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SUMMARY

Hydrogen is an invaluable commodity of the chemical industry and acquiring it
from renewable sources is irrefutably essential for establishing a more sustainable future.
The (hemi)cellulosic portion gblantbased biomasstores a notable quantity of atomic
hydrogen that can be efficiently and economically extracted via aqueous phase reforming
(APR) of biomass derivatives. APR is a liquid phase heterogeneous catalytic process that
can deconstruct variougagents into light weight gaseous products. The conversion of
polyols (GH2x+20x) is of high interest due to the stoichiometric formation pakd CQ
through the dehydr ogenat igasshiftfeaoion sequebce ny | a't
Much time and effdrhas been allocated to engineering research involving transition metal
catalyst screening, reaction parameters, and complex reactor desggohemistry side
has been seldom touched in comparison. This includes important catalytic mechanisms
such as metasite-sensitivity, solvent effects, and catalyst deactivatiofrared (IR)
spectroscopy is a powerful technique that can be employed to exploit these phenomena by
monitoring the surface species on a cataBgtbetter understanding the precise surface
chemistry of APR constituent reactions in this thesis, future catalyst designs may be

tailored to improve the efficiency of APR, and thus renewable hydrogen production.

Chapter 1 briefs thimneory behindcarbon monoxidadsorptioron transition metal
catalsts andrelatedsurface phenomendlot only is adsorbed CO an important reaction
intermediate in APR, but the IR band attributed to linearly adsorbed CO,(@@mally
observed within the 19002100 cm' range, is extremely sensitive to the catalystasar,

making an indepth analysis of the band a sufficient approach to studying APR reactions.

XVii



The Blyholder model was adapted henstmich describes the interaction between CO and
metals as a combined mut ual -eordinpaanndgaek of el
bonding.The extent of this electron exchange, and thus the features of thea@@ can

be affected by several factors including the coordination of the adsorbing metal site, co
adsorbed speciesatalyst impurities, and adlayer configuratigvith the fundamentals of

CO adsorption reviewed and capabilities of IR spectroscopy fully understeddptin

analyses of the GCband can be used to form conclusions for the studies herein focused

on APR catalytic mechanisms.

Chapter2 focuses on dehydgenation, the first constituent reaction of APR.
He r e i 403 ¢atalysts with different Pt particle size distributions were synthesized
and characterized to vary the distribution of highly and lowly coordinated metall$ites.
average Pt particle size of synthesized catalysts ranged between 1.0 and 1.3 nm while a
commer ci al | y -AbOstcadalyst wad chBracterized with an average Pt particle
size of 4.6 nmThese catalysts were also used in subsequent chapters. To isolate the
dehydrogenation reaction, methanol was used as a reagent given the absence-@f any C
bonds Methanol dehydrogenationas performed within a high vacuum (HV) IR cell with
selfsupported catalyst wafers. Evolution of the CB&and was monitored during
temperaturgorogrammed desorption (TPD) experiments up to 450 °C and with respect to
time during isothermal kinetic experiments at 150 °C with and withottdsmrbed ED.
Larger band integrals at lower temperatures and asymmetric development of thaendO
at early exposure strongly suggested that larger Pt particles, or highly coordirgited, Pt

are more active in the dehydrogenation reaction.

Xviii



Chapter 3covers the employment of IR spectroscopy to observe the surface
chemistry of wvarious ketones aAlXs Idwak et one:
crucial to understand the chemistry betwethese di/ketone reagents and the catalyst
support prior to the following study (Chapter 4) which involved di/ketone adsorption on
P t -AlgD3 catalysts.This study looked at the effects of hydroxyl groups (acetone vs
di/hydroxyacetone acetone), intrammla | ar ¢ ar b o n ydiketahés)sanchaikd e ( U,
chain length (butanedione vs hexanediarejeactivity and product selectivitg custom
Python code was used to deconvolute the 150800 cm' region of which bands are
commonly assiamdds3 (t®=Q&)( CreCondensatiorAwas abderved e | f
to be the most common reaction with adsorbed di/ketmidls some exceptionsyhich
involved sequential enolization, condensation, and dehydration into conjugated products
as evident by the appearanot broad features around 15301550 cm'. Density
functional theory (DFT) was also used to obtain configurations and calculate binding
ener gi eAlOzxadéorbed diketones. Herein, Lewis acatalyzed reaction
mechanisms of di/ketone reagents weres@néed and the necessary prerequisite

knowledge for the following study was acquired.

Chapter 4o0ks to identify a potential Pt deactivation mechanism due to poisoning
by strong binding surface specidsreoccurring trend in literature shows that yields
generally decrease with the tre@#sO H  aHeGB > C3HgOs > CsH1406. Given that H
decrease starting with glycerol, ac8rbon reagent, it is possible that the nonselective
adsorption by and dehydrogenation of secondary alcohol groups of larger reagents form
strong binding ketone poisons. Furthermore, even larger reagents such ad coubit

potentially form multidentate diketone poisonkelpoisoning capability of di/ketones, the

XiX



same ones used in the pr eA0onvihsdifferemtanetale r , we
particle sizes. Experiments consisted of two sequential TPD exmesintiee first of which

involved the di/ketone poison and the second which involved attempted dehydrogenation

of methanol on the poisoned catalyst. The shortcoming of thé&a@l integral, compared

to that resulting from methanol dehydrogenation on anategalyst, was quantified as the

extent of poisoning. While the strongest di/ketone poisamukared dependent on Pt

particle size, larger Pt particles appeared more active in the decarbonylation reaction, the
second APR constituent reaction, given threrfation of larger CObands during di/ketone

TPDs. This also suggested that strong binding alkyl groups resulting from decarbonylation
were present on the Pt surface, as evidenced by bands in vibrational spectra obtained with
inelastic neutron scatteringurthermore, DFT was used to model di/ketone adsorbates on
Pt(111) and calculate adsorbate binding energies and reaction energies of possible reactions
invol ving met hyl g r o u pA$0s, iderdifieg un ghe tprevibuss p e c i

chapter, may also @y a role in deactivating interfacial sites.

Chapter 5ncludes perspectives on what approaches can be taken in future research
studies to improve APR catalyst efficiency and poison resistance based osulke ok

this thesis.
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CHAPTER 1. INTRODUCTION

1.1 Hydrogen: Applications and Sources

Hydrogen is one of the most important commodities in the chemical and fuel
industries, a climate friendly compound expected to play a key role in the transition from
petroleumbased proesses to renewable alternativést remains an essential element for
various processes including biomass upgradiagymonia productigf and Fischer
Tropsch synthesisIn the current state, however, about 96% ppkbduction relies on the
processing of nomnenewable resources such as coal, oil, and naturaklgasemainde
obtained primarily via O electrolysi€ A promising alternative is the utilization of
(hemi)cellulosic biomass as a secure, abundant, and renewable sousceGufrkinonly
known methods include direct pyrolysis angifjeation of feedstocks as well as reforming
of biomassderived species such as ethahidbwever, these processes are energy intensive
because they require high temperatures to both vaporize components and surpass energy
barriers, while hydrogen yields can be limited due tgimduct formatior.It is therefore
necessary to explore alternative processes to ensure a competitive edgeeforebies

within the future energy industry.
1.2 Agueous Phase Reformingf Polyols

Aqueous phase reforming (APR) has recently garnered much attention as a feasible
catalytic process with unattained potential to extractdifectly from biomasslerived
oxygenaes®! In theory,this catalyzed molecular deconstruction can be performed with

many different feedstock reagents to obtain@®Dy,, and even light alkang$!* Operating



at moderate temperags (isually 210-250 °C) and continuous floW, APR is notably
compatible with conventional biorefinery technology and capable of directly processing
the effluent of (hemi)cellulose hydrolysisThey can both be performed in ligyithase

with heterogeneous catalysts at elevated pressures (necessary in APR for prewénting H
vaporization and easy separation of gas produétdhe HO acts as both a safe,
environmentally friendly solvent aself as an oxidation ageanhd can be recycle@hese
intriguing benefits have captivated the attention of numerous research groups that have
thus engaged in catalyst screentfitf optimization!* 224 and reactor desigit.®
Heterogeneous APR tadysts are often supported transition metals of which the metal
identity strongly determines product selectivity. For instance, Pt is well known to
demonstrate high selectivity towards hydrogen gas, while Ni preferentially forms

alkanes?

Figure 1. Polyol APR reaction sequence Dehydr ogenation Y Decarhb
Watergas shift(top). Surface complexity of the aqueous phase reforming catalyst
(bottom).



