorption 

near-edge structure (XANES) spectra and (b) k2-weighted Fourier 

transformation spectra of N-C-700 catalyst and standard samples. |ɢ(R)| 

indicates the magnitude of the Fourier-transformed EXAFS spectra. Fe 

K-edge EXAFS (point) and the fitting curves (line) for N-C-700 shown 

in (c) R and (d) k spaces (FT magnitude and imaginary component). The 

data are not phase-corrected. (e) Wavelet transform of Fe K-edge EXAFS 

for N-C-700, FeO, Fe foil, and Fe2O3.  

We further assess the impact of the Fe impurity on the HDO of HMF. 

Although it is impossible to completely remove the Fe impurity in N-C catalysts even 

by super acidic washing (36 h in 2 M HNO3)
142, we still tried our best to lower the 
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content of Fe impurity by acid washing. The Fe loading decreased from 0.0502 wt% 

(another batch of N-C-700 catalyst, and the Fe loading is slightly higher than that 

displayed in Table 3.1) to 0.0209 wt% (N-C-700-AW catalyst). The N-C-700-AW 

catalyst shows much inferior HDO activity (Figure. 3.5). The TOF (calculated based 

on Fe atoms) is only 2.14 hï1, and only 46.6% DMF yield is obtained at 12 h. By 

comparison, the TOF of N-C-700 is ca. 2.5 times higher, and 91.0% DMF yield is 

obtained in 12 h. Besides N-C catalysts, catalysts with different Fe loadings are also 

prepared by additionally adding Fe precursors (Fe(acac)3, 0.02 wt% to 1.0 wt%, see 

actual Fe contents in Table B.2 as determined by ICP-AES). These Fe-N-C catalysts 

also give much higher DMF yields and TOF values than N-C-700-AW catalyst, 

further confirming the importance of Fe. The 0.2% Fe-N-C-700 catalyst has the 

highest TOF value, and further increase of Fe loading to 1% leads to a sharp drop in 

TOF, suggesting that the efficiency of Fe atoms significantly decreases probably due 

to the formation of Fe nanoparticles127,157. As shown in Figure B.12, ca. 2ï3 nm Fe 

nanoparticles are observed in 1.0% Fe-N-C-700 catalyst corresponding to the (111) 

facet of cubic Fe (JCPDS 89ï4185). Correspondingly, more Fe atoms are present 

inside and inaccessible to the substrate. The DMF yields at 12 h over these catalysts 

are comparable. Apart from Fe impurity, we explored the influence of Co and Cu 

impurity. The loadings of Co and Cu are the same as Fe in the N-C-700 catalyst. The 

HDO activities of both two catalysts were inferior to 0.2N-C-700 catalyst (Table B.9), 

suggesting that Fe is still the best metal impurity in N-C catalysts towards HDO 

reactions. These results, combined with XANES spectra, indicate that the Fe-N sites 

may be the real active site for the HDO of HMF. 
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Figure 3.5: Effect of Fe loading on HDO of HMF to DMF. Reaction conditions: 0.5 

mmol HMF, 20 mL n-butanol, 0.1 g catalyst, 4 MPa H2, T=240 °C. The 

DMF yields are obtained at 12 h. Note: the TOF values are calculated 

based on the DMF yields at conversions < 20% (at 15 min shown in 

Figure B.13).  

3.5.3.3 Verification of the Role of Fe-N site 

To verify the role of Fe impurity, we use DFT calculations to investigate the 

adsorption of HMF and the dissociation of H2, which are two critical steps during 

HDO of HMF, over metal-free N sites and Fe-N sites. We consider three types of 

metal-free N sites (Figure 3.6a), including graphitic (GN), pyridinic (prN3), and 

pyrrolic N (plN3), as they are abundant N species in the catalysts shown by XPS 

(Table B.5) and commonly studied in previous work158. For Fe-N sites, we establish 

models of FeN3, FeN4, and Fe2N6 (Figure 3.6b) based on the coordination number of 

FeNx sites from EXAFS results (Table B.8).  
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Figure 3.6: Computational models of active sites. (a) Metal-free N sites: graphitic N, 

pyridinic N, and pyrrolic N marked as GN, prN3 and plN3, respectively. 

