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ABSTRACT

With thedrive toward carboneutrality, converting carbomich wastes, such
asbiomass and waste plastjmto fuels and valuablehemicalshas attracted surge
of interest, foraddresmg the energy transition and environmental concefios
improve theconversiorefficiency and circumvent harsh reaction conditions,
innovations irheterogeneousatalysts and catalytic systemu®imperative However,
achievingthis goal is dauntingue to thenultidimensionatomplexityof
heterogeneousatalysis in terms of active site uncertainty and reaction pathway
diversity, especially for biomass and plastics systems in which reaatant
complicated. This thesis addresses these challdrygesmputational modelingn
collaboration with experimental workeveaing the imporance of microenvironment,
impurity, structureflexibility, and defectsn determining the nature aftivesites 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 carbehased catalysts. Chapter 2 investigate8timmsted acidic
oxygencontaining functionagjroupsfor dehydration reactions, which are important
for biomass upgrading. Weemonstrat¢he stronger acidity of the phenolic group than
that of thecarboxylic groupbecause othe speciatarbon environment, making it the
dominant active siteChapter 3 focuses dhe N-doped carbowatalyss for
hydrodeoxygenation (HDO) otBydroxymethylfurfural (HMF)We elucidate that

traces of Fe impurity, instead of abundant nitrogen species, contribute remarkably to
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the catalytic performance. DFERlculations showhat the Fe single site, i.¢he FeN3
site, can promotelMF adsorption and tactivation 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 higberformance F&-C catalysts for catalytic transfer
hydrogenation (CTH) ofurfural through understanding the key factor affecting
reaction pathways and exploring structacgivity relationships. In Chapter 4, we
fabricate a highly active F&-C catalyst witha turnoverfrequency of 1882h We
use XANES simulations, DFT calculatigrasd microkinetic modeling (MKM) to
determine a defective, flexiblea-N3z site as the dominant active site and reveal the
critical role of site flexibility in tuning reaction pathways and thmprovingactivity.
Chapter 5 utilizes the concegtsite flexibility to figure out the activity descriptor for
the CTH of furfural By defect engineering, we regulate theNFbond lengths, i.e.,
theFeNss i t e 0 s , &nt enraveits profaurtd ympact on the CTH activity.
Molecular orbital interaction analysis provides physical insights into this observation.
We eventually bild the structureactivity of FeN3 sites with the FeN bond length as
a geometric descriptor.

Lastly, in addition to the catalyst activity, we extend our focuth&impact of
impurity in reactants on stabilityn Chapter 6, we develop an efficient workflow
containing structural similarity, DFT calculation, group additivity (GA) model, and
Redhead analysis for predicting the heats of adsorptidntherebygesorption
temperaturesf a broad range of plastics additiveBrgnsted acidic zeolite3his
guidesoptimizing reactiortemperatureéo remowe additiveghermally, which is

essentiato mitigate tle deactivation effect of additives on tBegnsted acidgites.
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In summary, this thesis shows the critical role of computational modeling
clarifying active sites, investigating reaction mechanisms, establistrungfureactivity
relationships, and improving catalyability, which is imperative to reach a sustainable

future.
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Chapter 1

INTRODUCTION

1.1 RoutesTowards Carbon Neutrality

Today, most ofvorldés energy and daily productsly on norrenewable fossil
fuels escalaing thecarbon dioxide emissions that leacttinatechangé? In this
context, exploring alternatives to fossil fuels has become an urgent task for achieving
a carbomeutral society by 2050. As a highly abundant, natural carbon source,
biomas$ a class of plant and pladerived materials including wood, energy crops
agricultural residues, and animal marfuygresents an obvious choitét is estimated
thatglobal annual production of biomass could be more than 10 billion tons (dry
basis), with an energy content exceeding 2 billion tortmal->, up to 240 EJ per year
(1 EJ = 24 Mt of oil equivalent)y 2066. Additionally, waste plastics is another
unutilizedcarbon source. e to theovewuse of plastics and the lack of effective waste
management, wasf#astics are expected to accumulate to approximat@@00Mt
by 2050 Efficiently handlingwaste plasticsia recycling or upcycling can reduce
reliance on fossil resources amitigate environmental pollution.aken together,
transforming biomass and waste plastics vainablechemicals, fuels, anehaterials
is essentiato closing the carbon cycle aiés attracted tremendous atterftitin

Undoubtedly heterogeneousatalysisis akey enabling factor to realize this transition



1.2 Importance of Heterogeneous Catalysis

Catalysisatechnologyaccelerang chemical reactionand improving
selectivity of desired products, is central to numeroasufacturingprocesses.
Heterogeneous catalgs where solidnaterials convergas and/or liquig, aremore
costeffective and simplif separatn and recycling. Owing to this merit,
heterogeneous catalysismslispensabléor most industriesencompasag more than
80% of modernchemicalprocesse$’. It isalso cruciafor asustainablduture
through the conversion diomass and waste plastioso fuels andvalueadded
chemicals Specifically, purely thermal techniques are 1setective andfurther
upgrading is required to get higjuality products, which is hardly realized without
catalysis.Therefore developinghew catalyss and exploringpptimalreaction
conditionshave attracteéhcreasingattentiot®?%, aiming at highly active, selective,
and stable catalytiprocessedNevertheless, 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 reactionnvolveschemical and energy transformatidretween
reaction species and active sites. Given this, understanding the nature of active sites
and reactioomechanism is the prerequisite famderstandig why particular catalysts
work and desigimg new catalysts. Yegctive site uncertainty and reaction pathway
diversityrender 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 recastruction andsegregatioff. Overall, this heterogeneity and dynamic



variability make it difficult to pinpoint the exact sites responsible for experimentally
observed catalytiperformancehindering the rational design of catalysts. Taking
carbonbased catalysts as an example, this thesis demossliriatgoint.

Apart from active site uncertaintygactionpathwaydiversity adds complexity
to catalys design. Starting with reactantstalytic reactions often have several
possible pathways, each with different intermediates and transition &atiag to
different products. Predictinghich pathway dominasainder specific conditions
essential to improve the reaction ratelthe selectivity towar@targetproduct but it
is not an easy task amparticularly hard for biomass transformation reactions.
Indeed, compared to hydrocarbaoahsrived from fossil fuel resourcesiomassderived
molecules are usually largmdcomposed omultiple functional groups, resulting in
anexponentially increasenumber of reactions and surface intermediatésch
makesthe reaction networknorecomplex

Besides theactivity, catalysstability is another fundamental issue in catalysis.
Over the past decades, more than 30 deactivateshanisméave beemeported,
generallygrouped incatalytically active siteésloss, blockage, and modificati®n
Although many in situ and operando techniques have been developed to monitor
catalystsd6 deactivation, a comprehensive n
the limitations of individual techniques, hindering the design of stable catalysts

Trial-anderror is insufficient to tackle these challenges. With the advent of
guantum chemistry and rapidly increasing computing power, computational methods

have emerged as powerful tools for explori



1.4 Roleof Computationsin Rational Design of Catalysts

Generally, computational methods can not only provide attewed 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-thireensional varialgl) instead of
solving the Schrodinger equation for the wave function-d8Nensional variab)é*.
Due to its low computational cost and considerable accuracy, DFT calculations have
been highly effective in studying a broad range of catasytitem®. 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

structureactivity relationshipand improving catalystability (Figure 1.1)
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1.4.1 Identifying Active Site(s)

Although many techniques have been developed to characterize the bulk and
surfaces of heterogeneotetaly$s®®, information may not be relevant as the active
sites often constitute only a tiny portion of the surfadeor 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. Furtloeemncharacterization methods
could alter the catalyst, so the connection between titrations and active catalyst sites
still needs to be discovered

Complementary to experiments, computationsidanify active sites. For
instance, datarivenquantitativestructurepropertyrelations (QSPR)isingvarious
elementary machine learning toot®frelation matrixprincipal component analysis,
partial least squares) can efficientlyminate correlations betweeamatalyst
performance and structural propertieying afoundationto determineactive
site€82® Furthermore, DFIbased spectroscopy simulation, suciXasy absorption
spectroscopy (XAS)which is highly sensitive to the electrorind thuggeometric
properties of active sitespuldreveal the structure of active siwmsch adocal

coordination, bond length, chemical compositieic>®-3%

1.4.2 Revealing Reaction Mechanisms

Reactionrmechanisra describe pathways from reactants to products and
byproducts. The keto reaction mechanisimvestigationat given active sites is
unraveling the rateand selectivitydetermining step requirdd desigrhigh-
performance catalysts. To this end, DFT calculations have been widely ws#dito

the energyprofilesof reaction pathways of involved intermediates and transition



states, chosen based on experimestiakrvatios, existing literature, autanatic

reaction mechanis generator€. The energetics cathenbe incorporated into
microkineticmodeling (MKM)to identify ratelimiting steps angbredict macroscopic
reaction kinetics®, such as reaction ratgmoductselectivity, apparent reaction

barriers, and reaction ordeflthe proposed mechanism and active sites can be verified
by comparing them with experimental resulitkis frameworks the standard

approactto understanding the performancecafalyss and optimiationstrateges’.

1.4.3 Establishing Structure-Activity Relationship

Despitethe importance ofomprehensiv®FT and MKM calculations in
revealingintermediatesnd transition states thaétermire the reactivity of a catalytic
system, performing these calculations fayhhthroughputcatalyst screening is
daunting Catalyst®activity is fundamentally determined byeir electronicand/or
geometricstructure through reduced representations terreskcriptorsor features
Therefore gstablishing structuractivity relationshipshrough appropriate descriptors
is significantfor predictirg advanced catalysts.v@ the past decadesxtensive ab
initio computations have been conducted to exploeelescriptorsand structure
activity relationshipgor varioussystem&>3°, Forinstance, the calculated adsorption
energyof hydrogenatomcan beused tocorrelatethe experimentactivity of
hydrogen evolution reactidie., exchange currenio)*®; the band gapnergyof metal
oxidesshows a good relatisghipwith theapparent activation energy pfopene
oxidatiorf!. Despite these achievemerttse structureactivity relationships for
biomassrelated reactions remain limited due to toenplexityof this systeman

efficiently computedphysically interpretableand experimentally measurable



descriptor is missindlhis thesis showcases howdevelopsuch a descriptor and

structureactivity relationshigor furfural hydrogenation.

1.4.4 Improving Catalyst Stability

As highlightedearlier, catalyst stability is essential for an efficient catalytic
process. To design stable catalystgjerstanthg the deactivatiormechanismsit the
atomic scale and relating themraaction conditions is paramount. Specifically,
catalyst deactivation can be due to the modification of activecsitesed byhe
adsorptiorof impuritiesin the reactats*2, which may be reversible depending on the
adsorption strengthn this context, the rapid and accurate predictiotheir
desorption temperaturegiding the optimization of reactidemperatureo make
them desorbgan improve catalyst stabilitfhe group additivity (GA) can estimate
molecular properti¢é*4 GA models can beonstructed witta limited amount of data
from first-principles calculations without inputs from experiments and are physically
interpretableaccording tadhe contribution of every group to the propettythis
context, the groups or graphs represent#srriptorsand the GA model is a QSPR
model.In this thesis, we propose a Dibased GA model in predicting the desorption
temperatures of plastics additives, aimingiteviake their deactivation effect on the

active sites andptimize plastics recycling process.

1.5 Dissertation Scope and Structure

This thesisaims todesign improved catalysts and procegeesarbon
neutrality by computational modelirgynergisticallywith experimentsTaking
complexcarbonrbased materials as an example, we clarifyirtigact of local

environment, impuritystructureflexibility , and defect engineerirgmn the nature of



active sitegFigure 12). Wereveal thecritical factor affectingheactivity of Fe
singleatom Ndoped carboratalysts an@stablisithe structureactivity relationship
with a simple geometric descriptor. Apart from activity, we further focuhen
deactivation effect afmpurities in feedstockn the active site® improvecatalyst
stability. We develop aighly effectiveworkflow for predicting the desorption
temperatures of additives taitigate th& negative impacbn Brgnsted acidites

(BAS) of zeolites for plastic recycling.
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Chapter 2 investigatébe Brgnsted acidic oxygeoontaining functional
groupsin carbonmaterials Combining comprehensive experimental characterization
techniques, data science analysis, and DFT calculations révaidlse phenolicgroup

is thedominantacidsitefor gasphase chemistrie¥Ve demonstrate thaarboxylic



groups are mucless acidic than phenolic groups in the graphitimedoporous
carbon Thiscounterintuitiveresult isbecausehe electron density delocalizatioof
oxygen functional groups is profoundly affectedtbg carbon microenvironment
This chapter proposeswethodologyof activesiteidentification for complex carbon
materials, whicltan be applied to other carbbased materials containing other
heteroatoms.