The conversion of polyol reagentsxtGx+20x) in particular isof great
interest due to the theoretical possibility of achieving stoichiometric quantities aidH
COs. Not only would this result in higher yields and more efficient productionofilt it
would also omit the need for downstream gas separatiomatiéssary to remove alkanes.
However, the complete conversion of a polyol reagent occurs through a specific sequence
of reacti ons: Dehydr ogen a tgasoshift(FigurddB.drar bony |
summary, a polyol reagent dehydrogenates and forms hydrogen and an aldehyde
intermediate upon adsorption. Surface hydrogen may associate and desorb as molecular
H>. The aldehyde intermediaseibsequently undergoes decarbonylation to form adsorbed
carbon monoxide while the resulting polyol fragment may recirculate back to the
adsorption and dehydrogenation step. Adsorbed carbon monoxide is further oxidized by
H.O (catalytically split into OH ash H surface species) to produce morgatbng with

COz.

1.3 APR Surface Chemistry

On supported met al-Al20satheacongtituensreactions take as |

place on open metal sitedepicted as.*
Dehydrogenation: CH,OH + 3-CHO¥ + 4* (desorbsas H)
Decarbonylaton: RCHO* + 2* Y CO* + R¥ + H* (des
Watergas shift: CO* + HO + 2 *,+8* +Giinvolves HO splitting)

Overall polyol APR: R-CH20H + H20 Y -HR- CO2 + 2H2



Following adsorption and conversion, product surface species must desorb back
into the liquid phase to make these metal sites available again for further utilization. This

is an essential function of catalytic materials that are employed over long periods.

From a chemistry point of view, variance in metal particle size reflects a varying
distribution of edge and terrace sites will ultimately effect reaction yields and efficiency.
Large Pt particles possess crystal facets that accommodate a latyen ft highly
coordinated (high N) Pt atoms, commonly referred to as terrace sites. On the contrary,
small Pt particles fall short of this quality and accommodate more exposed, lowly
coordinated (low N) Pt atoms labeled as edges, corners, etc. Thaedteedastes possess
distinguishable electronic and steric characteristics and may exhibit different catalytic
activities. While altering metal particle size undoubtfully changes the distribution of edges
and terraces, each constituent reaction of APRewaipit contingency on different metal
sites and unique surface chemistry. Dehydrogenation may potentially display a kinetic
preference for lowly coordinated metal, while the decarbonylation reaction may favor
highly coordinated metal. It is therefore esis# to isolate the individual steps necessary
to gain a true understanding of the entire APR mechanism. In addition to the distribution
of metal sites, a plethora of chemical species further complicates the catalyst surface
(Figure 1). Adsorbed hydrogeand carbon monoxide are expected to be direct results of
dehydrogenation and decarbonylation, respectively. These species are dominant during the
conversion of small oxygenates such as methanol and ethylene glycol. However, larger
oxygenates such as glyokror sorbitol are contemplated to bind to metal sites with a
greater diversity of resulting surface species. Aldehyde intermediates form adsorption by

primary alcohol groups are capable of subsequent decarbonylation in the desired APR



pathway?’ On the other hand, adsorption by secondary OH groups or simultaneous
adsorption by multiple OH groups result in byproduct carbonyl species. Some of these
additional species, yet to be confirh@re suspected of causing the decrease inettls
witnessed when converting oxygenates of increasing size; i.e. poisoning the catalyst. Huber
et al. revealed a decrease inyeld with increasing size of the feed molecule in the order
ethylene glycol> glycerol > sorbitof® More recently, a majodecrease in sheterm
activity, specifically in reference to the formation of adsorbed CO (spectroscopically
observed), was recently observed with the trend: glycerol > sorbitol > gltf®iseilar to

the APR constituent reactions, surface spgederived from large oxygenates are expected

to behave differently depending on the adsorbing metal site. For instance, a
dihydroxyacetone intermediate formed from glycerol may bind more strongly to, or act as
a stronger poison on, Pt edge sites comparéertace sites. It will therefore be important

to probe the surface of watharacterized materials while performing both desired and side

reactions with different reagents suitable for isolating the corresponding kinetics.

1.4 Infrared Spectroscopy andAdsorbed Carbon Monoxide

Infrared (IR) spectroscopy is a powerful analytical technitia has proven its
practicality in numerous fields over the past several decdd@s.chemistry researcli,
can reveal theibrational modes, and therefore functional groups, of virtually any organic
chemical that exhibits dipole momentsThis can also include those of surface species
adsorbed to catalytic materials such as the intermediates and products of a reaction.
particular many strives have been made to develop methods and improve quality of IR

spectra of surface specieduring in-situ APR and other pressurized liqughase



reactions’?33 The most effective approach today involves coating a cylindrical internal
reflection element (IRE) with a thicatalystlayer to circumvent both pressure geads

that are detrimental to the IRE along with the dominating presence of IR bands attributed
to the solvent phasé.These developments have allowed researchers to study the overall
effectiveness of various catalysts in practical APR conditions; i.e. elevated temperatures
and pressuresiowever, traditional experimental studies involving the spectral prolfing o
reactions under vacuum conditions has prowarfficient for studying catalytic
fundamentals and mechanisms. In the context of APR, due to many of the mechanisms
behind dehydrogetian, decarbonylation, and Pt deactivation often being overlooked,
experiments under vacuum could suffice herein. This would involve the adsorption of small
partial pressures of a reagent to a prepared catalyst with and without the preserce of co
adsorbedvater and subsequent analysis of IR bands attributed to essential intermediates

and products

Adsorbed carbon monoxide is an essential intermediate in APR, resulting from the
dehydrogenation of small polyols such as methanol or the decarbonylationesfTaeg
polyols?® Adsorbed COon Ptexhibits a strong presence in the IR spectrum, with the
linearly adsorbed species (C)often observed in the 19002100 cm' region®® The
corresponding band integral can be used to gauge the extent of conversion for any reaction
that produces addeed CO. For example, a C®and integral that grows with increasing
temperature during a reaction suggests that higher conversion is achieved at higher
temperatures. Furthermore, both the chemical and electronic nature of adsotbid CO
extremely sensiti® to thesurrounding environment on a catalyst surface. Historical studies

including one by Hollins reveals how several factors such as, but not limited to, metal site



coordination, co-adsorbed species, and surface impurities can shift the stretching
freqency, al so depi c&Thelefora,she €QbEd OYservededurimg n .
experiments consisting of reagent adsorption and reaction could be deconvoluted to exploit
CO species on different metal sites and in different environmEmitsstrategy would offer

much information of regarding active sites anda/ent effects in APR constituent reactions.

1.5 Objectives and Outline

The focus of this work is allocated to better understanding the catalytic mechanisms
of APR constituent reaction3his can be achieved by observing the respective surface
c hemi st r-Al>Osocatalydtst withy variousiverage metal particle sizes using IR
spectroscopy. Chapter 2 highlighted the particle-dg@endency as well as the effects of
co-adsorbed BED on methanol dehydrogenation throughout tempergitogrammed
desorption and isoétmal kinetic experiments with analytical emphasis on IR bands
affiliated with adsorbed CO in the 17502100 cm' region. Chapter 3 involved the
adsorption of v-AlsGswitindeconvolutidn eftfeatures sbsayved irothe
15007 1800 cmt to identify products formed from aciolase catalysisThis served as a
prerequisite for the following study. Chapter 4 covered the poisoning effects -of pre
adsorbed di/ ketones anAlO:cdaalystsy duting methanelpec i e
dehydrogenation asgell as the metal particlsize dependency of decarbonylation activity.
The experimental work in this chapter was accompanied by configurations and energy
calculations obtained via density functional theory to establish trends and descriptors for
Pt poisoing efficacy. Finally, Chapter 5 briefs the main conclusions fromwioik and

discussegpotential directions for future work based on the results presented herein.



CHAPTER 2. THE DEHYDROGENATION REACTION

2.1 Introduction

The first step of the desired reaction seqeeiscdehydrogenation, which
involves breaking €4 and GQH bonds until a catalytically stable intermediate or product
is reached® 3’ Because APR activity is known to be influenced by metal particle size, the
dehydrogenation of oxygenates is likely to exhibit an observable dependency as well.
Structure sensitivity has been reported for dehydrogemagactions involving various
types of alcohols (aryl, alkyl, eté§* For example, the turnover frequency of benzyl
alcohol dehydrogenation on Au/hydrotalcite catalysts increased from ~0.08 to 2@23 s
the average Au particlezs was decreased from between 4 and 12 to 2.3 itnwas
proposed that metal atoms with low coordination numbers (e.g., edge andstas)eare
much more active towards alcohol dehydrogenation than those of high coordination

(terrace sites) for this particular reaction.