(b) Fe-N sites: Fe coordinated to three N atoms and four N atoms marked 

as FeN3 and FeN4, respectively. Two adjacent Fe atoms coordinated to 

six N atoms (Fe2N6) are also considered due to evidencing Fe-Fe bond in 

EXAFS (Orange: Fe; Gray: C; Blue: N). 

HMF molecule involves three functional groups, e.g., C=O group, OH group, 

and furanic ring. Through comparing various adsorption configurations of HMF 

(Figure B.14 and Table B.10 in Appendix B.3), we find that on all metal-free N sites, 

HMF adsorbs in a flat configuration with the furan ring parallel to the carbon support. 

The oxygen atom of the C=O group is far from the N atom with distances longer than 

3.0 Å, and the adsorption energies are weak, ranging from ï0.88 eV to ï0.95 eV 

(Figure 3.7), suggesting the difficult activation of HMF and poor activity. In contrast, 

on the three Fe-N sites, HMF preferentially adsorbs via the C=O group with stronger 

adsorption energies (ï1.04 eV to ï2.54 eV) than on metal-free N sites, indicating the 

easier activation of the C=O group. Moreover, the FeN3 site shows the strongest 

binding of HMF than FeN4 and Fe2N6 sites by 1.50 and 1.08 eV, respectively, which 

can be attributed to the unsaturated coordination and the relatively lower valence of 
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FeN3 greatly enhancing the oxygen affinity of Fe. Accordingly, the distance between 

the oxygen atom of the C=O group and the Fe atom on different Fe-N sites is in the 

order of 1.89 Å (on FeN3 ) < 1.98 Å (on Fe2N6) < 2.29 Å (on FeN4). The stronger 

binding of reactant on the FeN3 site is also true for H2 (Figure 3.8a). These results 

implies that Fe-N sites are much more active than metal-free N sites. 

 

Figure 3.7: Adsorption configurations of HMF and corresponding adsorption 

energies (Eads) over various sites (Orange: Fe; Gray: C; Blue: N; Red: O; 

White: H). 

To validate the importance of the Fe-N sites, we further investigate the H2 

dissociation over Fe-N and metal-free N sites; the FeN3 site and prN3 site are selected 

as representative models as they adsorb H2 more strongly among Fe-N and metal-free 

N sites, respectively. The optimized geometries of intermediates and transition states 

on the two sites are displayed in Figure B.15. We find that the energy barrier of H2 

dissociation on the FeN3 site is 0.11 eV, whereas prN3 shows a higher barrier of 1.20 

eV (Figure 3.8b), which suggests that Fe-N sites favors H2 dissociation and play a 
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critical role in the HDO of HMF. The high energy barrier on prN3 could be due to the 

extremely weak binding of H2 (Figure 3.8a), which displays a long distance from the 

carbon surface (2.70 Å shown in Table B.10). However, H2 molecule is almost 

spontaneously activated on the Fe single atom of FeN3 site, and the distance between 

Fe and H atoms is only 1.68 Å. Furthermore, the H2-TPD of 0.2N-C-700 catalyst 

(Figure B.16) shows a desorption peak that is located at very low temperature (40ï

150 °C), indicating a low H2 dissociation barrier. The fitting results of H2-TPD show 

that the content of Fe species involved in the adsorption and activation of H2 is also 

ca. 0.05 wt%, which is almost identical to the ICP results (0.0502 wt%). Thus, almost 

all of the active Fe species are uniformly dispersed on the carbon-based support, and 

serve as the main active sites of N-C-700 catalyst for H2 dissociation. Overall, the 

DFT calculations strongly support that Fe species, especially FeN3 sites, are highly 

active and maybe crucial in the HDO of HMF, and further work will be carried out to 

fully understand the mechanism.  