Chapter 3 focuses @notherimportant category of metdélee carbon catalyst,
N-doped carbon catalysts, which are appliechfarodeoxygenation (HDO) of5
hydroxymethylfurfural (HMF) to 2 slimethylfuran (DMF)A 91% yield of DMFand
high catalyst stabilityareobtained Complementary to extensive experimental
characterizationgjata science analysssd DFT calculations suggest that Fe impurity,
rather than nometallic elements, is critical for the excellent catalytic performance of
HDO. The proposeBte-Ns site facilitates Hactivation andHMF adsorptionkey
stepsfor HDO of HMF. This chapter underlines tim®n-negligiblerole of metal
impurity, evenatlow concentrations, in determining the overall activity of catalysts,
meanwhileforeshadowinghat Fe singleatom Ndoped carbon materials could be a
promising candidate for biomass conversion.

In Chapter 4, we anaspiredto investigate R&-C catalysts fofurfural
catalytic transfer hydrogenation (CTH) e fabricate a F&l-C catalyst with excellent
catalytic performancesuperior to other reported metal and duéde catalyst®Rather
than the common fotroordinated Fe sites (F#N4), wedetermine the three
coordinated Fe sites (F#N3) as the active sites by combining XANES simulations,
DFT calculationsand MKM studies The TOF of FeINs is higher than that of Fe

pIN4 by several ordersfanagnitude, which is attributed the factthat FepINs sites



allow the ceadsorption okey intermediates arttie chemistry to proceeWe
unraveedthe importance dditeflexibility in collocating the reagentsased on
electronic structure analysis of the two different Fe sith&s chapter manifests an
efficient methodology for active site determination. It implilkatthe structural
flexibility of the FeNs site is vital for tuning the electronic structure of Fe atoms,
thereby, the CTH activity

Chapter Gutilizes theflexibility of Fe-N3 sitesembedded in the edge of zigzag
graphene ribbon® establish a structwactivity relationship foFFe-Ns sites. We
introduce divacancy defects around theNzesites toregulatethe FeN bond lengths
and CTH activity We figure outthat an unoccupied F&Q orbital is critical to
stabilizing thehydride transfetransition sta¢; the change in electronic structure is
induced bythe FeNz distortion, raigng the FecQ orbital and strengthémg the
bindingof the transition stat We propose thaFe-N3 site reconstruction is related to
Fe-N bond lengthswhichareused as simple geometric descriptfmr theCTH
activity of Fe-N3 sites This chapteprovidesin-depthinsights into the CTH activity
and paves the way for discovering activeN~€ catalysts.

In Chapter 6, we extend our fodiasthe influenceof reactanimpuritiesonthe
stability ofactive site We develop a computational workflow to predict the heats of
adsorption and, consequently, desorption temperatures of plastics additives in
Brgnsted acidic zeolites, aiming to alleviate rlegative impact of additives on
catalytic recycling of plastics. Weverage the structural similariamong additives
anddevelop a group additivity model trained DR T datato predictheats of
adsorptiorfor a broad range of additived/e estimatetheir desorption temperatures

using the Redhead analysguidingthe optimzation of the reaction temperature to

1C



mitigatethe impact of the additive¥his chapteproposs an efficient strategy to
improve the stability of catalystsontributing to plastic waste management.
Finally, Chapter 7 summarizes the dissertation conclusions and discusses

directionsfor future research.
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Chapter 2

IDENTIFCATION OF ACTIVE OXYGEN FUNCTIONAL GROUPS ON
CARBON MATERIALS

2.1 Abstract

Oxygencontaining carbons are promising supports and rfietalcatalyst$or
many reactions. Howevetistinguishing the role of various oxygen functiogedups
and quantifying and tuning each functionality is still diffictdere we investigate the
role of Brgnsted acidic oxygesontaining functionafjroups by synthesizing a diverse
library of materials. By combining acahtalyzecelimination probe chemistry,
comprehensive surface characterizatidrisisotopically labeled acetonitrile
adsorption coupledith magicanglespinning nuclear magnetic resonance, machine
learning, and densitiunctionaltheoly calculations, we demonstrate that phenolic is
the main acidgite in gagphase chemistries and unexpectedly carboxylic groups are
muchless acidic than phenolic groups in the graphitinegoporous carbon due to
electron density delocalization induced by the aromatic rings of grapaition. The
methodology can identify acidic sites in oxygenated carbaterials in solid acid

catalystdriven chemistry.

2.2 Contributions

This chapter is adapted from a published Woekllaboratingwith multiple
people Piaoping Yangcarried out all the DFT calculationsahuaZhouperformed all
the experimental work and analgizae XPS, NMR, TPEMS data. RaopingYang
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Maximilian CohenandJiahuaZhouconducedthe XPS data analysiBavel A. Kots
providel the guidance for the catalyst synthesis and the NMR measuretenos
Caratzoula®versaw theheoretical calculations and analydisonisios G. Vlachos

and Weiging Zhengdirectedthe project and provided supervision.

2.3 Introduction

Owing to their low cost, lightveight, high surface area, high thermal
conductivity, and readily modified structure and surface chemistagispnrbased
catalysts are routinely used for energy storage, semdectiocatalysis, and
heterogeneous cataly&l€%4’ Pure carbomith a uniformsp>-hybridized structure is
not suitable for catalysigunctionalization with heteroatofi$® including N, O, P,
etc.,makes carbon a prominent support and a rietal catalyst. The
microenvironment of carbon atofi§®°? strongly impacts the interactidretween
reactants, intermediates, and products wdtalysts>>* Undoubtedly, oxygen
containing functional group®©CFGs) are widely investigated in many applicatitns
%6 |t has beesuggested that the composition in acidic OCA®&H, i COOH,
lactone carboxylic anhydrides) affects the metal particle size distribiyoserving
as coordination sites for metal cations, gredibpersing metgbarticles”.
Furthermore, several OCFGs can servBrassted acid sites (BAS), e.g., for
dehydration, cellulose hydrolysistc®®®, or base siteg.he relative activity of each
type of site isunknown.

Developing OCFGs compositieanction relationships remairgusive due to
having many different sites atichitations on characterizatisstemming from
challenges in using ultraviolet and visilight-based spectroscopic techniques on

carboi®™. Specifically, Fourietransforminfrared spectroscopy (FTIR), often used to
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distinguish site®ased on the vibrational frequency of the chemical bonds, is
inapplicableas IR photons are almost completely absorbed by carddnke diffuse
reflectance IR spectroscopy (DRIFTS) can be apptibthining IR extinction
coefficients is challengir’§® Temperatur@rogrammediecomposition mass
spectrometry (TPDBAS) candetect OCFGs over a temperature range (500 to 1200
K). Yet, surfacdunctionalities may undergo consecutive transformations giving gas
phaseproducts formed in situ during TPDE rather than being inriti@l carbon
structuré*%®, Raman spectroscopy is promisingigect the crystal and molecular
structure ands verysensitive to thetructural disorder of carbon but cannot
distinguish OCFG¥. Boehmtitration®®®°assumes bases of different strength react
with a specifiaype of OCFGs but is challenged when distinct chemical functions
possess similar pKa values. Furthermore, it cannot distinguish ageatic groups
(lactones, carboxylic anhydrides) that can hydrolyzeii@bl ori COOH in water or
acid/basesolutions and does not accotiot the porosity and material
hydrophilicity/hydrophobicity (in théiquid phase)* %% High-resolution Xray
photoelectron spectroscof¥PS) is sensitive to the elemental composition and the
relative carborraction in various oxidation states. Blume ef®df reported high
quality fits of the C 1s spectra. However, some binding energy signalgidably
overlap partially due to similar oxygen chemical statasanous OCFGs within only
a 5 eV energy range. For example, lactaamas carboxylic groups containing O QG
cannot be unambiguousigentified through peak fitting. THeOH can be hydroxyl
(associateavith alkyl rings) or phenolic (associated with benzene rings), but it is

challenging to distinguish the two. Therefore, it is essential to degelogra
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techniques to understand the role of oxygen functionalitisagh complex materials
as carbons.

Here we investigate the chemical functionality of carbonsyloghesizing a
diverse library of materials with varying oxygen functionalit& combine
multimodal techniques, namely ex situ anditu XPS and TPDBMS, gasphase
elimination probe reactionseft-butanolandisopropanol dehydratioff) and machine
learning (ML)tools (regression, partial least squares, 8tt%)o elucidate the
protonatedacidic OCFGsi(OH, i COOH) serving as Brgnsted acid sites.
Unexpectedly, we find thatOH (phenolic group) is the dominant saed extremely
more active thailCOOH (carboxylic group). By introducingN isotopically labeled
acetonitrile adsorbed maganglespinning nuclear magnetic resonance (MAS NMR)
as a general acglte identification method for carbons, and comprehensive density
functional theory (DFT) calculations, we demonstrate that the hagtieity of i OH
stems fronthe carbon microenvironment and specificailg electron density
delocalization caused by aromaticity &hd number of benzene rings conjugated with

the conjugate base tife acid site.
2.4 Methods

2.4.1 Machine Learning

Non-negative Least square regression (NNLS) and partial least sqBa®s
were applied to simplify the complexity of the highmensionalitydata and relatthe
multiple types of OCFGs with trgehydration rate. These various elementary machine

learning werecarried out using Python software.
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2.4.2 DFT Calculations

Spinpolarized DFT calculations were performed using the Viennaiti
software package (VASP, version 5.4°1Yhe electrorexchange and correlation
effects were described Berdew Burke Erzenhof (PBE) exchangmorrelation
functional®. The core electrons were represented with the projector augnveaned
(PAW)’" method and a plangave cutoff of 500 eV was used filve valence
electrons. Van der Waals interactions were consideredisf@rsioncorrected density
functional theory calculation (DFD3)’8in the simulations. The Gaussian smearing
method with amearing width of 0.05 eV was employed. The pristine graptieinen
with armchair edges contained 54 C atoms and 12 H atanilg, the one with zigzag
edges consisted of 60 C atoms and 1&dins. The vacuuspace in the-girection
was set to 25 A and the-planevacuumbetween ribbons was set to at least 15 A.
Brillouin zonewas sampled with a (1 x 3 x Dyoint and (3 x 1 x 1)4pooint grid for
the armchair edgmodel and the zigzag edge model, respectivelygédimetry
optimizations were performed using the conjugate gradigotithm. The atomic
force convergence of 0.02 eV/A and #eergy tolerance of 19eV were employed.
The total energies of ttgases were calculated in boxes of 20 A x 21 A x 22 A using
gammapoint. To obtain thermal corrections of electronic energies at 583K,
vibrational frequencies were computed within the harmosaillator approximation
via diagonalization of the Hessian matuising the central difference approximation
with a displacement di.015 A. Transition states were computed using nudged elastic
bandand dimer calculatiori$®and confirmed by vibrational frequencglculations.
Thermochemical parameters of gaseous speciestalere from the Burcat
databas®. The free energies of surface speeiese corrected using the python

Multiscale Thermodynami€oolbox (pMuTT¥?.
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The deprotonation energy (DPE) waefined as the energgquired to

separate the proton from the acid group, as shown Qé&qv2.1):
o000 O © (2.1

whereO ,O ,andO represent the energies of the proton, conjugase
group, and acid group. The cluster models with 66 C atom2zaHdtoms (before
substitutionwith T OH andi COOH)were employedior DPE calculations. The
calculations for charged states were perforimgdpplying a neutralizing uniform
background chargistributiorf®.

For NMR calculations, a cutoff energy of 600 eV was used armdeatronic

step convergence criterion was set to HY.