To best isolate the dehydrogenation reaction in a way that is practical for advancing
mechanistic knowledge of APR, methanol can be utilized given that it can dehydrogenate
but not undergo decarbonylation or side reactions that are prevalent during AREcént
computational study, we showed differences in the thermodynamicsiair@ GH bond
cleavage for methanol adsorbed on a Pt(111) terrace and at the interface between a small
Pt cluster and a Lewis acidil2Os support*? It was determined that Pt terrace sites are
generally more active in-€ cleavage while those that are undercoordinated and located
at the Pt/AJOs interface are more active inB cleavage. For the overall dehydrogeoati

reaction, an experimental approach can further support these findings and provide a better



understanding of the particle size effect on the kinetics. However, the dehydrogenation of
oxygenates in APR comes with additional complexities. In addition nactstal
sensitivity, the presence of interfacial®icannot be ignored. As a-adlsorbate, KD can
affect the electronic structure of surrounding metal atoms, compete for surface sites, and
solvate adsorbed intermediates or transition states and thuenicdl cleavage of-8 and

O-H bonds*®44

To gain fundamental insight into the APR mechanism, methanol conversion on
Pth-Al O3 catalysts in high vacuum (HV) was probed by infrared spectroscopy to isolate
the dehydrogenation reaction. Pt paet sizes were varied to adjust the ratio of metal sites
with different coordination. The features of IR bands (i.e., shapes, integrals, frequencies)
corresponding to the adsorbed CO product provided much information during temperature
dependent and timesolved experiments regarding the activity of different metal sites

along with the effects of eadsorbed water.

2.2 Materials and Methods
2.2.1 Catalyst Synthesis

1% Ptb-Al20s was synthesized by wet impregnatidnh eAl @3 powder (Alfa
Aesar 99.97%) was contiously stirred as a 20 mL aqueous solution of dissolved
chloroplatinic acid hydrate, 4?tCk (SigmaAldrich (99.9 trace metals basis), was added
in increments with drying and stirring in between. The water for synthesis and experiments
was pretreated with a Purelab Classic Elga LabWater deionizer. The impregAdi€©d
powder was then calcined at 500 for 4 hin air prior to reduction at (300, 500, or 70D

for 3 h in 7% (v/v) H/Ar. Synthesized samples were named in accordance with their



reduction temperatures: R300, R500, and R700. The results of the synthesized catalyst
were also compared to that of a 5% BAI>.Os commercial catalyst (Sigrsaldrich

#205974)
2.2.2 Catalyst Characterization

An aberratiorcorrected Hitachi HD 2700 scanning transmission electron
microscope (STEM) was used to image supported Pt particles. The resultirgnglgh
annular darKield images were acquired with an electron beam convergent angle of 27
mrad and a detector collection angle of3® mrad. Average Pt particle sizes and Pt
particle size distributions were determined by manual measurementsiob@0@articles

per sample.

A ThermaoScientific Scanning Xay photoelectron spectrometer (XPS) was used
to calculate the surface composition ofoFAl.O3 catalysts. Samples were placed under
vacuum with pressure below 4.5 xlnbar. The excitation source utilized focused
monochromatic Aluminum K-Alpha X-rays (1.486 keV) with an incident angle of 60
normal to the sample. Due to the overlapping of the Pt 4f band by the Al 2p band, surface
compositions were calculated with a metak basis through manual integrations. Surface
compositions were calculated using sensitivity factors of 0.537, 2.93, and 2.285 for the Al
2p, O 1s, and Cl 2p bantfsiespectively, along witEquation (1):

orY )
B 'Oy @

Where C, I, and S are the surface concentration, orbital band integral, and sensitivity factor

of element X, respectively. The carbon peak was centered at 284.4 eV.
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A Micromeritics ASAP 2020 analyzer was used forghysisorption and surface
area measurements. All samples were initially degassed &C2@fy 6 hr. The surface

area was determined bdsen the BET methotf.

2.2.3 Pyridine Adsorption

The Lewis acidity of the catalysts was measured through tempeparogeammed
desorption of pyridine followed by IR spectroscopyThermo Scientific Nicolet iS10
spectrometer was used to observe pyridine adsorption on catalyst wafers within a HV
chamber with the same parameters as the methanol adsorption experiments. Catalyst
wafers were activated at 48Q for 1 h prior to the imemental dosing of pyridine vapor
at 150°C until the pressure equilibrated at ~0.1 mbar. The HV chamber was evacuated and
the same temperature program used for methanol experiments was performed. The strength
of acid sites was assessed based on the tatapeiat with they can retain pyridine under

HV. The concentration of Lewis acid sites was calculated Bdghation (2):

)

Where S is the circular area of the catalyst wafer probed kspéRtroscopy, A is the
integral of the 1440 crhband resulting from pyridine adsorption ol.0s3 Lewis acid
sites,Uis an extinction coefficient of 1.71 cemol used fop-Al.0z,*” W is the weight of

the probed area, andy@ the concentration of Lewis acid sites.
2.2.4 Infrared Spectroscopy

IR spectroscopy experiments were conducted using a Th8omeatific Nicolet

8700 FFIR spectrometer with an MCT/A detectdkll spectral data was acquired and
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processed using Thermo Scientific Omnic softwarrared spectra were obtained with

64 scans using an aperture of 75, optical velocity of 1.8988 esotution of 1.928 crh

Catalyst powders were hydraulically pressed into thin wafers that were placed in a HV
chamber with ZnSe windows. Once HV conditions were reached, the catalyst wafer was
activated at 450C (10 °C/min) for 1 h prior to measuring pestrum of the pretreated
catalyst. The catalyst was then exposed to 0.5 mbar of methanol (VWR International
099.8%) vapor at 50 AC and allowed to equi
adsorption on hydrated catalyst surfaces, the catalyst ywasexkto 0.5 mbar of DI water

vapor and allowed to equilibrate before dosing methanol. Following another evacuation,
the saturated catalyst was then sequentially exposed to temperatures of 150, 250, 350, and
450 °C (10 °C/min) with natural cooling in betreto obtain all scans at 50 °C. The
spectrum of the dry catalyst surface was subtracted from those y@haHd methanel

derived surface species.

2.3 Results
2.3.1 Catalyst Characterization

All Pt/2-Al>0s catalysts were characterized to illustrate the impactanious
synthesis procedureshe BET surface areas of all catalysts were comparable between 63
and 71m?g, and no significant changes were witnessed with respect to reduction
temperature(Table 1). Calculated Lewis aciditiegFigure Al) showed a consistent
decrease in acid site concentrations with respect to temperature between different samples.

The Lewis acAl@igtryvdafal bgraeec!| i ned ftr36m 104
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emol / g at 450 AAXO;refmained censisténtlytowes (~& Q0 2 mol / g)
due to the obstruction of acid sites (coordinatively unsaturatéditd<®) by Pt particles.

STEM microgramgFigure 2) verified the increased average particle size with increasing
reduction temperatur@able 1). Not only do the micrograms reveal high dispersion of Pt
nanoparticles across theAl O3 surface (for R500 and the commercial catalyst in Figures

la and 1c, respectively), but also the presens®mik single Pt atoms on R3@verall,

Pt particlesonith ous e sy nt h-AlsOs catalysts dodsesBet dverage diameters

of 0.5- 2 nm. These small particles innately possess a large fraction of lowly coordinated
Pt sites. On the contrary, the 5% FP&l>.Os commercial catalyst exhibited a much wider
distribution of Pt particle sizes from about 2 nm and an average size that wdstBnes

larger than those of the synthesized samples. Thus, this material contained a large fraction

of highly coordingéed Pt sites, or terrace sites.

Tablel.Char act er i z-AltOg amdall BitleAl .@s catalysts. o

Synthesized 1% RHAI O3 Pt/-Al 03
Sample 9-Al20s R300 R500 R700 com. cat.
Average Pt
particle size - 1.0 1.1 1.3 4.6
(nm)
BET Surface
Area (rﬁ’-/g) 54 63 71 66 70
Cl% (metal| g o 0.64 % 0.52 % 0.00 % 0.00 %
free basis)
Actual Pt
loading (by - 0.84 % 3.62 %
wt.)

The residual chlorine content from the utilization obPkEClk during wet

impregnation was measured by XPS on a nie¢@ basigTable 1). Thus, these atomic

13



percentages should only be considered as a trend between synthesized catalysts. As
expected, the residual chlorine content declined with increasing reduetigrenature;

from 0.64 % at 300C to 0 % at 700C.
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Figure 2. STEM micrograms of Pt/AD3 catalystsa) R300 with a group of
single Pt atoms (red ovah) R500,c) R700, andl) the commercial catalyst
Particle size distributions &) R300,f) R500,g) R700, anch) the commercic

catalyst.
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2.3.2 Formation of Surface Species from Methanol Adsorption

The adsor pt i onAlXfresutid in itha eneilgence of several IR
bands(Figure A2 for 2-Al.Oz andFigure A3f or ¢ h | -Als0k).NMMheseebdndsoare
assigned based on previous work by Busca .& Albroad band at ~3008500 cm'
represented thgO-H) modes of hydrogen bonding OH groups from adsdnmethanol
and the alumina support. This is accompanied by a group of higher frequency negative
bands at 3675, 3732, and 3766 cthat represent the ndirydrogen bonding surface
hydr oxyl -A:Dapuiopts methénol adsorptid A large band at 1096m* was
accompanied by smaller high and low frequency shoulders centered at 1190 and 1034 cm
1 respectively. These bands were associated 3(@HO) modes of different methanol
derived surface species. Two medium bands with multiple shoulders appeared centralized
at 2954 and 2818 cfnMuch of this contribution is due to the asymmetric and symmetric
3(CHx) modes of different species. Weak bacdsglomerated at 1476 and 1420 twere

due to CH deformations.