 

Figure 3.8: Adsorption and dissociation of H2 over various sites. (a) Adsorption 

configurations of H2 and corresponding adsorption energies (Eads). (b) 

Energy barriers of H2 dissociation on FeN3 and prN3 sites (Orange: Fe; 

Gray: C; Blue: N; Red: O; White: H). 
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3.6 Conclusions 

Nitrogen-doped carbon (N-C) catalysts, readily prepared via simple pyrolysis 

of melamine on activated carbon at elevated temperatures, provide a ñpseudo-metal-

freeò choice for hydrodeoxygenation (HDO) of 5-hydroxymethylfurfural (HMF) to 

2,5-dimethylfuran (DMF) with the highest yield of 91% and excellent stability. 

Comprehensive characterization by SEM, TEM, TGA, XPS, XRD, Raman, TPD, 

EXAFS, sXAS, and DRIFTS along with reactivity data, basic data science analysis, 

and DFT calculations suggest that the Fe-Nx sites, and most probably FeN3, instead of 

non-metallic elements, are essential for the key step in HDO such as HMF adsorption 

and H2 activation. As more and more metal-free catalysts are reported to be active 

towards various chemical reactions including biomass conversions, the importance of 

metal impurity should be seriously evaluated. Their extremely low loadings require 

advanced techniques like XAS instead of traditional methods such as XPS to 

investigate the state of metals, leading to fair structure-activity correlation. 
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HIGHLY ACTIVE, ULTRA -LOW LOADING SINGLE -ATOM IRON 

CATALYSTS FOR CATALYTIC TRANSFER HYDROGENATION  

4.1 Abstract 

Highly effective and selective noble metal-free catalysts attract significant 

attention. Here, a single-atom iron catalyst is fabricated by saturated adsorption of 

trace iron onto zeolitic imidazolate framework-8 (ZIF-8) followed by pyrolysis. Its 

performance toward catalytic transfer hydrogenation of furfural is comparable to state-

of-the-art catalysts and up to four orders higher than other Fe catalysts. Isotopic 

labeling experiments demonstrate an intermolecular hydride transfer mechanism. First 

principles simulations, spectroscopic calculations and experiments, and kinetic 

correlations reveal that the synthesis creates pyrrolic Fe(II)-plN3 as the active center 

whose flexibility manifested by being pulled out of the plane, enabled by defects, is 

crucial for collocating the reagents and allowing the chemistry to proceed. This work 

paves the way toward noble-metal free single-atom catalysts for important chemical 

reactions. 

4.2 Contributions 

This chapter is adapted from previously published work159 in collaborating 

with multiple people. Piaoping Yang performed all theoretical studies. Zhidong An, 

Tong Wan, and Lei Huang perform experiments and characterizations. Delong Duan, 

Yue Kong, and Ran Long carried out XAS characterization. Shuting Xiang and 

Chapter 4 
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Anatoly I. Frenkel provide suggestions on XANES simulations. Jiaxing Liu assisted in 

experiments design. Stavros Caratzoulas and Dionisios G. Vlachos oversaw the 

theoretical calculations and analysis. Jiang Li, Dionisios G. Vlachos, Ran Long, and 

Zhenxing Li directed the project and provided supervision. 

4.3 Introduction  

Although heterogeneous catalysts are widely used in industry, their surface 

heterogeneity and structural complexity make it difficult to decipher the catalytic 

mechanisms and improve catalyst atom efficiency160. Single atom (SA) catalysts can 

enable the engineering of the coordination environment of the active center to 

establish structure-property relationships and elucidate the reaction mechanism161. 

Yet, understanding the actual active center remains difficult despite advances in 

aberration-corrected transmission electron microscopy, X-ray photoemission 

spectroscopy (XPS), and extended X-ray absorption fine-structure (EXAFS) due to 

site heterogeneity and techniques that can unambiguously determine the active site162. 

Recently, SA catalysts have been introduced for biomass conversion163-181. 