2.4.3 Preparation of Functionalized Carbon M aterials

Graphitized mesoporous carbon (GMC) (Sigaldrich, <500 nm>99% trace
metal basis) was first treated with concentrated nitric @igimaAldrich, 70%,
purified by redistillationi 99.999% trace metalssis) under vigorousagnetic
stirring at 130 °C for varying time. Thatio of nitric acid to carbon was set as 150mL
to 6 g to keep theoncentration of HN@constant. After treatment, the solution was
cooled to room temperature, centrifugated, and washed with deiomgeduntil the
pH reaches 7. Tmethe carbon samples watged at 110 °C for 24 h. Finally, the
samples were annealed in a tdibmace 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 artabeled as GMGsx (a h}b °C,with a and b corresponding to the HNO
treatment time (a =6 h, 12 h, 24 h, 48 h) and annealing tempéd(tate 200 °C,
400 °C, 600 °C, 800 °C), respectively.
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2.4.4 Materials Characterization

The Ramarspectra Specific surface area (BET) measuremdmmperature
programmed decomposition (TPEES), Elemental analysjs<-ray photoelectron
spectroscopyand®N solid-state MAS NMR spectroscogye reported ilppendix
Al

2.4.5 Probe Reactions

The probe reactions wecarried out in a quartz reactor with iaternal
diameter of 9nm. The catalyst bed was fixed by two inguartz beds (3@0 mesh)
and was placed in the isothermal zone fhiraace. A thermocouple, covered by a thin
guartz tube, was placedtine middle of the reactor to infer the catalyst bed
temperature. Madtow controllers (Brooks) controlled the flow rates; Nitrogen)(N
(>99.999%)was used as the carrier gas for purgingltetanol into theeactor, and
helium (He) (>99.999%) served as thedance gas. Thetal flow rate of the gas
mixture was 100mL/min

The probe reactant was introduced to the reactor throughsagaator with
controlled temperature. The alcohol flow rate wedpisted through the flow rates of
Noand He and t he DbAllpigelineswéreshedtee topldd € byu r e .
heating tapes tprevent alcohol condensation. The reaction products were analyzed
using gas chromatography (Agilent 7890 A) equipped with a@dlumn and a
flame ionization detector (FID). The catalyst was pretrei@mt@dmixture of N
(50mL/min) and He (50mL/mjnat 140 °Cfor 1 h before purging alcohol into the
reactor. The initial dehydratiaiate was calculated by extrapolating the data to zero

time (Eq.2.2):

OWHQI G DD 2.2)
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2.5 Results and Discussion

2.5.1 Quantification of Oxygen-containing Functional Groups (OCFGSs)
Graphitized mesoporous carbon (GMC) was chosen on accounhajtitg
graphitic compositionKigure A.1lin Appendix A.3, low fraction ofsurface
functional groups, heteroatoms, and limited densitynplerfections, such as twists,
nonaromatics, links, and vacancid$itric acid oxidation involves oxidative ions
(e.g., HO", NOs, NO;", arising from seHdehydration) that attack the aromatic rings,
changehe conjugate carbon atoms, and introduce vacancies, defegtsdge planes.
Collectively, nitric acid oxidation forms basic aadidic groups (carbonyls,
carboxylic, pheolic groups, etc®f as shown irfFigure2.1a Theoxidized materials
were subsequently annealed and are hereddtested as GMGex (a h}b °C (acid
treatment for hours arehnealedht temperature b; sééethods). Figur&.1b shows
that the intensity ratiof the Dband to Gband (b/lg) of the oxidized GMC®x is
lower thanthe asreceivedGMCs, revealing conversion of the graphitized cariaon
defects during treatment@nditions inTable A.J). Both XPS analysis and CHNS
measurementl@ble A.]) indicate the introduction of oxygen into the carbon without
otherheteroatom contamination e.g., nitrog€rg(re A.la, Table A.2andFigure
A.3). The elementatomposition can be determined frahe C 1s and O 1s celevel
spectra with sensitivity factors from theatos librarf* (Table A.J). Figure2.1cand
Figure 2.4 exhibit therepresentative and stable C 1s and O 1s fitting m@delsf
two sampleswith detailed fitting basis and assignments, fitting parameders,
Monte Carlo error analysis lippendix A3. Thequantificationof the species from
the C 1s spectrd{gureA.5) is disturbed by the asymmetric structure of the graphitic

carbonpeak (group C1, Imax = 284.4 eV) up to high binding energies. Differamces
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OCFGs (range higher than 285 eV) can still be observedfiyacting the GMGex
C 1s spectra from the-asceived GMCgFigure A.4. Minor errors in the subtraction
of the graphitigpeak result in a large error due to the small OCFGs fractions,
highlighting one of the challenges in data anafjsislthough assigninghe chemical
bonds contributing to the O 1s cdexel spectrunfFigure2.1d) is less
straightforwar8”®°, the differences in spectra amasamples are again statistically
significant Eigure A.3) Below, we use spectra differences as part of our approach.
The variouscarbon Ci (species from C 1s fitting) and oxyger(species from O 1s
fitting) groups depicted in Fige2.1a that areuantified fromthe XPS datee.g., C3,
C6, or O4, do not in most cases correspond to a single funagianad and thus to a
single active site, but rather to a collectioradéw of them. Converselndividual
oxygen species may appeaisgveral XPS groups, correlating XPS groups. These
correlations complicatdhe data analysis and development of strueteaetivity
relations. For example, standard principal component analysis gfdtps affecting
the reaction rate gives unphysical results. It is tiusial to account for these

correlations to reveal the actwsdtive sites.
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To unequivocally unravel the distribution of groups, we comBiR& with

TPDEMS of the CO, CQ H20 releasedipon heatinghe samples (previously
annealed at various temperatures). Compan$dne pristine and annealed samples
reveals important mechanistidformation on the stability of the various groups. As

shown inFigure2.2a, thebroadCO; peak in the pristine GMGsx (48 h) sample from
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150 to 400 °C with a maximum around 250 °C is attributed toélesemposition of
carboxylic groups (group O®) The shoulder at00 600 °C stems from the
decomposition of carboxylic anhydridad lactones (groups in O2 and O5), which are
more stable than thearboxylic groups (group O6). The® peak at 250 °C is

attributed tahe dehydration of phenolic/hydroxyl groups (group O4) or the formation
of carboxylic anhydrides from the condensation of neighbarangoxylic groups

(group O6). Notably, the significant peakc@d 650 °C in the CO profile arises
predominantly from the degradatiohphenolic or ethers fra the Q O bond (groups

in O3, O4, O5figure2.1a). Peaks higher than 650 °C are ascribed to C =O from
ether,ketone, or quinone groups (groups in O1, 02, O5).

Figure2.2bdisplays the fittings of the O 1s difference spectrsamfiples
annealed at various temperatures. The data are correlighettie H.O, CQ, and
COMSprofiles. The difference spectra betweéghlCso x (48 h) 71 20-0 AC an
ox (48 h)T1 400 Adrpeaksn(Figre.2bf bottorn)eTe 5@/1i.2teVA is
assigned to the C =@ouble bond of (group O2) ketones, lactones, anhydrides, etc.;
the531.9 eV to the OOi C in furans or ket@nolic tautomers of group OBje 532.7
eV to the phenolic group (group O4hnd the 534.2 eV to thearboxylic group (group
06). Consistent with the TPDE profile of thastine GMCsox (48 h) and GMG®&x
(48 h)T1 400 A @roup(groep O6)asmhaimyxembvied; and the phenolic
group (groupd4) is partially condensed upon annealing at 400 °C. In addition, the
phenolic/hydroxyl species (group O4) in the difference spect@GMEsox (48
h)T400 AC-ocand 4BM@3 uré2®) midd@)are IBrgety decomposed
upon annealing at 600 °C. In contrasttboxylic groupggroup O6) almost fully

disappear, in line with thlS profiles. The protonated groups O4 and O6 are
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completely eliminateadvhenannealed at 800 °C (Rige2.2b, top) due to their lower
thermalstability than species in group O2 and O3. These findings agredBithata.

In summary, we conclude that thtS data and the fittings de O 1s difference
spectra furnish comprehensive data for quantif$imigOCFGs from the XPS fitting
model we use in the present wokgure 22c andFigure 22d show the distribution

of sp? vs. sp-hybridized carbon an@CFGs in the oxidation and annealing steps and
provides mechanistienderstanding during the treatments. Notably, after six hours of
nitric acid treatment, the graphitisgf-hybridized) carbon has decreasgghificantly,
indicating structure damage at early times, giving risptecarbort®. At longer
oxidation times, thep? andsp® carbons changaore gradually. The oxygenated
groups more likely form early on #te more reactivep® carbons of pentagons or
heptagons. Consistewith the MS profiles, the density of protonated O4 and O6
groups isanticorrelated with the annealing temperature but positively correlatied
the oxidation time. Clearly, the acidic groups (phenalchboxylic, anhydride,

lactone, etc.) are predominantly obtaineddw-temperature liquigphase oxidation.

In contrast, the basic groufleetones, quinones, and isolated carbonyl groups) form
primarily upon annealing in an inert gas at temperatures > 400 °C. &kpseted
findings can guide future materials synthesis. Overall, vangygenated groups are
simultaneouslyntroduced upon acitleatment and further adjusted with thermal

treatment.
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2.5.2 Correlating Alcohol Dehydration with Acid Active Centers

Expectedly, the acidic and basic OCFGs give the materiabasd
bifunctional propertie$°% The base properties result probably friva adsorbed O
and Q' species or pyronkike structure®’, whereaghe acid properties stefrom
protonated species including carboxyli€OOH) and phenolic/hydroxyl groups
(1T OH) . Ot h e compiCatedsiructwrest slach as lactones, arecatatytic.
Water or aracidic/basic environment can hydrolyze some of these OCFGs into
protonated groups (for example, carboxylic anhydrides forncawooxylic groups
and lactones generate one carboxylic and a neighbgniegolic group,
respectively}’. This interconversion of groupsotentially during reaction, can
complicate the development stiucturereactivity relations as the number and type of
sites mayoccur at time scales comparable to those of chemical reatsiemdelow).

To reveal the Brgnsted acidic nature of OCR@s employedert-butanol(t-
BuOH) dehydration to isobutene as a probe-aeidlyzedeactior?%% Figure2.3a
depicts timeon-stream (TOS) data for the seceivedand the four oxidized carbons,
illustrating the initial ratécircles on the yaxis). The rate varies slowly with TOS. The
practicallyzero dehydration rate over theraseived GMC (Figre2.3a, bottom)
indicates minimal acidity. In stark contrast, samples with aburatagic OCFGs
exhibit high initial dehydration raté-{gure 2.3a middle and top). However, the initial
dehydration rate does not schitearly with the oxygen contenfigure 2.3b).
Specifically, samples withimilar oxygen content can show profoundly different
initial rates byan order of magnitude (see data with O between 1 amchd!/gat;
gray ellipse). A similar rate is obtained using materials with an oxggetent

varying significantly from 1 to 8 mol/ga. (Bottom data irFigure 2.3b; blue ellipse).
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Consequently, the variation in type, strength, eaxtbonhybridization makes it

challenging to correlate the Brgnseszd active sites to the dehydration rate.
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It is challenging to unravel the contribution of the domir@GFGs see
detailed structures afdividual groupsn Figure A.6) 2.3g) toalcoholdehydration
due to the overlap of binding energies among functigraips in the XPS spectra.
The C 1s and O 1s calevel XPS spectrétting provides information about multiple
groups at once, as shownFigure2.1a. We employ stoichiometric relationships
between the XP8tting groups of the fresh sample (€3 (j = T'4) and 0106 (j=
51 10)) and the intrinsi@xygen functional groups (Gi (i 5 10)) toquantifythe latter
and build OCFGseactivity relationsgeeAppendix A4). Before decoupling the
OCFGs into individual groups (Gi), werrect the surface oxygen content obtained
from XPS with bulkcontent measured by CHNBppendix A.4) We then investigate
the OCFGgeactivity relationship using elementary mache®rning tools including
correlation matrix, ordinary least squaregression, and partial least regression. To
eliminate the dynamichange of the OCFGs during reaction, we consider thalinit
reactionrate and the group concentration obtained ftbenfresh samples fohese
data analyses. The correlation matrix indicates that thregemighs, namely G3
(phenolic/hydroxyl), G4 (carboxylic), and G{€arboxylic anhydride), positively
impact the dehydration activity. G&hibits the strongest positive correlation (0.93)
with the dehydratiomate (Figire2.3c). In contrast, the basic groups, except for G5
(isolatedcarbonyl), correlate weakly with the reaction rate. The strong positieet
of G5 on the reaction rate could merely be the result afdhelation between G3 and
Gb. Likewise, the ordinary least squaregression of the dehydration rate with Gi
(Figure2.3d) also suggests th@B is the dominant active site, furttemfirmed by
the partial leastegressionKigure A.9. The 95% credible intervals of ti@&3

(hydroxyl/phenolic) site, showing the lowest rgneansquarecerror (RMSE) range
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(Bayesian analysis, Rige A.10) withoutoverlapping with any alternative candidates
and the best lineaegression statistically, deduce it as the optimal active site.