The same bands were seen during methanol adsorptiornoehl % catalysts
(Figure 3). The presence of Pt particles during methanol adsorption resulted in an
additional strong band centered at 22080 cm! and a much weaker broad band at
17001850 cm'. These bands were assigned to the stretching modes of CO bound to Pt in
the linear (©.) and bridging (C®) coordinations, respective¥} The former species
typically #Heoprdes én tnd itieaypiealy heprésents twmrethrele a
fold binding. Formation of adsorbed carbon monoxide species indicates complete
dehydrogenation of methanol. Increased temperatures resulted in increased integrals

associated with CO with concomitant decreases ibdnes affiliated with other
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methanold er i ved sAxp@,dndieasng loigiher conversions were achieved at

higher temperatures.

a) — 450°C k__T;\Iiphatic C-H stretching C-0 stretching

350 °C \
CH, scissoring/CH; defonU\

‘,,“;.O-H stretching in hydroxyl groups on y-Al,O;

— 250°C
— 150°C
— 50°C

O-H stretching

&

Absorbance (a.u.)

3500 3000 2500 2000 1500 1000
C=0 stretching

b)

Absorbance (a.u.)

2200 2000 1800 1600

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 3. Infrared spectra of adsorbed methaapd-Al 20z andb) P t -Al 03 catalysts

(R500) inder HV with major vibrational modes labeled. Temperature labels refer to
reaction temperature, but all spectra were obtained at 50 °C after allowing the system to
cool in ambient air.

2.3.3 Influence of Pt Particle Size

The temperaturelependent evolution of the C@tretching band varied between
di f f e r-A04sanfples/ with different metal particle size distributi¢gfgyure 4).
These bands maintained a notable broadness throughout the whole temperature range,

suggesting that the metal sites exhibit a wide range of coordination and interactions with
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other elements on the catalyst surf2ic®.Distinct features were present within the entire

range of 1900 2150 cmt.

For al |l s yADOdhsenyples thedhighest intensity was observed within
the narrow range of 20482052 cm*. For the commercial catalyst, the band centered at
2079 cm' dominated the region. Each spectrum consisted of a broadrdguency
shoulder that extended as low a®a@m’. The relative intensity of this shoulder became
less significant as the Pt particle size increased, suggesting these particular metal sites
became less common as metal particles sintered together. We attribute this broad feature
to CQ adsorbed nea t h-alOkitn/toer f ace with a weaker CI O

with Lewis acid siteé? %3

The bands for t-Al2©; samplest fossessed biffhquaney/ o
shoulders. The shoulder at 262074 cm' appeared at 250 °C for R300 and as low as 50
°C for R500 and R700. This particular mode appears to correspond to the primary CO
band of the commercial catalyst, centered at 2079 &Vhile this band is also associated
with COL on metal sites, we attributed this slight increas&icCl O) f r equ-ency t
dipole coupling between adjacent adsorbed G@ecies* An additional high frequency
shoulder was observed at 2100%dior the R300 and R500 samples. This was more evident
for the CQ band for R300 and was completely absent for the spectra of R700 and the
commercial catalyst. Ongossible assignment for these particular bands is CO adsorbed
on Pt sites that are partially oxidized {Pdue to residual Cl left behind by theRCk
synthesis precursor. Cl was completely removed from the surface during reduction at 700
°C as confirmed by XPS, which may explain the absence of the band on spectra for the

R700 sample. To further support this assignment, the same methanol dehydrogenation
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experiment was performed on a sample of R700 that was dosed with HCI to achieve 5 wit.
% d (Figure A4). Not only did the high frequency shoulder emerge with similar intensity

as that on R300, but the entire Ckiand blueshifted by about @ cnt. Another possible
contribution to these higfiequency bands is CO adsorption on isolated Pt atoms, an
assignment made in other studie®® Single metal atoms could engage in charge transfer
with Lewis acidic supports and become slightly oxidized, thus resulting iets¢dl O)
frequencies’ While the STEM micrograms revealed the occasional single Pt(&igore

2), we expect these atoms to sinter with higher reduction temperatures which also explain
the disappearance of the band on the spectra for R700. Each of these assignments are

further discussednd justified later.

Absorbance (a.u.)

1 i
2150 2100 2050 2000 1950 1900

Wavenumber (cm™)

Figure 4. CO. stretching bands in infrared spectra obtained during temperature
programmed conversion -Al0s: a)&300H R500,c)RY@s or bed
d) commercial catalyst. Absorption band meégdes are normalized for direct

comparison.
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Changes to the( C [ Orequency with increasing reaction temperature were
obser ved {AleQ;sammedigure™)t FoR300,the( CI O) remmaneddow
at ~2042 crit until the temperature reached 3%Dwhen it shifted to 2042048 cmt. The
3( C I foepuency of CO on R500 exhibited a more linear tyestarting at 2046 crhat
50°C and approaching 2052 crat 450°C. Until 350°C, the3 ( C [ f@guency for R700
remained about 2 cihigher than that for R500, but it also plateaued at 2052afmve
250°C. The3( C [ foeguency for CO adsorbed on #tncommercial catalyst remained at
2080+1 cm?for the whole experiment which is well above that of the synthesized samples

(note the y axis break irigure 5).

The integrals of the cumulative C®ands (i.e., 1900 2150 cm') were obtained
at each reaction temperature and plotted as normalized fractions with respect to the
maximum area obtained for the respective catalyst sa(Rgere 5). At 50 °C, R300
achieved only 11% of its maximum observed integral. In contrast, théo@@@l integrals
at 50 °Cfor R500, R700 and the commercial catalyst reached 26, 70, and 90% of their
maximum areas, respectively. This suggests #rgel Pt particles, or highly coordinated
Pt atoms, are more active in methanol dehydrogenation at lower temperatures. The R700
and commercial catalyst reached their maximum @€grals at 350C, while those with

smaller Pt particles required 4530.
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Figure5.Spectroscopic data for maAltObcatalysts. adsor p
Changes ira) vibrational frequency anl) integrals of the CQOstretching vibrational

mode with increasing reaction temperature. The error farv@l@ational frequencies is

within +3 cm.

2.3.4 Effects of ceadsorbed HO on Methanol Dehydrogenation

Methanol adsorption experiments were also conducted following exposetk-of
Al 203 catalysts to 0.5 mbar of water vapor. The adsorptiorpOf tésulted in an intensive,
broad bandvithin the 2570i 3660 cm' range due to stretching vibrations of hydrogen
bonding OH groups, while the scissoring deformation mode»Gf Was obseved as a
medium band at 1646 chn(Figure A5). The spectrum of the hydrated catalyst was

subtracted from presented spectra to isatethanolderived surface species.®tderived
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species, including physisorbed moleculaOHvithin multilayers and surface hydroxyls
resulting from dissociative chemisorption, are expected to desorb as the temperature is

increased.

1596

1395 1376

2845 2824

—
2255

Absorbance (a.u.)

—— K2
2344 2248

300 2900 zsoo 2400 2300

2939 2846! 2814

I

3100 3000 2900 2800 2700 2200 2000 1800 1600 14001200
-1
Wavenumber (cm™)

Figure 6. IR spectra of temperattger o gr ammed met hanol -dehydr oc
Al O3 catalystsa) methanol on R700)) methanol/HO on R700¢) methanol on the

commercial catalyst, ara) methanol/HO on the commercial catalyst. Bands with black
frequencies are associated with the vibrational modes of a formate species while bands
with gray frequencies were assigned-to tho
Al20:s.
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The same bands in the 190@2150 (CQ) and 1700° 1850 cm' (COg) regions
emeaged over hydrated PtAI>Os and dryPt/-Al 2Oz during the adsorption of methanol
(Figure 6), demonstrating that methanol dehydrogenation was still achieved in the
presence of pradsorbed water. However, for R700 and the commercial catalyst, a few key
differences were noted. Firdhe relative magnitude of the @®and was larger. As a
surface species, water is expected to donate electron density the metal hence weakening
the @ O bond (vide infra) enough to facilitate to conversion of somesp@cies to C&°>
%8 This effect was more pronounced on the commercial catalyst than R700, suggesting that

it is easier for adsorbed CO to bind as a bridging species on larger Pt particles.