Examples include mesoporous N-doped carbon nanofibers anchoring Ru, Pd, and Pt 

SAs, reaching order of magnitude faster formic acid decomposition than nanoparticle 

catalysts163, mesoporous graphitic carbon nitride-supported Ru-SAs for selective 

hydrogenation or hydrodeoxygenation of vanillin168, and a chitosan-derived N-doped 

carbon achieving a high turnover number (TON) of 431 molphenols molRu
ï1 for the 

reductive catalytic fractionation of lignocellulose173. To overcome the bulk reduction 

of metal oxides by hydrogen, while ensuring high activity and selectivity, Pt SAs 

anchored onto TiO2 were introduced for the selective CïO bond scission of furfuryl 

alcohol (FA) to 2-methylfuran (MF)174. Density functional theory (DFT) calculations 
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and characterization revealed that the cationic redox Pt on TiO2 creates a 

multifunctional active center that is selective compared to metallic sites. Pt SA 

supported on oxygen of defective Nb2O5 gave >99% MF selectivity at complete 

conversion due to the synergism of Nb and Pt sites175, whereby Pt atoms activate H2 

and Nb sites activate the CïOH bonds. Most of the aforementioned works have 

focused on activity invoking noble metal catalysts. Non-noble transition metal-based 

SA catalysts are appealing owing to their low cost, earth abundance, and high 

activity179-181. For example, MoS2 monolayer sheets decorated with isolated Co atoms, 

bonding covalently to sulfur vacancies on the basal planes, exhibit superior 

performance for HDO of 4-methylphenol to toluene179. The sulfur vacancies adjacent 

to the Co-S-Mo sites allow low reaction temperatures (180 °C) without sulfur loss or 

deactivation. A high loading (7.5 wt%) Ni SA catalyst exhibited high hydrogenation 

activity of unsaturated substrates and excellent tolerance to harsh conditions due to 

tight bonding of Ni and N atoms180. A Ni-based SA catalyst on carbon nanotube (CN) 

(Ni2.1/CN) was fabricated for the catalytic transfer hydrogenation (CTH) of 5-

hydroxylmethyl furfural (HMF), where the SA Ni-N4 active sites afford a reasonable 

turnover frequency (TOF) of 22 hï1 and selectivity using ethanol as a hydrogen 

donor181. It was hypothesized that pyridinic N of the Ni-N4 site is the active center and 

electron transfer from N to the Ni lowers the energy barrier for H desorption, 

facilitating the CTH process. 

Furfural (FF) is an unsaturated, commercial biomass derivative with an annual 

global output of ca. 300,000 tons182 . Its multiple functional groups endow it with 

diverse pathways to manufacture chemicals and fuels183 and enable catalyst 

benchmarking. For instance, CTH of FF to FA with secondary alcohols as hydrogen 
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donors has been highly attractive as a commercially relevant and fundamental probe 

reaction184. As iron is abundant, low cost, and environmentally friendly, we have 

reported the first study of Fe-catalyzed CTH of FF with 83.0% selectivity to FA and 

91.6% conversion at 160 °C in 15 h154. Since, other Fe-based catalysts have been 

reported but usually under harsh conditions. The intrinsic activities of most reported 

catalysts are low and not accurately measured due to the heterogeneity of Fe-based 

catalysts184. Moreover, the TOF of conventional nanoparticle iron catalysts Fe 

catalysts is low, <10 hï1.  

Here, we successfully prepared SA Fe catalysts using iron nitrates as the Fe 

precursor via a saturated adsorption strategy onto ZIF-8 at very low Fe loadings (<0.1 

wt%). By comparison, classic methods for preparation of SA Fe/Co catalysts from 

ZIF-8 usually involved a pore or spatial confinement strategy, where metal complexes 

with large ligands, such as acetylacetone (acac) or ferrocene, rather than small 

traditional metal salts, such as nitrates, are necessary185,186, and Fe(II)-N4 is commonly 

recommended as the active site. We find the performance of SA Fe catalyst matches 

state-of-the-art catalysts and its TOF (1882 hï1 at 120 °C and 367 hï1 at 80 °C) is two 

to four orders of magnitude higher than all previous Fe catalysts even at a much lower 

reaction temperature. The catalyst affords 93.1% yield of FA and 99.5% conversion of 

FF at 120 °C in only 1 h. Spectroscopic data (XANES and EXAFS) and kinetic 

experiments point to a single active center, and isotopic labeling experiments indicate 

intermolecular hydride transfer, following the classic Meerwin-Ponndorf-Verley 

(MPV) mechanism. First-principles calculations identify Fe(II)-plN3 as the active site 

whose mechanism, spectra, and activity are consistent with the experimental data. 