To better understand the dynamics of surface speciesthonal treatment
and exposure to 40, we employ Zropanol (IPA)as the probe molecule and the
typical acid-catalyzed dehydratidhto propylene on acid sites and dehydrogenation to
acetone catalyzed lacid-base pairs (Figre 2.4a).At 250 °C, over the oxidized
GMCs, 2propanolundergoes almost exclusively dehydration to propylene and non
dehydrogenatioproduct (acetone) was detected, indicating a suffaeeof Lewis
acid?®, acidbase pairs and metal sitt¥. As shown irFigure2.4a, the steamed
catalyst is less active than the fresh one but ractige than the annealed catalyst,
suggesting that the fast deactivatismue to the loss of active sites (thermally
desorbed and coking$eedetailsin AppendixA.5: in situ XPSFigure A.1113; ex
situ XPS,Figure A.15andFigure A16; TPDEMS, Figure A.17; and the in situ
formationof protonated carboxylic group (G4) (from hydrolysis of carboxylic
anhydrides by steaming in 0.1 bay@Hat 250°C) compensates for teactivation
resulting from thermal decomposition (air free XPSteamed sampl&jgure A.18.

To eliminate the complicatioimom the in situ formed COOH (from hydrolysis of
carboxylicanhydride) causing difficulties in obtaining intrinsic activity of active
species, we investigate the dynamics of active sites with various reaatiditions in
t-BuOH dehydration (Figre2.4b). Water cefeed from thébeginning givesntuitively
a decreased initial dehydration rdige to enhancement of the reverse, equilibrium
limited dehydratiorreactiorf2. Water cefeed in the middle of the reaction slightly
dropped the reactivity compared with the one cofeeding watertfrerbeginning,

suggesting the minor compensating effect of watersteéiming and annealing
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pretreatments over the catalysLid0 °C influence the dehydration rate slightly,
suggesting minor angery slow hydrolysis of anhydride at low reaction temperature
(140 °C). Therefore, we exclude the unprotonated acidic groups ¢@&baxylic

anhydride) from the active sites contributing to the indethydration reactivity at

140 °C.
, 4.0
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Figure2.4: Dynamics of surface speciga) Dynamics of active sitesith
pretreatment conditions (inseitial rate with treatment conditions).
Pretreatment conditions: annealing for Bteaming for 1 kvith 0.1 bar
steaming; carrier gas of 100mL/min/Ne or N/watermixture. Reaction
conditions: 250 °C, 4mol%-@ropanol, 100mL/min M2-propanol
mixture, 50mg catalys{b) Dynamics of active sites during reaction at
140 °C(inset: scheme of hydrolysis of ngnotonated acidic groups).
Reaction conditions:140 °C, 4mol¥BuOH, 10mg catalyst, carrier gas
100mL/min water/N mixture.

With the number of acti ve cenahdahes
exclusion of the G10 as possible active center, we constituatparameter kinetic
model and three oAgarametemodelsto estimate the TOF ¢t{BuOH dehydration on

each active sitéSee details i\ppendixA.6). Due to the dynamic change thie
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OCFGs during reaction, we correlate overall BuOH initial dehydration rate with
the number of OH and/ori COOH in thefour models Table A20). The twoe
parametekinetic model (model A) estimated that the TOR OH
(phenolic/hydroxyl) groups is higher than that G@OOH (Table A.20Q; notably, the
TOF ofi COOH could be lower, evezero, due to the confidence interval including
zero {Table A.21 model A), further suggesting thia®H (phenolic/hydroxylgroups
are more active thanCOOH groups. Furtherme, model Cywhich assumetsOH is
the unique active site, exhibits the beegjression, further indicatingOH is more
active thari COOH foralcohol dehydration. This is a counterintuitive result; aliphatic
alcoholsare known to be less acidic than their corresponding acidexXd@faine the
physical basis and the dehydration mechanism wsitoylations and introduce NMR

for acid site characterization carbons next.

2.5.3 Mechanistic Study and Acid Site Verification

To understand the reasons behind the higher activitpéf, weperformed
DFT calculations for the dehydration efp2opanol ovei OH (phenolic) and COOH
associated with benzene rings. d&monstrated that most of th©H were in the
form of phenolicgi OH associated with benzene rings) a@DOOH are showed as the
Ari COOH ({ COOH associated with benzene rings) due to the nonreduction
preparation and treatment atmosphere. The active siésandi COOH, were
grafted onto terminal sites of the armchair aigtag graphene ribbons; the optimized
geometries of the founodelsare shown in FigreA.19. The Brgnsted acidatalyzed
dehydration of IPAs well understood, and our calculations did not reveal any
deviationsfrom the E1 mechanism (Rige 2.5a and Figure Zb). After binding, the

IPA hydroxylaccepts a proton from the Brgnsted siteHl ori COOH). A water

30



molecule is eliminated, and the resulting intermediate carbocatsbabigized by the

conjugate basé Q' ori COO). We considered thensuingb-elimination to

propylene both in the presence and absehtee producedvatermolecule at the

catalyst surface. The free eneqyfiles for the overall reaction on the two sites are
compared irFigure2.5c. Two observations are in order: (a) dehydration ofi @ie

siterequires 0.3 eV less activation energy than on @@0H siterevealing that the

former is a stronger Brgnsted acid, in agreementt h our experi-ment al
elimination is slightlymore facileon thei O' group than on theCOQO' group by 0.12

eV in the presencef the water molecule but the order is reversed when the water

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

clearly the water elimination (first step) is rate limiting.
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Figure2.5: Reaction pathways of IPA dehydration on the acidic OCFGstmedgth
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Reaction coordinate

charge.

Additionally, we note that both intermediates (ARHgO* and

A_CsH7_H.0O%*) in the first step are less stable on tlH site than on the COOH

site but the stability of transition states (TS1) exhibitsgposite trend. This can be
understood by the differences in hydrogpmding on the two sites. Specifically, IPA
bound to thé COOH siteparticipates in two hydrogen bond$§.O.t ©:H11 andi
H10:t ©st (Figure A.21&but only in one hydrogen boridk20:t ©1H11, when it is

bound to thé OH site Figure A21b). This explains the difference in stability of the
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intermediategrior to reaction. The corresponding transition states, however, are
stabilized by only one hydrogen bond each-(, Figure A.21candd). On thei OH
site, the Hbond is stronger than on th€OOH site as the respective-O: H-bond
lengths are 2.534 ar&l646 A. After protonation andi© bond cleavage, which
proceed in @oncerted manneF{gure A.21e and)f the Q-O1 bond on thé OH site
is longer than on theCOOH site (2.863 A vs. 2.798 A), leading a less stable
intermediate.

At first sight, the conclusion thate have a stronger Brgnsted aicid OH
than ini COOH might be surprising. However, consideratiothefbond structure
around the grafting sites can readily explain it. Tbrjugate base ¢6i{COOH prefers
to delocalize its excess charge oNgitwo oxo groups. On the other hand, the
conjugate base 6fOH candelocalize electron density over a network of conjugated
doublebonds furnished by the aromatic rings of s@port and, as a result,nsore
stabilized, resulting in tThathihiyindeedthey| 6s st
case can be seen in bBig2.5d, where we plot thexcess electron densities of the two
conjugate bases. It is evident th@' delocalizes its electron density over the carbon
atoms of thaneighboring aromatic rings of the support more extensivelyitG&O .
Thus, the relative acidity of thi@OH andi COOH groups igssentially determined by
the support. The deprotonation energ@BE) of the two sites seetm be alignedvith
these observations as tB@E ofi OH is smaller than that ICOOH by 0.16 eV. The
effect ofdelocalization on the Brgnsted acidic character of the hydroxyl isaident
in the varying DPEwith the number of the fused aromatic rimgshe following pairs:
phenol, benzoic acid;-daphthol, iInaphthoicacid; anthrol, Xanthracenecarboxylic

acid; Xpyrenol,1-pyrenecarboxylic acid; anddoronenol, coroneng-carboxylic
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acid.Figure2 6 illustrates the transitiolfom phenol being less acidic than benzoic

acid to Xcoronenol beingnore acidic than coroneriecarboxylic acid.
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Figure2.6: Relative DPE (DPbh DPEcoon) for aromatic alcohols and acids with

varying number of fused aromatic rings: phenol, benaoid;
naphthol, inaphthoic acid; Zanthrol, Xanthracenecarboxylic acid: 1
pyrenol, Xpyrenecarboxylic acid; anddoronenol, coroneng-
carboxylic acid

To assess thBFT calculations and provide further evidence ofdbigl sites,
we have usetPNMAS NMR of absorbed acetonitrile (ACNweeak base) from the
gas or liquid phase to distinguish the aciditsength off OH (phenolic/hydroxyl) and
T COOH (Ar/R-carboxylic)due to the high sensitivity ahagnetic shielding to the
local electronieenvironment of the observed nuclet® MAS NMR spectra of CAN

chemisorption from the gas phase at very low surface coveragepsladw of ACN
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strongly bonded to acid siteSigure A.23. The chemical shift of the acidic OCFGs is
lower than the aseceivedGMCs. Figure2.7adepicts the correlation between il
chemical shifiand theé OH/i COOH concentration ratio based on XPS analysis.
Notably, the ig(lPN)decreaaes with imdrebsin@H/ifCOQH ratio
(quantified by XPS), suggesting the avera@a in thiscarbon material has stronger
Bragnsted acidity than the averag@OOH. Due to the high mobility of ACN, even at
low coverage, andcid site heterogeneity, the experimentallg a s ur ed isov al u e
(**N) is effectively a superposition of ACN at different binding locati¢if®H andi
COOH). To confirm this, ACN was deposited from ligpidase at surface coverage
above monolayer with gradual desorpt{&tN NMR result,AppendixA.7, Figure

A.23 andFigure A.24. >N MAS NMR reveals four different peakBased on the

relative desorption rate, tipeaks were assigned to liquid phase ACN, strongly/loosely
physicallyabsorbed ACN, ACN absorbed on weak acid sites, and ACN absambed
strong acid sites. However, it is impossible to distinguish the exadion ofi OH

andi COOH, even in spectra measured at low temperafuie2 5 t o 175 AC)
the complex carbon microenvironmembund acid sites. Was reported that the main
interaction of thggrobe molecule’®N ACN) with the hydroxy (in zeolite) is via a

Nt i1 type hydrogen bond to the Brgnsted proton. Until recently, the isosbific

of nitril i cisofN)ivasbaieved todedesoriptor pfithe BAS acidity
strength;!>N chemical shifts to a lowdrequency (decrease in ppeyrrespond to

strong BAS®1%, The chemicashift can be reflected in thet N bond length; a

stronger N | thond (i.e., a shorter the r {N#)} shields nitrogen more, and shifts the
electron density toward the nitrogen atom, resulting itiehemicalshift to lower

frequency®. Consistently, the theoretical chemishift of 1°N overi OH is 260.43
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ppm, which is smaller than Gt€OOH (264.79 ppm). The calculated N fhond

length shown in Figre 2.7b furtherverifies the lower chemical shift ®OH thani
COOH. Thus®N NMR of absorbed ACN can be effectively applied to estimate the
average surface acidity ©€OOH and OH, despite ambiguities concernitige exact
position of each site type (phendli©H or Ar/Ri COOH), which is further proved by

ACN absorbed at low and higloverages.
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Figure2.7: ®NMAS NMR of absorbed acetonitril¢a) >N chemical shifts (from
gasphase absorbédN ACN) against OH/i COOH concentration ratio
(b) Theoretical isotropi¢®N chemical shifts o€t >Nt # fior i OH and
i COOH vs. H il fbond length.