In addition, a strong band at 1583595 cm' wasobserved in the IR spectra of
species on R700 and the commercial catalyst. This represe@O Gasymmetric
stretching mode of a formate specig$his is accompanied by additional bands at about
29007 2909, 1395, and 13741376 cm' representing the B stretching, symmetric O
C-O stretching, ath O-C-H in plane bending modes of formaf@sThe weak, broad feature
centered at 2998 chis believed to arise from the combination of multigleH and =G
H stretching modes in this specf@st 250 °C, a weak doublet appeared at 22@%00
cmtand was i de{6x0) rhodeaod adsoed @arben dioxfdéhis doublet
continued to grow slightly with increasing temperat up to 450 °C. The spectra of
methanolderived surface species on moisturized catalysts with small Pt particles, R300
and R50Q(Figure A6), showed only a weak asymmetric@O stretching band at 1593

cmtas low as 150 °C. There was no evidence of adsorbed carbon dioxide on these samples.
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Figure 7. Position and fractional peak of the C8retching peak after methaln
adsorption on vAoDsicatalyssa)hvigrational fregukncyan) o
integrals of the COstretching vibrational mode with increasing temperature. The error
for COL vibrational frequencies is within +3 ¢in

The vibrationalfrequencies and integrals of the CG®tretching band during
methanol dehydrogenation on theoP 203 catalystgFigure 7) provided insight into the
effects of water. As in the experiments without the presence of water, the frequencies
increased with temperature. Frequencies were not obtained at 50 and 16&300@nd
R500 because there was no evidence of CO formation. By 450 °C, thefreg@encies

were 2048 and 2051 chrespectively. Below 15%C in HV, coadsorbed water decreased
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the frequencies of GQon larger Pt particles by 58 cnt?, in agreemenwith previous
resultst?l n fact, this decrease was -<AeMsandet ent
below 250 °C. The frequencies lined up with those of drgerpents around 350 and 450

°C when much of the ¥D had desorbed.

In contrast to the lack of CO formation on R300 and R500 at 150 °C and below, the
fractional integrals for R700 and the commercial catalyst afGQOvere 38 and 89 %,
respectively. The integl of CO peaks on R300 and R500 demonstrated an exponential
conversion trend, reaching their maximum conversion at 450 °C when most of the pre
adsorbed kD had presumably desorbed. That of R700 was comparatively linear while that
of thecommercial catalyst was maximized at 250 °C and decreased as the temperature was
further increased. While adsorbed CO is a likely source for production of the formate
species, consumption of the intermediate on catalysts with large Pt particles didmot see

to drastically change the frequency or integral trends.

2.3.5 Rates of CO Formation

The timeresolved intensities of GOand CQ stretching banden R500 and the
commercial catalyst were studied in the presence of 0.5 mbar of methanol vapor at 150 °C
(Figure 8). While these Pt particles possess a wide variety of different metal sites, time
resolved CO formation can reveal where methanol dehydrogeretoors preferentially

and how quickly the coverage of different Pt particles reaches equilibrium.

24



41—30‘min‘

(a.u.)

1800 1700 22

N
N
o
o
N
1=
(=
o F3)--

2000 1900

T T T BB T

Absorbance
15

0 min

Il | Il

2040 2020

2080 2060 2040 2020 2080 2060

L e - 1 l - — n u i
2200 2100 2000 1900 1800 1700 2200 2100 2000 1900 1800 1700

Wavenumber (cm™)

Figure 8. CO stretching bands during methanol dehydrogenatia) B00,b) R500
pre-exposed to kD vapor,c) the commercial catalyst, amff the commercial catalyst
pre-exposed to kD vapor at 150 °C. Scans were taken as soon as the catalyst was
exposed to methanol (black spectra), at time checkpoints once 0.5 mbar of methanol
vapor was achieved (red spectrajl ime intervals in between checkpoints (gray
spectra).

The time for small Pt particles to reach equilibrium dehydrogenation of methanol,
or saturation by CO, was about 30 minutes. Tl frequency started at 2076 ¢rand
ended at 2047 cthafter 30 min.This rate was very slow compared to that of large Pt

particles on the commercial catalyst, which seemingly achieved saturation within the first
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minute and showed an origin@l0. band at 2072 crh In addition, the frequency of the
CO. band on this samplghifted to 2066 cm after 5 min, while the relative intensity of
the low frequency shoulder increased slightly. This supports the kinetic preference of

methanol to dehydrogenate on highly coordinated Pt sites over lowly coordinated ones.

For small Pt paitles, the presence of water resulted in a remarkable amplification
of the CQ stretching mode. The growth of this band appeared to be synchronized with that
of the CQ with both saturating around the same tirtre.addition, water appeared to
impede methaw dehydrogenation on smaller Pt particles given the differences in observed
COv integrals at similar times, most notable during the first 10 min. After 5 min, the integral
of the CQ peak for small, dry Pt particles was about 81% of the value at saturiatio
the small Pt particles prexposed to water, the corresponding area was only 20 % of its

saturated value.

2.4 Discussion

2.4.1 Interpretation of Adsorbed CO Spectra

Vibrational modes of adsorbed CO strongly depend on the environifieat.
vibrational speciesf CO. and CQ@ at 20482080 and 1704850 cm!, respectively, are
much lower than that of gaseous CO at 2143,&hindicating strong interactions with Pt.
The CQ species is characterized primarily §yt r o n g -bdndstin whieh efectrons
from the CO HOMO are donated to the adsorbing Pt atom, while tbes@@ies involves

a more extensive degree of °~ back bonding
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(and can include twaand threefold coordinatsites on Pt terrace®)®#%6 The vibrational
frequency of CO on Pt depends on a combination of electronic (metal atom coordination,

oxidation state¥ 51 5587 and chemical effects (eadsorbates, solvatiaf} >

Adsorbed CO is notably sensitive to the cooadiion of the adsorbing metal atom.
It is generally accepted that CO on Pt atoms of higher coordination exhibit higher
frequencies and t fdThs acduntofor he main@ieaof theaQOd s
band centered around 2050 tnThe large, lowfrequency shoulder, extendjras low as
1900 cmt, is unique to CO adsorbed to lowly coordinated metal sites anchored to Lewis
acidic supports. | n -AlbCh, at is shpaeized thdt the oradiege  wi t
electrons of CO adsorbed near the mstadport interface interact thineighboring Lewis
acid sites, thus weakening the CO bond and loweringsth€ [ O) f PPeljisuency

assignment was confirmed by our recent computational $tudy

Methanol dehydrogenation resulted in a lag(@ O) band at 2079 cthon large
Pt particlegFigure 4). This strong band was likely related to the high frequency shoulder
centered at 2071 2074 cm' seen on the smaller Pt particles. This suggests that an
adsorbed CO species of distinct characteristics forms more readily on larger Pt particles,
and exhibis limited coverage on smaller particles. We associated this band with the
stretching mode of adsorbed CO surrounded by adjacent CO species. When an
agglomeration of CO species vibratepinase with each other, they engage in diolgbele
coupling becausthe orbitals of neighboring CO species interact in a way which further
polarizes and strengthens thé @ bond, enlarges the band integral, and increases the

stretching frequenc¥These ACO i sl andso can more easi .l
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possess larger terraces, hence the stro2§d9 cmt band seen during methanol

dehydrogenation on the commercial catalyst.

The small high frequency shoulders seen above 21000enR300 and R500 are
attributed to adsorbed CO on slightly oxidized Pt site$)Rither from proximity to
residualsurface CI (from the HPtCk precursor) or isolation as single Pt atoms. After
deliberately dosing R700, which contained no Cl according to (X@Ble 1), with 5 wt.

% HCI, the high frequency shoulder appeared during methanol dehydroggRragiare

A4). This suggests that some Pt sites were partially oxidized, leading to decrdxszd

bonding to adsorbed CO, a strongdrGCbond, and a higher stretching frequency. We
believe that the 30m shift of the entire COpeak, also observed in a previous steitly

was due to an electron withdrawing effect due to adsorbed Cl near PtAsitaker
contibuting factor may be CO bonded to Pt single atoms as noted by other .8t/dies
These atoms may possess decreased electron density due to direct electron exchange with
the suppotf® Th e e x t-lmacktbondirfg to’CO would be reduced, justifying the
presence of a high frequency shaer of the CQ stretching band. However, the
significance of the contribution of this latter species to the high frequencysi@siching

band remains to be quantified.

2.4.2 Pt Particle Size Effects on Dehydrogenation Activity

The present IR spectra of adsorbed CO formed by methanol dehydrogenation give
insight into the reactivity of active sitéSigure 3). T h e p r o siretchiagintode€ [ O
for all catalysts with Pt particle sizes as small as 0.5 nm and as large as(Tabhenl)

showed that methanol dehydrogenation maceed on a variety of metal sites. However,
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corroborating trends between Pt particle size and certain features of tHea@Dimply

that highly coordinated Pt sites are preferred for dehydrogenation. For instance, larger CO
band integrals (i.e., higheonversions) were observed on catalysts with larger Pt particles

at lower temperaturef~igure 5). However, the differences is(Cl O) integrals with
respect to Pt particle size become less significant with increasing metal particle size. At 50
°C, a 132% difference was observed between R300 and R500 (average Pt particle sizes of
1.0 and 1.1, respectively), while only a 29% difference was noted beR#&¥hand the
commercial catalyst (average Pt particle sizes of 1.3 and 4.6 nm, respectively). This
suggests that Pt particles larger than those in this study would perhaps dehydrogenate

methanol more readily, but not to a significant extent.