Notably, we show that the rigid geometry of the Fe(II)-N4 site synthesized in prior 
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work does not allow to simultaneously coordinate the substrate and solvent molecules 

due to steric hindrance, rendering these sites inactive. We demonstrate a concerted 

mechanism of IPA binding to the Fe(II) atom and deprotonation on the vicinal N-atom 

allowing the FF coordination to the Fe(II) atom. The Fe atom relieves its strain 

associated with the FF binding by being pulled out of the plane of the support. The 

phenomenon is qualitatively understood by considering the respective crystal field 

splitting diagrams. Such geometric effects, manifested in the transition state, have 

rarely been reported in heterogeneous catalysis.  

4.4 Methods 

4.4.1 Catalyst Synthesis and Characterization 

Synthesis of catalysts is reported in Appendix C.1. The morphology of the 

catalysts was characterized using a Hitachi SU8010 scanning electron microscopy 

(SEM, Japan) at 20 kV. Transmission electron microscopy (TEM), HAADF-STEM, 

and elemental analysis using an energy dispersive spectrometer (EDS) were performed 

on a JEOL JEM-2100F instrument operated at 200 kV. N2 adsorption measurements 

were performed on an ASAP2020M adsorption analyzer. XRD was performed at room 

temperature on an X-ray diffractometer (TTR-III, Rigaku Corp., Japan) with Cu KŬ 

radiation (ɚ=1.54056 ¡). The data was recorded at 2ɗ ranges of 5ï70°. X-ray 

photoelectron spectroscopy (XPS) measurements were conducted on an XPS 

instrument (ESCALAB 250Xi, Thermo-VG Scientific, USA) with monochromatic Al 

KŬ radiation (1486.92 eV). The spectra were fitted using mixed Gaussian-Lorentzian 

component profiles after subtraction of a Shirley background. The FWHM was fixed 

as 1.6 eV. The nitrogen content was determined by elemental analysis (Eurovector EA 
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3000). The iron and zinc content were determined using ICP-AES (Optima 7000DV, 

PerkinElmer Inc.). NH3-TPD was performed as follows: firstly, approximately 100 mg 

sample was loaded in a quartz reactor and then heated at 500 °C under argon flow for 

2 h. Then the adsorption of NH3 was carried out at 40 °C for 1 h. Subsequently, the 

catalysts were flushed with argon at 40 °C for 1 h, and then heated to 700 or 800 °C 

with a ramp rate of 10 °C minï1. The procedure of CO2-TPD was the same as NH3-

TPD except for the adsorption of CO2 at 40 °C for 1 h. Raman spectra were obtained 

through a Raman spectrometer (HORIBA Jobin Yvon, France) with l = 532 nm. 

Thermogravimetric analysis was accomplished using a TG-DTA analyzer Shimadzu 

DTA-60 instrument. Under Ar flow, a sample was heated from 30  °C to 1000  °C with 

a ramp rate of 10  °C minï1. 

4.4.2 Catalytic Performance Measurements 

The CTH of FF was carried out using a thick-wall glass tube (15 mL capacity, 

Synthware). For a typical procedure, FF (0.5 mmol), heterogeneous catalyst (50 mg), 

and 2-propanol (3 mL) were mixed in a glass tube and then the mixture was 

vigorously stirred in a silicon oil bath at 120  °C for 6 h. After the reaction, the liquid 

products were analyzed using both gas chromatography (GC) and gas 

chromatography-mass spectrometry (GC-MS). GC-MS analysis was conducted with 

an Agilent 7890B GC equipped with a DB-WAX 30 m × 0.25 mm × 0.25 ɛm capillary 

column (Agilent). The GC was directly interfaced to an Agilent 5977 mass selective 

detector (EI, 70 eV). The following GC oven temperature programs were used: 40  °C 

hold for 1 min, ramp 5  °C minï1 to 120  °C, ramp 10  °C minï1 to 240  °C, and hold 

for 5min.  
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Some experiments were performed at least twice to ensure reproducibility. The 

carbon loss is attributed to undetected products in GC or coke formation. The 

conversion and yield for the hydrogenation of FF were calculated in mol%, and TOF 

was calculated in hï1 as follows:  