2.6 Conclusions

Oxygenated carbon materials as méta¢ catalysts have bedemonstrated in
many vital applications, but the catalytic activit@ghe functional groups have
remained elusive. The combinationX®S and TPDEMS, computational modeling,

machine learning (datanalysis) and the dehydration probe reactions can reveal the
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acidicOCFGs. Our study further demonstrates that the acidic groups
(hydroxyl/phenolic, Ar/Rcarboxylic, anhydride groups) can significartky

modulated by changing the pretreatment condit{tmermal treatment, steaming at
various temperatures). The nprotonatechcidic anhydride can be hydrolyzed to form
in situ protonatedroups in gagphase reactions at high steaming temperatures

(250 °C) but slower at low temperatures (140 °C). @&l (phenolic/hydroxyl) and
COOH (Ar/R-carboxylic) are the dominaatidic active sites. Strikingly, the higher
activity of i OH (phenolic)thani COOH (Ar-carboxylic) is evidenced by DFT
calculations, NMRcharacterization, and deprotonation energies. While OCFGs are
simply classified as acidic and basic, the reactivity of OCFGs@anterintuitively
change profoundly by the carbon microenvironnesdause of the electron density
delocalization resulting frorthe neighboring aromatic rings or the various OCFGs.
Using probeeactions, we have developed a methodology for analyzing complex
systems. Combining probe reactions and multimodal characterizatiendentified

the acidic groups and mathematically quantitieel active species on carbon surfaces.
The methodology for siteharacterization can be applied to more complex reactions
thatinvolve carbon as a support. Overall, the analytical appresaamgfindings
presented here can be extended to other cdvhsed acidite-driven heterogeneous

catalysis and materials containing otheteroatoms.
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Chapter 3

NITROGEN -DOPED CARBON FOR SELECTIVE PSEUDO-METAL -FREE
HYDRODEOXYGENATION OF 5-HYDROXYMETHYLFURFURAL TO 2,5 -
DIMETHYLFURAN: IMPORTANCE OF TRACE IRON IMPURITY

3.1 Abstract

Heteroatorrdoped 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 elevatetemperatures in solvents. In this work, selective
hydrodeoxygenation (HDO) ofbydroxymethylfurfural (HMF) to 2 &limethylfuran
(DMF) is for the first time achieved over simple nitroggped carbon (NC)
catalysts. At optimal reaction conditions, a 9§#ld of DMF is obtained with
excellent catalyst stability. Extensive characterization, including extendag X
absorption finestructure (EXAFS) and soft-xay absorption spectroscopy (SXAS),
model reactions, basic data science analysis, and DFT ¢aloslauggest that ppm of
Fe in particular Fesites formed in pyrolysis, rather than ametallic elements,

drive key steps such as Hctivation and deoxygenation iodH during HMF HDO.

3.2 Contributions
This chapteis adaptedrom previously published wotR!in collaborating
with multiple peoplePaoping Yangperformed all DFT calculations amléta science

analysisHeyang Liuand Zhidong Aret al. performall experiments and
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characterizationsliangLi, Dionisios G. Vlachos, Ran Long, aivdian-Ye Jiang

directed the project and provided supervision.

3.3 Introduction

The replacement of finite fossil reserves vdttstainable biomass to produce
fuels and chemicals is important for minimizing environmental cont®ri{é
Platform chemicals are important building blocks for the biora$gel and chemical
transition, analogous to the BTX (benzene, toluene, and xylene) in the petrochemical
industry*®*. 5-hydroxymethylfurfural (HMF), produced from hexose by acidic
dehydration, is an essential biomass platftnvarious biofuels and valuadded
chemicals can be readily prepared from HfFAmong 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 eth#Holt can also be used for producing
renewablepara-xylene°8

In 2007, Dumesic et al. firstly proposed DMF as an advanced biofuel
moleculé®’. 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 chlori@sistant CuRu/C
catalyst giving 7679% DMF yield. Since themany HDO catalysts have been
reported, including P@%12 pg1314 R1S119 20123 Nj124126 Fe27 and their
alloys. For example, Thananatthanachon and Rauchfuss reported that the Pd/C catalyst
enables a onpot synthesis of DMF from fructose with a total yield of 51% using
formic acid as solvent and a hydrogen sotffc&chiith et al. reported that PtCo
bimetallic nanoparticles afforded DMF with 98% yield after 2 h at°I8@vhile

39



complete conversion of HMF was achieved in just 10hiWlachos et al. reported
the catalytic transfer hydrogenation (CTH) of HMF to DMF over a Ru/C catalyst with
DMF yield > 80 %€, and further disclosed the role of Ri8. Barta et al. reported a
series of works on Goatalyzed HDO of HMF, where the over hydrogenation of the
furanic ring was inevitabé®'?2 Fu et al. reported that Miingsten carbide and
perovskitetype oxidesupported Ni catalysts afforded a DMF yield up to $89%>
Recently, we reported the first example of heterogenecustaé/zed HDO of HMF
using alcohol solvents as additionalddnors to accelerate the hydrogenation of the
C=0 bond?’. Aside from the cost of noble metahsed catalysts, the inevitable
sintering and leaching of metals in organic solvents usually lead to unsatisfactory
catalyst stability.

Robust metafree catalysts, such as carbon or heteroatoped carbons, are
highly appealing due to carbon being the most abundant element ori®ewvtiile
commonly used as a support of met al nanope
has recently emerg&d. For instance, Su et al. reported that gluateéved
hydrothermal carbon, enriched with oxygenated groups, is efficient for organic
syntheses, such as nitrobenzene reduction and Beckmann rearraftjeSigirgt al.
reported that carbon is capable of catalyzing reductive hydrogen atom transfer
reaction$3L. Krishnan et al. reported graphitic carbon nitradealyzed chemical
conversions, such as hydrogen transfer, synthesis of isdbkituted 4F-thromenes,
andbiomassier i ved sacchari d%'¥ Qiecabrepotedas i on t o H
transition metalike carbocatalyst for the hydrogenolysis aflinkages in aromatic
oxygenates using molecular hydrog§&nGraphene oxide and nitrogeioped carbon

materials were also reported for catalytic oxidation of HMF ted&@mylfurant36-137
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In addition, carbon materiatdoped with heteroatoms, such as nitrogen (N),
phosphorus (P), boron (B), and sulfur (S), are extensively investigated in

electrocatalysis since 20883 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., oft 69141

To date, there is still a dispute about the real active center in-fresal
catalysts, and the role of metal impurities is questioh&blklthough some reports
totally attribute the activity and the selectivity to rmetallic species, the role of
metal impurities still cannot be ruled out because it is impossible to completely
remove them even af-tineracidiwsshipgeven exteemélyi n g 0
low level, e.g., 0.1 wt%, of Fe can significantly promote reactivity suchas O
reduction and hydrogenatitid 144

In this work, the HDO of HMF to DMF is for the first time realized over
simple Ndoped 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 heeroatomsdoped carbotbased catalysts fori© bond scissiofi® (the results
are comparable to reported representative woilalrie B.), and the role of metal
i mpurity is firsnetafdii semsi8Rd. | hhd psteatde
investigated via extended-pay absorption finestructure (EXAFS) rather than XPS
due to the trace amount. In addition, softay absorption speascopy (SXAS) is
combined with XPS to explore the state of fmetallic elements in the- 8 catalysts.
The combination of characterization, experiments results, correlation mattiioFr

calculations suggest that ppm level of Fe impurity, especially Bigds forming in
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pyrolysis are probably essential for the key steps in HDO reactions sueh as H

activation and deoxygenation io®H.
3.4 Methods

3.4.1 DFT calculations and Correlation Matrix

DFT calculations were performed using the Vienna ab initio software package
(VASP, version 5.4.15. The electron exchange and correlation effects were described
by optPBEvdW exchange correlation functioh& The core electrons were
represented with the projector augmented wave (PAthod, and a plangave
cutoff of 400 eV was used for the valence electrons. The Gaussian smearing method
with a smearing width of 0.05 eV was employed. Thd\Fstes and metdlee N
sites were modelled based on a 6 x 6 unit cell of graphene. Thawapage in the-z
direction was set at 20 A to prevent the interaction between periodic images. The
Brillouin zone was sampled with a 3 x 3 x-pdint grid. Due to the magnetic
moment of Fe, all calculations of fResites were sphpolarized. Gagphase
cacul ati ons were carried out wusing a 20
geometry optimizations were performed using the conjugate gradient algorithm. The
atomic force convergence of 0.02 eV/A was employed. Transition states were
computed usig nudged elastic band and dimer calculatid#fs Vibrational frequency
was calculated to verifyndy one imaginary frequency in each transition state. All
energies reported are electronic energiégadsorption energfO ) is defined as

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

O © (0 (0 (3.2)
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whereO ,O ,andO are the total energy of the
adsorbed species and the surface, the energy of the clean surface emsighef 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 3200 °C. Melamine was examined
as nitrogen precursor. Activated carbon and metal oxides such@s AIO., and
SiO,, were investigated as supports. The preparationaddpéed 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 followedby evaporation at 40C’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 m\.rfia prepare
the best NC catalyst, the following furnace temperature program was used: 20 °C
hold for 60 min, ramp 10 °C mihto 550 °C and hold for 3 h, then ramp 5 °C 'rhio
700 °C and hold for 2 h. The-O catalysts are denoted as-&NT, where x represents
the N/C ratio in the precursor, and T rer@s the final pyrolysis temperature. The
value of x is 0.2 if not specified. The®l 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 varictsddtalysts with

different Fe loadings. The procedure is similar to making Ht& ¢dtalysts, except for
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the addition of Fe(acacas the Fe precursor. These catalysts are denoted as-k% Fe
C-700, where x represents the mass loading of Fe. In addition, to minimize the Fe
impurity from the NC catalyst precursors, melamine and carbon were soaked in 50
mL HCI aqueous solution (1 molylovernight, and then washed using deionized

water. These washed precursors are used to prep@reatalysts 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 Talde B.2.

X-ray absorption fine structure (XAFScanning electron microscopy (SGEM
Transmissiorelectronmicroscopy(TEM), High-angle annular darkeld imaging
scanning transmission electron microsc({gaADF-STEM), Energy dispersive
spectrometer (EDS) mapping-ray diffraction (XRD) N2 adsorptionX-ray
photoelectron spectroscof¥PS), Fouriertransform infraredFTIR) spectroscopy

Ramanspectroscopyetc. are reported in Appendix B.1

3.4.3 Catalytic Performance Measurements

ThecatalyticHDO of HMF was carried out in a 50 mL stainlesactor
purchased from\nhui Kemi Machinery Technology Co., Ltd. For a typical process,
0.5 mmol HMF, 100 mdpeterogeneous catalyst, and 20 mhutanol solvent were
loaded into a quartz lining in the reactor. The reactor was purged by hydrogen 3 times,
and then purged with 4 MPa ldt room temperature. The reaction was carried out at
240 for 12 h with a stirring speed of
products were collected and 0.5 mmol toluene was added to the solution as an internal
standard. The products were analymethg GC, and intermediates were explored by
gas chromatograpimass spectromet{oC-MS). GGMS analysis was conducted by

Q Exactive GC (Thermdisher). The GEMS oven temperature program was as
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follows: 50 °C hold for 2 min, ramp &°min'! to 250 °C hold for 1 min, and then
ramp 30 °C mih' 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:

#1171 OAOOE T prtmb (32

9EAI-A pmmp (3.3

The TOF values are always calculated at conversions <b28%d on the
contents of Fe atom3 @ble B.3. 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/ & pmtmp (3.9

3.5 Results and Discussion

3.5.1 The Structure of N-doped Carbon Catalysts

The nitrogerdoped carbon catalyst was prepared by simple pyrolysis of
melamine onto activated carbon at pyrolysis temperature ranging frar 3urC.
SEM images of the optimal-8-700 catalysti.e., 0.2NC-700 in Table 3.1 below)
show irregular flakes with a coarse surface (Fég.1aandFigure 3.b). HRTEM
(Figure 3.1c) reveals a lattice spacing of 0.34 nm corresponding to the (002) facet of

amorphous graphitic carbon. The HAAEFHEM image and EDX elemental mapping
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images (Figre 3.1d) clearly show that nitrogen and trace iron are homogeneously
doped into activated carbon.