2.4.3 Inter-adsorbde Interactions

The interactions between neighboring surface species, whether similar or different,
has been shown to have a strong influence surface species involved in catalytic systems,
such as CO on Pt(111) crystag? In general, the distribution of CO across the surface,
and therefore the nature of adsorbed CO bands, is covéepgadent. For instance, Krebs
and Liith observed an initial GCband centered at 2068 drwhile probing extremely low
CO coverges on Pt(111)° Upon acleving higher (but still low) coverages, the gradual
diminishment of this band was proposed to be connected to the rise of a strong band of
higher frequency (2070 2095 cm?), which remained unchanged when the CO exposure
was increased further. Becauses thand appeared independently, as opposed to a steady
shift of the initial band, it was assigned to the C&retching mode of adsorbed CO
involved in dipoledipole coupling. The uniformity of the Pt(111) single crystal supports

the interpretation that ivwas indeed a coverage effect rather than a kinetic effect due to
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preferential CO formation of a specific type of sitee same coupling phenomenon seen

on Pt single crystals can also occur on Pt nanoparticles.

While increasing CO coverage leadsotaservable dipolelipole coupling, it also
results in repulsion between species that are directly adjacériRepulsion between
adjacent CO species is strongest on Pt terrace sites where the repulsion energy between
two adjacent CO species on neighboring Pt atoms (2.77 A apart) is ~0’D% ¥ results
in a lower activation energy for desorption and even the reconstruction or division of large
metal terraces and particléSC This could explain the decreased CBand intgral
observed f or -RD{OcOMmMearoia catalyseat higghef temperatufagure
4 and Figure 5). Because the decrease in the 2079 triand for the commercial catalyst
was not matched to an observable increase in the band around 2850ecattribute the
smaller CQ integrals to desorption rather than migration of adsorbed CO to metal sites of

lower coordination.

Time-resolved experiments can provide deeper insigtt the most preferred
metal sites for dehydrogenation and CO binding. When R500 was first exposed to methanol
vapor, the only peak present in (€l O) region was located at 2076 ¢mwhich aligns
with the primary CQ band of the commercial BtAl.Os (Figure 8). At such a low
coverage, this early band development matches that in previous Stydieappears to be
distinct from the primary band observed in the 202652 cm' range at equilibrium. With
this there are tw possible interpretations. (1) The formation of (C&arts on highly
coordinated Pt sites. Once these sites are occupied, the band at 204®cmes
dominant shortly after, indicating that subsequently formed CO resides on Pt sites with

lower coordinabn. The largest Pt particles seen on R500 were within the2lin, ~10%
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of the size distributioifTable 1), which are still capable of establishiamall Pt terraces

and thus CO islands. (2) Following methanol dehydrogenation, adsorhes @@ially
clustered together with a higtCl O) frequency of 2076 ci(compared the primary 2046
cmi? frequency that dominates the spectrum shortly after) resulting in eijjuée
coupling at low conversion and coverage. Due to the tilting of adsorbed CO on the
undercoordinated sites of small Pt particles, we would expect the magnitude of dipole
dipole coupling to be much weaker and have little contribution to the 2076stwulder.
Since CO islands with pronounced dipdipole coupling form more easily on larger Pt
terraces, it is again suggested that highly coordinated Pt sites are more activeimethan

dehydrogenation.

Fewer studies have focused on the specific{atisorbate forces between adsorbed
CO and hydrogen, which is to be expected based ahlhatio of H*:CO* from complete
dehydrogenation of methan@heah et al. suggested that repuidietween adjacent CO*
and H* is somewhat stronger than that of @0®* 8! The repulsion energy between CO*
and H* on adjacent Pt sites (2.77 A) can be ~0.11 eV on a Pt(111) stirfacepared to
that of ~0.05 eV for CO€CO* repulsion On  FAt.@s,0the two species are either
uniformly distributed across the surface or segregated into their own islands. However,
given the larger repulsion between CO and H than for CO and CO or H and H, a possible
explanation is that the dehydrogenation of methanol on terrace sites is followed by the
segregation of these species into their own separate islands. Given the iBiain2b
band seen during early exposure of R500 to methanol YRjgure 8), we can expect the
initial formation of CO islands to occur on higher coordinate Pt where dehydrogenation

also takes place more readily. Concomitantly, surface hydrogen would be pushed®utwa

31



towards the nanoparticle edges. There it waitter remain bound or leave the metal
surface by associative desorption on lowly coordinat&&Por reaction with adsorbed
oxygen to form HO. To a small extent, hydrogen could spillover ontotidé,Os support,
especially if the support contains defects or contamitfaftsAny of these phenomena
would free up sites for methanol conversion and hence CO formatidheA& particles
become saturated with CO, they will no longer be able to accommodate further surface
species and dehydrogenation activity will slow dramatically. This stagnation can be
alleviated by the consumption of adsorbed CO through either desorptiich occurs

more readily on larger Pt particles as previously discussed, or the WGS réagtion

2.4.4 Effects of Ceadsorbed HO

As a solvent for oxygenates and an essential reagent, water is the by far the most
abundant component in APR reactors. Consequently, theemtfé of water on the
evolution of relevant intermediate species can have a significant impact on
dehydrogenation activit§? This may nclude promoting effects, such as the solvation of
surface intermediates or transition states. On the contrary, competitive adsorption can block

metal sites needed for the conversion of oxygenates.

Adsorption of water occurred on all ##1.03 samples ashown by a strong broad
O-H stretching band at 30003500 cm* and a medium HD-H scissoring deformation
band centered at 164m™* (Figure A5). The Lewis acid sites ofAl ,Oz have a particularly
strong affinity to watef! At increased temperatures, formation of a boehmite phase with

decreased acidity is expected unless the alumina is staliti¥ed
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With co-adsorbed water present, the initial rate of methanol dehydrogenation over
R500(Figure 8b) was reduced significantly. It took about 5 min @tiscernable, yet still
weak, CO bands to appear while CO formation on the commercial catalyst seemed virtually
unaffectedFigure 8d). This suggests #t the presence of edsorbed water is detrimental
to the dehydrogenation reaction on small Pt particles, or uncoordinated Pt sites. We believe
this to be in part due to hindered adsorption of methanol to sites currently occupied by
H20. It is known thatH-O has a higher binding energy on Pt sites with lower

coordinatior?” We expect this to also hold true for the small Pt particles of R500.

As a ligand, water is expected to increase the electron density of nearby metal
centers and chemical nature of adjacent®€€& This would improve the back bonding
into the CO "* LUMODCIOhusrequeeayingnt e di
the catalyst acidity -@AluGintd wehmite enight decreasea | hy
the Fermi level of supported Pt atafig his effect increases the availability of electrons
near the eband edge. These phenomena simultaneously improves the ability for Pt to back
donate into the CO “~* molecul ar 9YThsistal , t
reflected by a r edmerdisodntR700 &nd thehcomneercial €a@lyst b a n
which demonstrated methanol conversion at low temperatures with (2045 and 2§73 cm
respectively, at 150 °C) and without adsorbed water (2050 and 208 respectivelyat
150 °C). This effect, seen here under UHV conditions, is further amplified during APR
using liquid flow as previously witnessét®® Solvation of adsorbed CO by.# is also
possible because APR occurs in bulk water. Solvation involves intermolecular interactions
between the surface species and the solvent that can ultimately affect the energetics of the

reaction; oxilation via the wategas shift reaction in this case. For adsorbed CO, multiple
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studies claimed that the red shift of CO stretching bands is evidence for the solvation of
adsorbed CG? %8 100 Thijs is most evident on small Pt particig&gure 8a,b) where
solvation by HO may also contribute to differences in theg®@nd integral on a hydrated
catalyst surface. The GQrequency range was about 1730880 and 1700 1850 cni?

for dry and hydrated R500, respectively. We suspect a combination of both electronic and

chemical effects cause these changes in the CO bands.

While the HO-induced promotion of Cg) the active intermediate in the WGS
reaction, was evident only omall Pt particles, we speculate that this would not outweigh
the consequences of decreased dehydrogenation rates and that larger Pt particles may still

prove to be more active for the overall APR reaction.