 #ÏÎÖÅÒÓÉÏÎρ
     

     
ρππϷ (4.1) 

 9ÉÅÌÄ 
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The stability of Fe-ZIF-8-800 catalyst was investigated in five consecutive 

runs. The used catalyst was separated from the resulting reaction mixture via 

centrifugation, followed by three times washing with ethanol. After being dried 

overnight in vacuum at 60 °C, the catalyst was used directly in the next run. To 

recover the activity of the used Fe-ZIF-8-800 catalyst, 0.083 mL methanol solution 

containing 0.036 mg iron (III) nitrate nonahydrate was dropped onto 50 mg used Fe-

ZIF-8-800 catalyst. In this case, the Fe dosage is only 0.01 wt%. The mixture was then 

re-pyrolyzed at 800 °C using similar program as the Fe-ZIF-8-800 catalyst except 

another 70 °C hold for 1 h to remove the methanol. 

4.4.3 XANES Simulations 

The Fe and Zn K-edge XANES simulations were performed using the 

FDMNES code in the framework of multiple-scattering scheme using the muffin-tin 

approximation for the potential187,188. The Hedin-Lundqvist exchange-correlation 

potential was used in self-consistent calculations. The cluster radius was set to 5.0 Å 

away from the metal center, with satisfactory convergence being achieved. The 

calculation results were convoluted by an arctangent function to obtain the final 
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spectrum. The theoretical spectra of reference compounds, Fe foil, FeO, Zn foil, and 

ZnO, were first simulated and compared with the corresponding experimental spectra 

to validate the performance of FDMNES (Figure C.7 in Appendix C.2); the 

convolution parameters (cutting energy and core-level width) for the reference 

compounds with different formal oxidation states were optimized to obtain the best 

agreement between experimental and theoretical spectra (Table C.6 in Appendix C.2) 

and applied to the simulations of metal-NxCy moieties with corresponding formal 

oxidation states of metal centers. For instance, the cutting energy of ī4 eV and core-

level width of 2 eV, the optimal parameters of the theoretical spectra of FeO, were 

used for the spectra simulation of Fe(II)-N4C12 moiety. To avoid artificial biases, all 

models were first optimized by DFT calculations. 

4.4.4 DFT Calculations and Microkinetic Modeling 

Spin-polarized DFT calculations were performed using the Vienna ab initio 

software package (VASP, version 5.4.1)75. The electron exchange and correlation 

effects were described using the optPBE-vdW exchange-correlation functional145. The 

core electrons were represented with the projector augmented wave (PAW)77 method, 

and a plane-wave cutoff of 400 eV was used for the valence electrons. The Gaussian 

smearing method with a smearing width of 0.05 eV was employed. The supercells of 

Fe(II)-plN3, Fe(II)-plN4, and Zn(II)-plN4 were built based on 3 × 7 rectangular unit 

cells of graphene and have the sizes of 12.8 ×17.2 Å. The vacuum space in the z-

direction was set at 25 Å to prevent the interaction between periodic images. The 

Brillouin zone was sampled with a (3 × 2 × 1) k-point grid. All geometry 

optimizations were performed using the conjugate gradient algorithm. The atomic 

force convergence of 0.02 eV/Å and the energy tolerance of 10ī6 eV were employed. 
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The total energies of the gases were calculated in boxes of 20 Å×21 Å×22 Å using 

gamma point. The vibrational frequencies were computed within the harmonic 

oscillator approximation via diagonalization of the Hessian matrix using the central 

difference approximation with a displacement of 0.015 Å. Transition states were 

computed using nudged elastic band and dimer calculations79,80 and confirmed by 

vibrational frequency calculations. Thermochemical parameters of gaseous species 

were taken from the Burcat database81. The free energies of surface species were 

corrected using the python Multiscale Thermodynamic Toolbox (pMuTT)82. 