The XRD patterns (Figre 3.1e andFigure B1) indicate that Ndoping does
not lead to any changes in the crystallinity of the support. Fe/0 catalyst is
thermallystable under reaction temperature as shown in the TGA priéigaré B2).
The N adsorption isotherm of IC catalystsKigure B3 and Figure B4) 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 0fl04°/R, suggesting that the
catalyst possesses both micand mesepores. The Raman spectra ci\catalysts
are shown in Figre3.1f, and the intensity ratio between the disofideluced Dband
at about 138 cri! and the Gband at about 1590 ¢frusually depicts the degree of
graphitization in carboased catalysts. As the increased intensity for tiveui® was
compensated by a decrease in the full width at half maximum (FWHM), the integrated
area ratio was used to determine the degree of giagitunt*®. The $/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 cm? gradually disappears during pyrolysis at elevated temperatures, indicating

that a higher graphitization degree at increased pyrolysis temperature.
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Figure3.1: Carbon structure analysi®) and(b) SEM images an(t) HRTEM
image of the NC-700 catalyst.d) HAADF-STEM image, C, N,
combined elemental, O, and Fe maps of thé-K0O0 catalyst.€) XRD
patterns of NC catalysts prepared at different pyrolysis temperatuies. (
Raman spectra of C,-T00, and NC catalysts prepared at different
pyrolysis temperatures.

The state of nometallic 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 graphitidN (401.5 eV) (Figre 3.2aFigure 3.D, and TableB.5)141147149,

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 decreaseghincreasing pyrolysis temperature, and completely
disappears at 110C. Pyridinic N also decreased from 45% at 3GGo ca.25% at >
700°C. By comparison, the percentage of cyano and graphitic N gradually increases
at higher temperatures. The percentaf20% is observed at 56900 °C of cyano N,
which increases from 0 at 30C to 61% at 1100C of graphitic N. The percent of
pyrrolic N is kept atca.22% below 900C, and then slightly decreases to 15% at
1100°C. Thus, amino and pyridinic N in melamineadually 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 speEitufe B6) except
for 0.2N-C-300 catalyst. Thep?-bonded carbon (NC=N) at 288.27 eV is mainly
derived from melaminé’, suggesting incomplete graphitization of melamine at
300°C, consistent with XPS spectra in &ig3.2aand FTIR results ifrigure B7. In
the O 1s XPS spectr&ifure B8), the content of O=00* decreases at higher
pyrolysis temperatures and N/C ratidglle B.§, suggesting that the labelled oxygen
atoms are probably consumed dumpgolysis via decarboxylation (consistent with a
significant drop in the total O content) or amidation to form ON¥Gpecie$”.

In the sXAS spectra (Fige 3.2c), the features in the energy range betawv
405 eV of the N sXAS spectra reflect 1p* transitions, while spectral features at
higher energies reflect sd* transitions®C. With increasing pyrolysis temperature,
the peak ata. 400 eV, reflecting a £sp* transition of the N=CNH. group derived
from melaminé&’, gradually shifts to lower energies that correspond to pyridinic and

pyrrolic N. Meanwhile, the peak of graphitic Ncat 402 e\**1*>2becomes more
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pronounced, consistent with the XPS results. Catalysts with increasing N/C ratios have
more intense N=(NH> peaks because of more melamine precursou(e®2d). The

C sXAS spectra shows that more intense peak for thepisransition of C=C is

observed with increasing pyrolysis temperature (fé§.2€). The 1§ 0* transition of

Ci H disappears at > 30€**3. Thus, more conjugated structures are formed upon
pyrolysis, consistent with the evidence in Raman spetailé 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 (fig3.2f).
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3.5.2 HDO Reactivity over Various Catalysts

The HDO of HMF over various carbdrased 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 nitroggoped carbon catalyst fabricated at different
pyrolysis temperature (entrie$ &), especially0.2N-C-700 catalyst (entry 4),
exhibited excellent activity and selectivity towards the HDO reaction. The DMF yield
over 0.2NC-700 caalyst reached 91.0%. The major furaniegrpduct are
determined as 0.1% 2dformylfuran (DFF) and 3.5%Huril (Figure B9in
Appendix B.3. To our knowledge, this is the first example of selective HDO of HMF

to DMF over simple carbehased catalysts.
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Table3.1:

Catalyst screening for the HDO of HMF to DMF-.

O O Cataystmbutano . , 0 Ho on o o
HMF DMF MF DHMF DFF

cony. Yield[%] BDA
Entry Catalyst % DMF MF DHMF DFF CMBP ;&?IdC
1 - 78.8 5.0 40 3.8 9.9 288 5.9(1.2)
2 0.2N-C-300 92.0 10.7 45 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-700 100 910 O <0.1 0.1 911 79.7(0.9)
5 0.2N-C-900 100 804 O 0 0.1 80.5 55.8(0.7)
6 0.2N-C-1100 93.2 154 41 0.6 0.2 21.8 69.2(4.5)
7 IN-C-700 100 423 66 O 1.4 50.3 49.0(1.2)
8 0.5N-C-700 100 66.2 06 O 1.1 67.9 23.7(0.4)
9 0.IN-C-700 98.8 605 27 O 134 775 94.8(1.6)
10 0.05NC-700 728 248 59 9.7 84 67.0 60.3(2.4)
11 C 90.6 21.0 88 O 0 32.9 67.0(3.2)
12 C-700 100 514 65 O 56 635 70.614)

#Reaction conditions: 0.5 mmol HMF, 20 mtbatanol, 0.1 g catalyst, 4 MPa,H

T=240 °C, and t=12 R.CMB= carbon mass balance. Unlistedpy o duct s
furil, ethers or acetals formed frordbitanol solvent and furanic compounds, and

undetected byroducts such as humirfBDA is butyraldehyde dibutyl acetal,

formed from Rbutanol and butyraldehyde (the dehydrogenation producbotanol).
Values in parentheses refer to the yield ratios of BDA/DMF

ncl

Besides ordinary furanic products, a significant peak of butyraldehyde dibutyl

acetal (BDA) is detected in the GC specta(re B9), which is formed by

acetalization of fbutanol and butyraldehyde (dehydrogenation producthaftanol),
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suggesting that catalytic transfer hydrogenation also occurs during HMF HDO, and n
butanol also donors hydrogéfi In this case, the yields of BDA and the ratio of BDA
yield to DMF yield are also listed in Talielto illustrate the CTH ability of the
catalysts. The BDA yields significantly increased when the pyrolysis temperature was
higher than 550C, suggesting higher CTH activity. In addition, the ratios of BDA
yields to DMF yieldsachievethe lowest value fod.2N-C-550 and).2N-C-700
catalyss, which means a compatible CTH and HDO activity to furnish high yields of
target DMF product.

TheHDO activitiesalso vary with differenN/C ratios(entries 710), which
can be affected bihe contents and the structure of N speaieithe pore structure
especially the BET surface ar@ableB.7). The optimal NC-700 catalyst with a N/C
molar ratio of 0.2 possessed the largest BET surface area (#ig)2The pristine
carbon support affords a low DMF yield of 21.0% (entry 11), and the DMF yield is
significantly improved after direct pyrolysis at 780 (entry 12). Besides DMF, some
furanic byproducts such as DR&fe detected especially at low N/C molar raitio.
order to identify théey factor affecting activitywe nextuse correlation matrix, the
basic data science tool that we recently illustrated for catpgrébrmancesynthesis
map<8 to investigate the relationship between smoetallic elements, catalyst

structures, and the HDO performance.
3.5.3 Active Site Identification

3.5.3.1 Correlation between Non-metallic Elementsand HDO Performance
The type of N and O species and their percent contents, and the BET surface

area are considered as aoetallic 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 catalyss ability to abstract hydrogen from théuatanol solvent. These data are
collected from Tabl@.1, Table B.5, and Table B.&ll 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 variqaredhycts) are

correlated irFigure 3.3.

cyano N 1.0
pyridinic N 0.8
amino N
pyrrolic N 0.6
graphitic N 04
total content of N
BET surface area -0.2
conversion -
yield of DMF - -0.0
yield ongg 02
C-0 -0.4
0=C-0*
total content of O -0.6

1 1
O O %
T O
Y

cyano N
amino N
C

0

conversion -
total content of O

pyridinic N
pyrrolic N
graphitic N
yield of DMF
yield of BDA

total content of N -
BET surface area

Figure3.3: Correlation matrix of catalyst structural and reactiWgtures. The
darker red and blue indicate a stronger positive and negative correlation
between any two features, respectively

In general, no strong correlation between-noetallic 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

Ci O 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 vyield is relatively strongly positively correlated with the BET

surface area, which can be attributed to the exposure of more active centers at higher
surface areadhis result leads us tavestigate the real active site in thedped

catalysts.

3.5.3.2 The Importance of Fel mpurity

We take a closok at the elements in the most activ@N-C-700 catalyst
As shown by the elements analysislfle 3.2, the catalyst almost entirely consists of
nonmetallic elements, such as C, N, H, andt 3.worth notingthat, however,hte
determination of metallic impurities contettalso verifies thexistenceof metal
species andton was the most abundant metallic element (189 ppm), mainly derived
from the C and N precursor§dble B.3. TheEDX elemental mapping images (Big
3.1d) shown above also confirntisattrace iron are homogeneously doped thi
carbonsupport.Inspired by oupreviouswork which reportedre-catalyzed HDO of
HMF'27 we propose that tHeeimpurity may play an important role during reaction
though the content dfe in NC catalysts i€a. 150 times lower than that in F¢C

catalysts
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Table3.2: Elemental composition @f.2N-C-700 catalyst.

Element Abundance in weight%
C 80.78

N 7.79

H 1.94

O 9.49(11.95)

Fe 0.0189

Co 0.0004

Ni 0.0008

Cu 0.0003

Mo 0.0002

20btained from the difference of major elements from 100%, and the value in
parenthesis is the average result of three elemental analyses.

We nextexplorethe state of Fempurity in 0.2N-C-700 catalysby theX-ray
absorption neaedge structure (XANES) spectra and Fourier transgqifTs) of the
extended Xray absorption finetructure (EXAFS) spectra at the-Reedge, a the
extremelylow loading of Fe leads to challengeg@vealingthe state of Fe by
traditional methods such as XPS or-OBIFTsandsignals ardnardlydetected in the
Fe 2p XPSKigure B.D) and the CEDRIFT spectrumfigure B.11) of 0.2N-C-700
catalyst The preedge pealat ca. 7114 eV that corresponds to & Bs transition of
Fe** oxide is not significant in NC-700 catalyst (Figre 3.49°%. The Fourier
transform (FJ k?-weighted EXAFS spectra of Fe-¢dge show that XC-700 catalyst
has two peaks. The peak at about 1.50 A correspondsNo(G coordination and the
peak at about 2.00 A corresponds teFieecoordination (Figre3.4b). The fitting
results are shown in Rige 3.4candFigure 3.4d Fourier transformations of the
EXAFS spectra of NC-700 fit well with the structure shown in the insefagure

3.4¢ The coordination number of F¢bond is 4.40 (TablB.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
A corresponds to FEe 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 abotl 4 A
and 6 A, which further proved the existence ofReoordination and Fe clusters

(Figure 3.48.
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Figure3.4: The state of Fe impuritya) Fe K-edge normalized Xay absorption
nearedge structure (XANES) spectra ami K>-weighted Fourier
transformation spectraof-8-7 00 cat al yst and standar
indicates the magnitude of the Fousiemnsformed EXAFS spectra. Fe
K-edge EXAFS (point) and the fitting curves (line) foi\N700 shown
in (c) R and(d) k spaces (FT magnitude and imaginary component). The
data are not phasmrrected. €) Wavelet transform of Fe4€dge EXAFS
for N-C-700, FeO, Féoil, and FeOs.