2.5 Conclusion

Renewable hydrogen production via ague phase reforming (APR) is initiated by
alcohol dehydrogenation of cellulosic biomasived oxygenates. The catalysis
fundamentals behind this reaction are isolated by observing methanol conversiar on Pt/
Al 205 using infrared spectroscopy under high vacuum with and witheatlsorbed ED.
Evolution of the resulting CO stretching bands, linear CO_jG®1920i 2140 cm! and
bridging CO (CQ@) at 17507 1800 cmt, are deconvoluted to determine the preferred
surface environment for high dehydrogenation activity. The kinetic experiments in which
large Pt particles achieved equilibrium conversion within a minute while small Pt particles
required about 30 minutes suggest that terrace sites are more active for €éomplet

dehydrogenation of methanol than undercoordinated sites. [4€jeD) bands were also
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observed for the catalyst with larger Pt particles as low asC0n temperature
programmed experiments. Even on smaller Pt particles, methanol appears to
dehydrogeate on the metal sites of highest coordination first. The presence of water
amplifies the presence of @Dut impedes the rate of methanol dehydrogenation on small
Pt particles below 250C perhaps due to strongly bound water on lowly coordinated Pt,
esped@lly near the metal/support interface. Continuing efforts in studying the catalysis
fundamentals of aqueous phase reforming will permit improved reaction efficiency and

acquisition of renewable hydrogen.
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CHAPTER 3. SURFACE CHEMISTRY OF DI/KETONES ON

LEWI S ACLIADIOL

3.1 Introduction

Ketones are an important class of organic reactants that are essential to the chemical
industry. They serve as important precursors for the manufacturing of synthetic
polymerst®102 enantiopure alcohof$? imines/amines? and more. Diketones have also
been utilized to synthesize specific compounds with high regio, diastereo, and
enantioselectivity*>1°®While ketones and diketones may be acquired through a variety of
sources and synthesis processes, it is likely that heterogenecbaseichtalsts, typically
metal oxides, are involved in some stage of their production or conversion. Therefore, it is
important to understand the surface reactions of di/ketones on metal oxides and how the

exact structure of the reactant affects reactivity andinlaé¢ froducts.

Many metal oxide catalysts exhibit Lewis acidity, which allows these materials to
chemically adsorb both gaand liquidp has e r eact a nAl®sinpartecalar s aci
has been extensively studied in regards to its microstructuracew&havior, and role as
a catalyst or suppotf”1° It is commonly utilized as a support for metal particles for a
number of reactions in refineries and more sustainable chemical processes, including the
FischerTropsch proces®’ and aqueous phase reformifig-Al .0z is also used as atid
catalyst for some processes including alcohol dehydration and the Claus process for

desulfurization of natural gd&®*'! Because these reactions are strongly tied to the
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petrochemical and biorefinery industries, of which many di/ketones originate, better

understanding he i nteracti ons -Al®jfiseessential.di / ket ones

Acetone is the simplest of ketones and is historically the most commonly used
ketone for deciphering how molecules with carbonyl groups bind and react on different
surfaces including those ofatallic single crystals and various metal oxide matetials.

Wit is activated on -AleOioprodace nabityloxide througle s , s
sequential enolization, aldol selbndensation and dehydration reactibfigiowever, the

reactivity trends and surface phenomena of ketones, and certainly diketones, of varying
characteristics (size, types of functaé groups, distance between functional groups, etc.)

have yet to be rationalized in a single study.

Several types of spectroscopy have been employed to probe the adsorption and
surface chemistry of ketones, particularly acetone, on surfaces. Focestdrared (IR)
spectroscopy was used by Hanson et al. to observe the Lewisataligzed transformation
of adsorbed acet one-AiG¥d wds s dezlucedlin the aamé o me r
study that the enol species was responsible for initiating oligomerization with a nearby
ketone species through a nucleophilic attack to form diacetone alcohol, an intermediate in
mesityl oxide production. Qi et al. utilized nuclear magnetic resonance (NMR)
spectroscopy to probe the activation of acetone on framewesité&nof Sftb zeol i t es
the MeerweirPonndorfVerley-Oppenauer reactiof® Furthermore, Senanayalet al.
used both Xray photoelectron spectroscopy (XPS) and +gelye xray adsorption fine
structure spectroscopy (NEXAFS) to i@remonst
dioxypropylene) of acetone adsorbed on oxidized and reducegfite©*?* Conner et al.

used attenuation total reflection IR spectroscopy and a direct comparison of vibrational
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frequencies to show thatetglacetone binds to a TiQurface very similarly to that of an
acetylacetone ligand in a-Based coordination complé% These and many other studies
have demonstrated the versatility and powerful nature of spectroscopy in revealing the
surface chemistry of ketone functional groups on oxide surfaces. For -tiragewg
research, density fational theory has proven useful in calculating ketone adsorption
parameters on metal oxide surfat&sSome examples include adsorption energies and
bond lengths of acetone on ZnO forsiag applications and activation energies for acetone
and aldol condensation intermediates adsorbed to different sites ersdf@ces?+12°

While some di/ketone chemistry on oxide surfaces has been studied with experiments or

theory, studies including both approaches are much less common.

I n this study, | R spectroscopy-Alybas used
Adsorbedspecies included acetone and more complex di/ketone species that vary based on
size, presence of alcohol groups, and distance between C=0 groups. Temperature
programmed reaction/desorption experiments under high vacuum tracked the progression
of Lewisacdsitec at al yzed r eAb@aswelasthe generalilbingingstrength
of surface species up to 250 AC. Deconvol
spectra (~1450 1800 cm') revealed the vibrational modes of various intermediates and
products formed from surface reactions. Configurations and relative binding energies for

adsorbed diketones were acquired via density functional theory.
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3.2 Materials and Methods

3.2.1 Experimental

P o wd e-Algld (Alfa Aesar99.97%) was used as the adsorbent matéviiahe
di/ketone reagents used in this study are listdahble 2 with Lewis structures and vendor

information.

Adsorption of volatile di/ketones (every reagent listedable 2 except DHA and
25HD) was performed under high vacuum (HV) with hydraulcaiessed selupporting
wafers comprised of ~1i02 0 m gAl.@zfpowader. The wafers were first activated under
HV at 450 °C (10 °C/min) for 1 h to desorb residual water and other contaminants. IR
spectra were acquired using a Thermo Scientific Nid®T&0 FFIR spectrometer that
contained an MC7A detector. Each spectrum collected was an average of 64 scans, each
taken with an optical velocity of 1.8988 and a resolution of 1.928 &fter obtaining a
spectr um f-Al$O; thewaferwastexgsad to~0.5 mbar of the di/ketone vapor
at 50 °C for ~15 min. This would result in the formation of various IR bands attributed to
both strongly chemisorbed surface species as well as weakly physisorbed species with
liquid-like characteristics that make opultilayers. The chamber was then evacuated to
achieve HV conditions prior to beginning the temperafuogrammed desorption (TPD).
This would cause a notable decrease in the intensity of bands associated with physisorbed
species., suggesting that somesatption took place and that chemisorbed species
dominated the surface. Herein, the wafer temperature was ramped (10 °C/min) to 100, 150,
200, and 250 °C. After each temperature was maintained for ~15 min, the wafer was

allowed to cool naturally to 50 °Gp that all spectra in the TPD experiments were obtained
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at the same temper at ur -Al0Os3 wWah subtracpee ftomrothen o f
spectra obtained throughout the TPD experiments to isolate absorbance bands that
corresponded to surface speaiksived from di/ketone adsorption and reactions. All IR

spectroscopy data was processed with Thermo Scientific Omnic software.

Table2.Di / Ket one reagAdf+t s adsorbed to o

Reagent name Lewis structure Notes . Vendqr
information
O Alfa-Aesar,
Acetone Simplest ketone HPLC Grade
99.5+%
O Ketone with 1

Hydroxyacetone neighboring OH Alfa Aesar,
OH 95%
group

Dihydroxyacetone

Ketone with 2
neighboring OH
groups

SigmaAldrich

HO OH (for synthesis)

O
0 Sigma
Forms from acetong ) Aldrich,
self condensation 097. 0%
synthesis)
0 Sigma
O
0
(0]

2,4-pentanedione 2 b-diketone Aldrich,
)J\)J\ ReagentPlus®
)?VY

Mesityl Oxide

099 %
2,5-hexanedione Sigma

o-diketone Al dri cHh

2,3-butanedione Sigma

S ma kdlketode Aldrich, 97%

NS
0]
o)

3,4hexanedione Sigma

L a r gdiketode Al dri ch
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The adsorption of nexolatile di/ketones (DHA and 25HD) was also probed under
HV. However, a different approach for adsorption was necessary given the insufficient
vapor pressures. About 50 mga®sAl.0Oz was impregnated with 2,5 hexanedione or a 1%
(w/w) aqueous solution of dihydroxyacetone until the sample appeared saturated. The
sample was then maintained under vacuum over night. The sample was ground into a
powder that was pressed into a seffporting wafer and positioned within the same HV
IR cell. The wafer was allowed to sit in HV at ambient temperature for 2 h to remove
physisorbed species prior to the aforementioned TPD experiment procedures, excluding

the initial activation at 450 °C.