Microkinetic modeling (MKM) was performed using Chemkin189 in a plug flow 

reactor. The MKM parameters are shown in Table C.14 and Table C.15 (Appendix 

C.4). All reaction pathways, namely, P1, P2 and P3 on Fe(II)-plN3, and P1 and P2 on 

Fe(II)-plN4 and Zn(II)-plN4, were included in the MKM simulations. 

4.5 Results and Discussion 

4.5.1 Catalyst Structure Identification  

The synthesis of iron catalysts using two MOF precursors (ZIF-8 and MOF-5) 

is illustrated in Figure C.1. Fe(NO3)3, a smaller Fe salt, is used as the Fe source (see 

details in methods section). The catalyst prepared using the ZIF-8 precursor after 

pyrolysis at 800 °C contains ultra-low loading of Fe (<0.1%) vs. 2.16% in Liôs 

paper186 (Table C.1 in Appendix C.1). SEM and TEM images of Fe-ZIF-8-800 catalyst 

(Figure 4.1a and Figure 4.1b) reveal a uniform lamellar structure of ca. 160 nm ZIF-8 

matrix that is well preserved during pyrolysis. Elemental mapping (Figure 4.1e) 

suggests even dispersion of iron in Fe-ZIF-8-800 catalyst, and ICP-AES analysis 

shows a loading as low as <0.1 wt%. In contrast, pyrolysis of MOF-5 leads to irregular 
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particles (Figure 4.1c), indicating the collapse of initial MOF-5 structure during 

pyrolysis. Characteristic peaks of ZnO (JCPDS 80ï0075) and an extremely weak peak 

of the (110) facet of metallic iron (JCPDS 87ï0721) are observed in the XRD pattern 

of Fe-MOF-5-800 catalyst (Figure C.2a). The MOF-5 affords a Fe loading of 5.73% 

(Table C.1). The amorphous carbon peaks in Fe-ZIF-8-800 and ZIF-8-800 and the 

absence of ZnO and metallic Fe peaks in the XRD patterns of the ZIF-based catalyst 

suggest that Zn and Fe are in a different state in MOF-5 and ZIF-8 catalysts. 

Additionally, the Fe-ZIF-8-800 catalyst exhibits a higher level of defects, as indicated 

by the higher ID/IG ratio (Figure C.2b and Table C.2), than Fe-MOF-5-800 and ZIF-8-

800 catalysts. 

The states of Zn and N were investigated via XPS. The slightly higher binding 

energy of Zn in Fe-ZIF-8-800 than ZIF-8-800 (Figure 4.1f) is attributed to electron 

withdrawal from Zn to Fe even though there are no direct Zn-Fe bonds as shown in the 

EXAFS spectra (Figure 4.2c). That is possible as charge transfer can occur through 

metal-N bonds, similar to the N-mediated charge transfer in the Cu/Zn-NC catalyst, 

where direct Cu-Zn coordination was absent according to the EXAFS results190. Znôs 

binding energy in MOF-5 shifts to higher values, correlating to ZnO observed in the 

XRD pattern (Figure C.2a). Thus, Zn in ZIF-8 may be in ZnN4, as further confirmed 

by EXAFS191,192 (Figure 4.2f). As shown by N 1s spectra (Figure 4.1g), there are three 

N species in these MOF-derived catalysts, including graphitic N, pyrrolic N, and 

pyridinic N. The fraction of pyrrolic N, which could be most possible N state 

coordinating to metal center in Fe-ZIF-8-800, is 13.1 at%, higher than Fe-ZIF catalysts 

pyrolyzed at lower temperatures, and slightly lower than ZIF-8-800 (Table C.3). 

Complete loss of Zn and N occurs upon pyrolysis at 1000 °C.  
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Figure 4.1: Catalyst characterization. (a) SEM and (b) TEM images of Fe-ZIF-8-800. 

(c) TEM image of Fe-MOF-5-800. (d) HAADF-STEM and (e)Fe, Zn, O, 

N, and C elemental maps of Fe-ZIF-8-800. XPS spectra of Zn 2p (f) and 

N 1s (g) of MOF-derived catalysts. 