We further assess tmpactof the Feimpurity on the HDO of HMF
Although it is impossible to completely remove the Fe impurity € Natalysts even

by super acidic washing (36 h in 2 M HB)&? 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 NC-700 catalyst, and the Fe loading is slightly higher than that
displayed in Tabl&.1) to 0.0209 wt% (NC-700-AW catalyst). The NC-700-AW

catalyst shows much inferior HDO activiflyigure 3.5). The TOF (calculated based

on Fe atoms) is only 2.14%and only 46.6% DMF yield is obtained at 12 h. By
comparison, the TOF of48-700 isca. 2.5 times higher, and 91.0% DMF yield is
obtained in 12 h. Besides-@®l catalysts, catalysts with different Fe loadings are also
prepared by additionally adding Fe precursors (Fe(ada®R wt% to 1.0 wt%, see
actual Fe contents ifiable B.2as determined by IGRES). These F&-C catalysts

also give much higher DMF yields and TOF values tRa@-700-AW catalyst,

further confirming the importance of Fe. The 0.2%N-€-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 decrpesieably due

to the formation of Fe nanopartictés'®>’ As shown irFigure B.2, ca.2i 3 nm Fe
nanoparticles are observed in 1.0%N~€-700 catalyst corresponding to the (111)
facet of cubic Fe (JCPDS 82185). Correspondingly, more Fe atoms are present
inside and inaccessible to the substrate. The DMF yields at 12 h over these catalysts
are comparablédpart fromFe impurity, we explored the influence of Co and Cu
impurity. The loadings of Co and Cu are the same as Fe in-&00 catalyst. The
HDO activities of both two catalysts were inferiof@\-C-700 catalyst Table B.9,
suggesting that Fe is still the best metal impurity i€ Matalysts towards HDO
reactionsThese results, combined with XANES spectra, indicate that tin $tes

may be the real active site for the HDO of HMF.
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Figure3.5: Effect of Fe loading on HDO of HMF tOMF. Reaction conditions: 0.5
mmol HMF, 20 mL rbutanol, 0.1 g catalyst, 4 MPa,H=240°C. The
DMF yields are obtained at 12 h. Note: the TOF values are calculated
based on the DMF yields at conversions < 2@¥d6 min shown in
Figure B.13.

3.5.3.3 Verification of the Role of Fe-N site

To verify the role of Fempurity, we use DFT calculations to investigtte
adsorption of HMF and the dissociation of, M/hich are two critical steps during
HDO of HMF, overmetatfreeN sites andFe-N sites We consider three types of
metakfreeN sites (Figure 3.69), includinggraphitic (GN), pyridinic (pNs), and
pyrrolic N (pIN3), as they are abundaNtspeciesn the catalysts shown by XPS
(Table B.§ and commonly studied in previous wbtk For Fe-N sites we establish
models ofFeNs, FeNs, and FeNs (Figure 3.6b) based orthe coordination number of
FeN sites from EXAFS resultsTable B8).
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Figure3.6: Computational models of active sitéa) Metalfree N sites: graphitic N,
pyridinic N, and pyrrolic N marked as GNyNx and pIN;, respectively.
(b) Fe-N sites: Fe coordinated to three N atoms and four N atoms marked
as FeN and FeN, respectively. Two adjacent Fe atoms coordinated to
six N atoms (FgNe) are also considered due to evidencing-Eébond in
EXAFS (Orange: Fe; Gay: C; Blue: N)

HMF moleculeinvolves three functional groups, e.§50 group, OH group,
and furanic ringThrough comparing variowsdsorptiorconfigurations of HMF
(Figure B.4 and Table B.1(n Appendix B.3, we find that on all metafree N sites,
HMF adsorbs in a flat configuration with the furan ring parallel to the carbon support
The oxygen atom of the C=0 group is far from the N atom with distances longer than
3.0A, and theadsorptiorenergiesare weak, ranging frof0.88 eV tai 0.95 eV
(Figure 3.7) suggeshg thedifficult activation of HMF and poor activityin contrast,
on the three F&l sites,HMF preferentially adsorbs via the C=0 growjth stronger
adsorption energig$ 1.04 eV toi 2.54 eV) than ometalfree N sitesindicatingthe
easieractivation ofthe C=0 group Moreover the FeNs site shows thestronget
binding of HMFthan FeN and FeNs sites by 1.50 and 1.08 eV, respectiveiich

can be attributed tthe unsaturated coordinatiandthe relatively lower valence of
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FeNs greatly enhanog the oxygen affinity of FeAccordingly, the distance between
the oxygen atom of the C=0 groapdtheFe atomon different FeN sitesis in the
order 0f1.89A (on FeN ) < 1.98A (on FeNg) < 2.29A (on FeN). The stronger
binding of reactant on the FeHite is also true faH. (Figure3.89. These results

implies that FeN sites are much more active than méteé N sites.
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Figure3.7: Adsorption configurations of HMF armbrresponihg adsorption
energiegEad9 over various siteOrange: Fe; Guy: C; Blue: N; Red: O;
White: H).

To validate the importance of the-Resites, ve furtherinvestigate the KH
dissociation over F&l and metafree N sitesthe FeNs site and prNsite are selected
as representative models as they adsenméte strongly among Fe and metafree
N sites, respectively he optimized geometries of intermediates and transition states
on the two sites are displayedFigure B15. We find that heenergy barrier oH>
dissociatioronthe FeNs siteis 0.11 eV, whereas pg$hows a higher barrier of 1.20

eV (Figure 3.8b)which suggests thd#te-N sites favordd, dissociatiorand play a
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critical role intheHDO of HMF. The high energy barrier on psgiouldbe due to the
extremely weak binding of HFigure 3.8a)which displays a long distance from the
carbon surfac€.70 A shown inTable B.10) However H, molecule is almost
spontaneously activated on the Fe single aibfeNs site, and the distance between
Fe and H atoms is only 1.68 Furthermorethe H-TPD of 0.2N-C-700catalyst
(Figure B.16 shows a desorption peé#tkatis locatedat very low temperature (40
150°C), indicating a low Hdissociation barrieiThe fitting results of TPD show
that the content of Fe species involved in the adsorption and activatiensoalso
ca.0.05 wt%, which ilmost identical to the ICP results (0.0502 wt%). Thus, almost
all of the active Fe species are uniformlgmkrsed on the carbdrased support, and
serve as the main active sites 6fCNV00 catalyst for kHdissociation. Overall, the
DFT calculations strongly support that Fe species, especially stel, are highly
active and maybe crucial the HDO of HMF, and further work will be carried out to

fully understand the mechanism.
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Figure3.8: Adsorption and dissociation ofldvervarious sites. (ahdsorption
configurations of Handcorresponthg adsorption energi€&ady. (b)
Energy barriers of kHdissociatioron FeNs and prl\ sites(Orange: Fe;
Gray: C; Blue: N; Red: O; White: H).
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3.6 Conclusions

Nitrogendoped carbon (MC) catalysts, readily prepared via simple pyrolysis
of mel amine on activated car bon-matadt el evat e
freeo choice f or hy d-hydraxgnethyfgferad @Mr)tmn ( HDO)
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,andDRIFTS along with reactivity data, basic data science analysis,
and DFT calculations suggest that theNxesites, and most probably FgNhstead of
norrmetallic elements, are essential for the key step in HDO sudM&sadsorption
andH: activation. As more and more mefe¢e 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 tdmiques likeXAS instead of traditional methods such as XPS to

investigate the state of metals, leading to fair strueddiigity correlation
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Chapter 4

HIGHLY ACTIVE, ULTRA -LOW LOADING SINGLE -ATOM IRON
CATALYSTS FOR CATALYTIC TRANSFER HYDROGENATION

4.1 Abstract

Highly effective and selective noble metede catalysts attract significant
attention. Here, a singi@om iron catalyst is fabricated by saturated adsorption of
trace iron onto zeolitic imidazolate frameweBKZIF-8) followed by pyrolysis. Its
performance toward catalytic transfer hydrogenation of furfural is comparable te 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 H#{bas 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 nobieetal free singlatom catalysts foimportant chemical

reactions.

4.2 Contributions

This chapteis adaptedrom previously published wotR®in collaborating
with multiple peoplePaoping Yangperformed altheoreticaltudies Zhidong An
Tong Wan, and Lei Huangerform experimentandcharacterizationelong Duan,

Yue Kong,andRan Long carried oA S characterizatiarBhuting Xiang and

64



Anatoly I. Frenkel provide suggestions on XANES simulatidrexing Liu assisted in
experiments desigistavros CaratzoulandDionisios G. Vlachosversaw the
theoretical calculations and analysigng 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 efficié?fcygingle atom (SA) catalysts can
enable the engineering of the coordination environment of the active center to
establish structurproperty relationships and elucidate the reaction mech&ttism
Yet, understanding the actual active center remains difficult despite advances in
aberratiorcorrected transmission electron microscopya} photoemission
spectroscopy (XPS), and extendeday absorption finetructure (EXAFS) due to
site heterogensijtand techniques that can unambiguously determine the actitf site

Recently, SA catalysts have been introduced for biomass convVétsfan
Examples include mesoporousddped carbon nanofibers anchoring Ru, Pd, and Pt
SAs, reaching order of magnitude faster formic acid decomposition than nanoparticle
catalyst$®3, mesoporous graphitic carbon nitrgiepported RtBAs for selective
hydrogenation or hydrodeoxygenation of vantfifhand a chitosaderived Ndoped
carbon achieving a high turnover number (TON) of 431pmalsmolr, * for the
reductive catalytic fractionation of lignocelluldé& To overcome the bulk reduction
of metal oxides by hydrogen, while ensuring high activity and selectivity, Pt SAs
anchored onto Ti@were introduced for the selectivé G bond scission of furfuryl

alcohol (FA) to 2methylfuran (MF}’4 Density functional theory (DFT) calculations
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and characterization revealed that the cationic redox Pt oncreates a
multifunctional active center that is selective compared to metallic sites. Pt SA
supported on oxygen of defective i3 gave >99% MF selectivity at complete
conversion due to the synergism of Nb and Pt'$Reshereby Pt atoms activate H
and Nb sites activate thg OH bonds. Most of the aforementioned works have
focused on activity invoking noble metal catalysts. Moible transition metabased
SA catalysts are appealing owing to their low cost, earth abundance, and high
activity!*18% For example, MoSmonolayer sheets decorated with isolated Co atoms,
bonding covalently to sulfur vacancies on the basal planes, exhibit superior
performance for HDO of-nethylphenol to toluerd€’. The sulfur vacancies adjacent
to the CeS-Mo sites allow low reaction temperatures (28) 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 atorf¥. A Ni-based SA catalyst on carbon nanotube (CN)
(Ni2./CN) was fabricatedor thecatalytic transfer hydrogenatio@TH) of 5
hydroxylmethyl furfural (HMF), where the SA NN4 active sites afford a reasonable
turnover frequency (TOF) of 22 hand selectivity using ethanol as a hydrogen
donot8L It was hypothesized that pyridinic N of the-Ni 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 ota. 300,000 ton'$?. Its multiple functional groups endow it with
diverse pathways to manufacture chemicals and'fielsd 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
reactio®. As iron is abundant, low cost, and environmentally friendly, we have
reported the first study of Featalyzed CTH of FF with 83.0% selectivity to FA and
91.6% conversion at 16 in 15 h*% Since, other Fbased 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 heterogeneityastBe
catalyst$®%. Moreover, the TOF of conventional nanoparticle iron catalysts Fe
catalysts is low, <10'h.

Here, we successfully prepared SA Fe catalysts using iron nitrates as the Fe
precursor via a saturated adsorption strategy onteBZEvery low Fe loadings (<0.1
wt%). By comparison, classic methods for preparation of SA Fe/Co catalysts from
ZIF-8 usualy 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 nece&s&yand Fe(Il)N4 is commonly
recommended as the active site. We find the performance of SA Fe catalyst matches
stateof-the-art catalysts and its TOF (1882 lat 120°C and 367 ht 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°Cin only 1 h. Spectroscopic data (XANES and EXAFS) and kinetic
experiments point to a single active center, and isotopic labe=lipgriments indicate
intermolecular hydride transfer, following the classic MeerRamndoriVerley
(MPV) mechanism. Firsprinciples calculations identify Fe(1pINs 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{li)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(ll) atom and deprotonation on the viciaaiy
allowing the FF coordination to the Fe(ll) 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 dagrams. 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 atalystss reportedn Appendix C.1The morphology of the
catalysts was characterized using a Hitachi SU8010 scanning electron microscopy
(SEM, Japan) at 20 kV. Transmission electron microscopy (TBWMADF-STEM,
and elemental analysis using an energy dispersive spectrometer (EDS) were performed
on a JEOL JEM2100F instrument operated at 200 k\s.adsorption measurements
were performed on an ASAP2020M adsorption analyzer. XRD was performed at room
temperature on an-Kay diffractometer (TTR | | , Rigaku Corp., Japa
radiation (&=1.54056 ). TIhhMM° . Xrayt a was r ecc
photoelectron spectroscopy (XPS) measurements were conducted on an XPS
instrument (ESCALAB 250Xi, ThermVG Scientific, USA) with monochromatic Al
KU radiation (1486.92 eV). Theloemzactra wer
component profiles after subtraction of a Shirley background. The FWHM was fixed

as 1.6 eV. The nitrogen content was determinedl®&mental analysis (Eurovector EA
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3000). The iron and zinc content were determined usingAE® (Optima 7000DV,
PerkinElmer Inc.). NgtTPD was performed as follows: firstly, approximately 100 mg
sample was loaded in a quartz reactor and then heated &€ t@der argon flow for

2 h. Then the adsorption of NMas carried out at 4C for 1 h. Subsequently, the
catalysts were flushed with argon at°4Dfor 1 h, and then heated to 700 or 800

with a ramp rate of 16C min'%. The procedure of COTPD was the same as NH

TPD except for thadsorption of C@at 40°C for 1 h. Raman spectra were obtained
through a Raman spectrometer (HORIBA Jobin Yvon, France)lwitb 3 2 n m.
Thermogravimetric analysis was accomplished using @&T@& analyzer Shimadzu
DTA-6 0 i nstrument. Under Ar f°Coo, 1°GQWitB a mp | e
a ramp r@miret. of 10

4.4.2 Catalytic Performance Measurements

The CTH of FF was carried out using a thigkll glass tube (15 mL capacity,
Synthware). For a typical procedure, FF (0.5 mmol), heterogeneous catalyst (50 mg),
and 2propanol (3 mL) were mixed in a glass tube and then the mixture was
vigorously stirredira s i | i ¢c on <ifot 6 hbAdtar the reattion] tBediquid
products were analyzed using both gas chromatography (GC) and gas
chromatographynass spectrometry (GRS). GGMS analysis was conducted with
an Agilent 7890B GC equipped witha BPBAX 30 mx0.25mmx0 . 25 em capi | |
column (Agilent). The GC was directly interfaced to an Agilent 5977 mass selective
detector (EI, 70 eV). The foll owi @ GC ovVe
hold for 1°Cmin'lt,o ri@mp asPminl® o 2AC4ahd 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 ih'* as follows:

#1171 OAOOGETH prtmb (41)
9EAI-A pmmb (4.2)
4]/ & pnimbh (43

The stability of FeZIF-8-800 catalyst was investigated in five consecutive
runs. The used catalyst was separated from the resulting reaction mixture via
centrifugation, followed by three timegshingwith ethanol. After being dried
overnight in vacuum at 6TC, the catalyst was used directly in the next run. To
recover the activity of the used-EZ#--8-800 catalyst, 0.083 mL methanol solution
containing 0.036 mg iron (lll) nitrate nonahydrate was dropped onto 50 mg used Fe
ZIF-8-800 catalyst. In this casthe Fe dosage is only 0.01 wt%. The mixture was then
re-pyrolyzed at 800C using similar program as the Z&F-8-800 catalyst except

another 70C hold for 1 h to remove the methanol.

4.4.3 XANES Simulations

The Fe and Zn kKedge XANES simulations were performed using the
FDMNES code in the framework of multipteattering scheme using the muftin
approximation for the potenttdl'*® The HedirLundqvist exchangeorrelation
potential was used in setbnsistent calculations. The cluster radius was set to 5.0 A
away from the metal center, with satisfactory convergence being achieved. The

calculation results were convoluted by an argent 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 (Fig@# in Appendix C2); the

convolution parameters (cutting energy and devel width) for the reference
compounds with different formal oxidation states were optimized to obtain the best
agreement between experimental and theoretical spectra (.&bteAppendix C.2

and applied to the simulatis of metaNxCy moieties with corresponding formal

oxi dation states of met al centers.- For
level width of 2 eV, the optimal parameters of the theoretical spectra of FeO, were
used for the spectra simulation of Fefl)C1> moiety. To avoid artificial biases, all

models were first optimized by DFT calculations.

4.4.4 DFT Calculations and Microkinetic Modeling

Spinpolarized DFT calculations were performed using the Vienna ab initio
software package (VASP, version 5.4%1The electron exchange and correlation
effects were described using the optPB®V exchangeorrelation functionaf®. The
core electrons were represented with the projector augmented wave (fA&thod,
and a planavave 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(I)-pIN3, Fe(ll}pINs, and Zn(l1}pIN4s were built based on 87 rectangular unit
cells of graphene and have the sizes of X282 A. The vacuum space in the z
direction was set at 25 A to prevent the interaction between periodic images. The
Brillouin zone was sampled with a &R x 1) k-point grid. All geometry
optimizations wer@erformed using the conjugate gradient algorithm. The atomic

force convergence of 0.02 eV/A and the energy tolerance d&¥0were employed.
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The total energies of the gases were calculated in boxes of 20 Ax21 Ax22 A using
gamma point. The vibrational frequencies were computed within the harmonic
oscillator approximation via diagonalization of the Hessian matrix using the central
difference appximation with a displacement of 0.015 A. Transition states were
computed using nudged elastic band and dimer calcul&fmad confirmed by
vibrational frequency calculations. Thermochemical parameters of gaseous species
were taken from the Burcat datab#s&he free energies of surface species were
corrected using the python Multiscale Thermodynamic Toolbox (pMTT)
Microkinetic modeling (MKM) was performed using Chem&fin a plug flow

reactor. The MKM parameters are showable C14 and Table C.1Appendix

C.4). All reaction pathways, namely, P1, P2 and P3 on FeplN}, and P1 and P2 on

Fe(l1)-pINs and Zn(11}pIN4, 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 precursors8Zkd MOF5)
is illustrated inFigure C1. Fe(NQ)3, asmaller Fe salt, is used as the Fe so(see
details in methods sectiajhe catalyst prepared using the Afprecursor after
pyrolysis at 800 °C containsulttaow | oadi ng of Fe (<0.1%)
papet® (Table C.1in Appendix C.}. SEM andTEM imagesof Fe-ZIF-8-800 catalyst
(Figure4.laand Figure 4 1) reveal a uniform lamellar structure of ca. 160 nm-&IF
matrix that is well preserved during pyrolysis. Elemental mapping (Figleg
suggests even dispersion of iron irA&-8-800 catalyst, and IGRES analysis

shows a loading as low as <0.1 wt%. In contrast, pyrolysis of {d@&ads to irregular
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particles (Figurel.1c), indicating the collapse of initial MG¥ structure during
pyrolysis. Characteristic peaks of ZnO (JCPDB®5) and an extremely weak peak
of the (110) facet of metallic iron (JCPDSi8721) are observed in the XRD pattern
of FeMOF-5-800 catalys{Figure C2a). The MOF5 affords a Fe loading of 5.73%
(TableC.1). The amorphous carbon peaks inZtE-8-800 and ZIFB-800 and the
absence of ZnO and metallic Fe peaks in the XRD patterns of tHeagHd¢d catalyst
suggest that Zn and féee in a different state in MGband ZIF8 catalysts.
Additionally, the FeZIF-8-800 catalyst exhibits a higher level of defects, as indicated
by the higherd/lg ratio (Figure C2bandTable C.2, than FEMOF-5-800 and ZIF8-

800 catalysts.

The states of Zn and N were investigated via XPS. The slightly higher binding
energy of Zn in F&ZIF-8-800 than ZIF8-800 (Figured.1f) is attributed to electron
withdrawal from Zn to Fe even though there are no direde&bonds as shown in the
EXAFS spectra (Figuré.2c). That is possible as charge transfer can occur through
metatN bonds, similar to the ihediated charge transfer in the Cuid@ catalyst,
where direct C+Zn coordination was absent according to the EXAFS réftlts Zn 6 s
binding energy in MO shifts to higher values, correlating to ZnO observed in the
XRD pattern Figure C2a). Thus, Zn in ZIF8 may be in Znhl as further confirmed
by EXAFS®1192(Figure4.2f). As shown by N 1s spect(&igure 4.1g)there are three
N species in these MO#erived catalysts, including graphitic N, pyrrolic N, and
pyridinic N. The fraction ofpyrrolic N, which could beanost possible N state
coordinating to metal center FeZIF-8-800, is 13.1 at%, higher than fAF catalysts
pyrolyzed at lower temperatures, and slightly lower thar&800 (Table C.3.

Complete loss of Zn and N occurs upon pyrolysis at 1000 °C.
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Figure4.1l: Catalyst characterization. (a) SEM i) TEM images of F&ZIF-8-800.
(c) TEM image of FeMOF-5-800. (d) HAADF-STEM and(e)Fe, Zn, O,
N, and C elemental maps of-B&--8-800. XPS spectra of Zn Zf) and
N 1s @) of MOF-derived catalysts

X-ray absorption neagdge structure (XANES) and Fourier transforms (FTs)
of EXAFS spectra provide insights into the state of Fe even at low fractions as
aberrationcorrected transmission electron microscopigire C.3 cannotdistinguish
Fe and Zn atoms due to approximate atomic number, and XPS is incapable of
acquiring significant signals at a Fe loading of <0.1wEgre C.4'°L Fe atoms in
the FeZIF-8-800 catalyst are oxidized (Figude2a), and the F&l length is ca. 1.4 A
(Figure4.2c). Trace Fe has limited influence on the oxidation state of Zn, leading to a

nearly indistinguishable change in the XANES spectra of Ad#e (black and red
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lines in Figure4.2b). Only one main peak of 24 coordination is observed in the
ZIF-8 catalysts (Figurd.2d). Wavelet transform of the spectra further confirms that
Fe and Zn atoms are well dispersed without aggregation#if8-800 and ZIF8-
800 catalysts (Figuré.2i). By comparison, the FEée and ZrZn scatterings are
observed in the high k value range in Fe and ZpHce spectra in FdOF-5-800
catalyst, and the bond distance offfeeand ZrZn bond is ca. 2.5 A and 2.75 A,
respectively Figure C5). The FeN coordination number in FAIF-8-800 catalyst is
3.7 (Table C4), suggesting a mixture of Feldnd FeN structures (Figure$.2e and
Figure C6). The coordination number of 2d in FeZIF-8-800 is similar to ZIF8-
800 (3.9 vs. 4.1)Table C5), further confirming the limited influence of trace Fe on
the structure of Zn (Figuré.2f).

Computed XANES spectra of mefdkC, moietie%31% (metal=Fe or Zn)
assist identifying the number and type of N ligands coordinated with the transition
metal at the F&x and ZrNx coordination sites in FEIF-8-800 and ZIF8-800. The
porphyrinbased metalNxCy moieties, in which the metal is coordinated to pyrrolic N
atoms (pIN), e.g., Fe(HN3Cio, Zn(I1)-N4C12, and Fe(I1)N4C12 (Figure4.2g-h and
Figure C8a), reproduce the experimental spectra the best. When pyridinic N is
involved in FeN coordination Figure C9), the edge and paestlge experimental
features weraot reproduced. Taken together, the EXAFS and XANES analyses
suggest that the local structures of theNxesites in FeZIF-8-800 are described well
by porphyrirbased moieties Fe(H)4C12 (Figure C8a) and Fe(I1)NsCio (Figure
4.2g); and the ZiNy site of ZIR8-800 by the Zn(IHN4C12 moiety (Figure4.2h).
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Figure4.2: Experimental and simulation-Kay absorption spectra and analy&s.
Fe K-edge andb) Zn K-edge normalized Xay absorption nesgdge
structure (XANES) spectra. Fourier transfornmkefeighted Fe Kedge
(c) and K-weighted Zn Kedge (d) EXAFS spectra. (e, f) EXAFS fitting
of the FeZIF-8-800 at Fe and Zn4¢dges. (gh) Experimental Fe K
edgeand Zn kedgeXANES spectra of F&ZIF-8-800 andZIF8-800 and
theirtheoretical spectra. The number in the bracket represents the formal
oxidation state of the metal center. (i) Wavelet transform of feede
EXAFS for FeZIF-8-800 and Zn Kedge EXAFS for F&IF-8-800 and
ZIF-8-800. Insets: atomic structure models of Fs®AC; Fe (orange),
Zn (light blue), N (blue), and C (gray).
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