X-ray absorption near-edge structure (XANES) and Fourier transforms (FTs) 

of EXAFS spectra provide insights into the state of Fe even at low fractions as 

aberration-corrected transmission electron microscopy (Figure C.3) cannot distinguish 

Fe and Zn atoms due to approximate atomic number, and XPS is incapable of 

acquiring significant signals at a Fe loading of <0.1wt% (Figure C.4)101. Fe atoms in 

the Fe-ZIF-8-800 catalyst are oxidized (Figure 4.2a), and the Fe-N length is ca. 1.4 Å 

(Figure 4.2c). Trace Fe has limited influence on the oxidation state of Zn, leading to a 

nearly indistinguishable change in the XANES spectra of Zn K-edge (black and red 
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lines in Figure 4.2b). Only one main peak of Zn-N coordination is observed in the 

ZIF-8 catalysts (Figure 4.2d). Wavelet transform of the spectra further confirms that 

Fe and Zn atoms are well dispersed without aggregation in Fe-ZIF-8-800 and ZIF-8-

800 catalysts (Figure 4.2i). By comparison, the Fe-Fe and Zn-Zn scatterings are 

observed in the high k value range in Fe and Zn K-space spectra in Fe-MOF-5-800 

catalyst, and the bond distance of Fe-Fe and Zn-Zn bond is ca. 2.5 Å and 2.75 Å, 

respectively (Figure C.5). The Fe-N coordination number in Fe-ZIF-8-800 catalyst is 

3.7 (Table C.4), suggesting a mixture of FeN3 and FeN4 structures (Figures 4.2e and 

Figure C.6). The coordination number of Zn-N in Fe-ZIF-8-800 is similar to ZIF-8-

800 (3.9 vs. 4.1) (Table C.5), further confirming the limited influence of trace Fe on 

the structure of Zn (Figure 4.2f).  

Computed XANES spectra of metal-NxCy moieties193-195 (metal=Fe or Zn) 

assist identifying the number and type of N ligands coordinated with the transition 

metal at the Fe-Nx and Zn-Nx coordination sites in Fe-ZIF-8-800 and ZIF-8-800. The 

porphyrin-based metal-NxCy moieties, in which the metal is coordinated to pyrrolic N 

atoms (plN), e.g., Fe(II)-N3C10, Zn(II)-N4C12, and Fe(II)-N4C12 (Figure 4.2g-h and 

Figure C.8a), reproduce the experimental spectra the best. When pyridinic N is 

involved in Fe-N coordination (Figure C.9), the edge and post-edge experimental 

features were not reproduced. Taken together, the EXAFS and XANES analyses 

suggest that the local structures of the Fe-Nx sites in Fe-ZIF-8-800 are described well 

by porphyrin-based moieties Fe(II)-N4C12 (Figure C.8a) and Fe(II)-N3C10 (Figure 

4.2g); and the Zn-Nx site of ZIF-8-800 by the Zn(II)-N4C12 moiety (Figure 4.2h). 
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Figure 4.2: Experimental and simulation X-ray absorption spectra and analysis. (a) 

Fe K-edge and (b) Zn K-edge normalized X-ray absorption near-edge 

structure (XANES) spectra. Fourier transform of k-weighted Fe K-edge 

(c) and k2-weighted Zn K-edge (d) EXAFS spectra. (e, f) EXAFS fitting 

of the Fe-ZIF-8-800 at Fe and Zn K-edges. (g, h) Experimental Fe K-

edge and Zn K-edge XANES spectra of Fe-ZIF-8-800 and ZIF8-800 and 

their theoretical spectra. The number in the bracket represents the formal 

oxidation state of the metal center. (i) Wavelet transform of Fe K-edge 

EXAFS for Fe-ZIF-8-800 and Zn K-edge EXAFS for Fe-ZIF-8-800 and 

ZIF-8-800. Insets: atomic structure models of Fe SAs/N-C; Fe (orange), 

Zn (light blue), N (blue), and C (gray). 


















































































































































































































































































































































































