Features in the acquired IR spectra were deconvoluted using a custom Python
code’?® An exponential baseline was calculated while the band shape was assumed to
exhibit a PseudoVoigtrofile (i.e. a combination of 50 % Gaussian and 50 % Lorentzian

characteristics).
3.2.2 Computational

T h eAl20s surface was built by cleaving a (100) surface facet from the bulk
str uct uAl®s obtdinedafrom Digné?’ which has a space group of P21/m and
calculated | attice parameters of a = 5.6 |
=90°. The simulation supercelFigure Bl) is a 2 x 2 x 2 expansion of the unit cell with
the surface in the c direction and is periodic with dimensions of a=16.2 A, b = 16.8 A and
c=355And U = b = 2 =90A. 25 | of vacuum spa:

Gas phase molecules were simulated in a box with dimensions 20 x 20.1 x 20.2 A.
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DFT calculations were performed using the Vienna Ab initio Simulation Package
(VASP)'?8132 ysing PAW pseudopotentiaf§®* to an energy cutoff of 400 eV and the
PBE exchange correlation functiort3l.D3 dispersion with Beck@onson damping®*3’
was included, spin polarization was turned on, and dipole corrections were applied in the
direction normal to the surface. The first Brillouin zones were sampled using 3 x 3 x 1
Monkhorst Pack Gammaentered kpoint meshe'séin the case of aluma slab structures
and 1 x 1 x 1 dpoint meshes in the case of gas molecules. Electronic structures were
calculated seftonsistently until the difference in energy between subsequent iterations
was no larger than 10eV. Geometries were considered converged when the magnitudes
of the forces on all atoms fell below 0.03 eV/A in geometry optimizations. Acetone was
used as a common energy reference which also provided insight to the influence of sterics
for diketone binthg energies. The binding energies were calculated and referenced to

adsorbed acetone accordingdguation (3):

70& "HEOCH'AE T Hi TTI%"H“H I THHHHH 17% HT D HTTHE "HHT T "H 3
T'ASA"H"lT "I HHHH T TT*QA HTE HMHHTT T H
Where % . Is the DFFcalculated energy of the adsorbed species,
% is the energy of adsorbed acetdite, is the energy of the
gas phase molecule, a¥d is the energy of gas phase acetone. The different

adsorbed molecule structures were generated from an initial configuration based on the gas
phase molecule geometry. Adsorption into botratetdral and octahedral sites was tested.

Different orientations of the adsorbate with respect to the surfaces were tested; specifically,
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horizontal, tilted, and vertical molecule orientations were tegkédure B2). The

structures reported herein are those that give the lowesienerg

3.3 Results

The same -Al#Hifusdd hevein was characterized in a previous study,
exhibiting a BET surface areaof63/mg and a Lewis acid site co
that could retain adsorbed pyridine at 250"*0R spectra were first acquired for low
pressures of vapor phase di/ketones that exhibited sufficieatiliplfor a strong signal
(Figure B3) andgeneral vibrational mode assignments for distinct IR bands below 1800
cm? in the IR spectra of the free alecules are listed imable Bl. This excludes
di hydroxyacetone and 2,5 hA®:@dserkbddiketenes The f
are presented ifigure B4. Features representing various molecular vibrational modes
were observed in the 1008:000 cm' range. This includes aliphatici& stretching, C=0
stretching, CK deformation, and € stretching modes typicallfpund within 2700i

3000, 1550 1900, 1150 1500, and 100D 1300 cmt, respectively’:

Bands at tAl0sadsorteedspdcies generally exhibit increased broadness
due to adsorption to Al sites with a wide variety of coordination and acidity.
Theoretically, overtone bands for 3(C=0) ar
in the 3200 3500 cmt' region,exhibiting around twice the frequency of their respective
fundamental bands. However, given the presence of a large, broad feature in the region
attributed to hydrogen bonding and the significant diversity of surface species in most

experiments, no appareovertone bands attributed to particular surface species were
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observed. Therefore, spectral deconvolution was conducted only for thei~1800 cm
lregion. The | R s-pAlggdontained srodl baads ati3A6% dane 37279
cmit associated wit surface hydroxyl groups on tetrahedrally and octahedrally coordinated
Al®* sites, respectivel}’° These bands diminished rapidly during the adsorption of
di/ketones. This suggested that di/ketones either displaced or perturbed (via hydrogen
bonding) surface hydroxyls, the latter resulting indoening and a shift to lower
frequencies. However, this distinction could not be made based on the experimental
evidence. The large, broad feature (2758750 cm') attributed to hydrogen bonding
hydroxyl species was observed during the adsorption of @dlkétone, suggesting a
notable extent of hydrogen bonding in each experiment due to surface and interadsorbate

interactions between a wide variety of species. Thus, this region was not deconvoluted.
3.3.1 Mesityl Oxide and Acetone

Mesi tyl oxi d-AlQCs(@iguce®g)dave dse to astrong feature within
the 15001 1750 cm' region. While the IR spectrum of the free vapor phase molecule
(Figure B3a) contained two strong, distinct features centered at about 1704 and 1634 cm
'for the 3(C=0) and 3(C=C) modes, respect.i
during adsorption suggests that there may be distinct surface species or perhaps the same
species adsorbed to different sites. |t w a
frequencies of mesityl oxide on zeolites are generally higher when adsorbed to Lewis acid
sites as opposed to surface hydroxyl grotdpas sites become decreasingly Lewis acidic,
the shifts of both IR bands are expected to be nearly equivalent given the conjugation
within the C=GC=0 systent*2 These conclusions also imply that the conjugated isomer

i s domi n dhQ@s;sudace withligle, ibany, contributions from the noonjugated
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isomesityl isomer that ordinarily makes up about 10% of a soltftiéFhus, the 1500

1750 cm' feature was deconvoluted into 4 main bands at 1670, 1625, 1599, 1570
representing 3(C=0) on Lewupssit@eG8szCxr (&€mr Ol
and 3(C=C) on (HFgyrd 9a) respéctivaelyr The wesker high frequency
contribution centered at 1700 @ris likely due to a weakly physisorbed spediéd hese,

and all other assignmen{$able 3), were made under the assumption that all adsorbed

species retained the conjugated isomeric structure.

I-.- v(c=ol-|.) (1670) > v(CI=C—L) (1599)
C) =@= v(C=0--HO-) (1625) =@= v(C=C-- HO-) (1570)
201} =$8= v(0-c-0) (1530 i
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Figure 9. Deconvolution of the 1500 1750 cm' region of IR spectra for adsorbejl
mesityl oxide andb) acetone at 50 °C armld) corresponding temperatudependent
band integrals up to 250 °C. Mesityl oxide and aceteteted data is highlighted in
yellow and light blue, respectively.

The adsorption of acetorieigure 9b) presents a very similar set of spectra as that
of mesityl oxide. It is well known that strong Lewis acid sitescsh as tAhz,s e on
facilitate the aldol condensation of acetone into diacetone alétibhis intermediate

then undergoes dehydration to form mesityl oxi@ehemel). While a further extent of
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aldol condensation to form phorone, isophorone, and mesitylene products is gdssible,

IR bands affiliated with these species were observed. All general assignments for IR bands
observed below 1800 chduring mesityl oxide and acetone adsorption are list@chire

3.

(0] OH o
+ AR N HO, ? -H,0 i -G O ©
0

Acetone Acetone Enol Diacetone Alcohol Mesityl Oxide Isobutene  Surface Acetate

Schemel.Acet one and mesi t-Al403up to P50 ¥ under&l¢.t i ons o n

The region of 1500 1750 cm' was deconvoluted to acquire individual IR bands
for 3(C=0) an(Edgure 9ab)=Bands assncated with physisorbed mesityl
oxide (1700 crt) and acetone (1720 and 1697 Ynwere present at 50 °C but decreased
in intensity with increasing temperature. When comparing the remainder of the
deconvoluted region, individual bands associated with adsorbed mesityl oxide share
similar frequenciestdto s e observed during acetone adso
Al>0Os converts a significant fraction of adsorbed acetone into mesityl oxide even at a
temperature as low as 50 °C. Because no IR bands associated with the acetone enol
tautomer nor the diatene alcohol intermediate were detected, it also implies that the
reaction occurs faster than the accumulation of the IR spectra. Results from an additional
10 min kinetics experiment corroborated this thegfigure B5). The e x-pAlgdsur e of
to acetone vapor instantaneously resulted in a large band at 1708hiolm grew for 30
s. At this point, the band began displaying a severe decrease in intensity up to 10 min at
which the system was evacuated. Bands associated with adsorbed mesityl oxide
concomitantly grew and became dominant. It is therefore suggestedhéhaurface

c oV er a8l indomirmated by mesityl oxide even during acetone adsorption.
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Table3.] R band assignments for acetleoaendeand me s
HV at 501 250 °C. Arrows depict frequency shitishigher temperatures.

General Acetone Adsorption Mesityl Oxide Adsorption
vibrational i i
Acetone Mes.ltyl Acetate Notes Mes.ltyl Acetate Notes
mode Oxide Oxide
1720 Physisorbed
acetone
1697 Physisorbed 1700 Physisorbed
1692 acetone MSO
3(C= MSO on MSO on
1675 Y Lewis acid 1670 Lewis acid
site site
; H-bonded H-bonded
1634 Y MSO 1625 MSO
MSO on MSO on
1599 Y lewisacid | 1599 Y Lewis acid
3 ( C= site site
H-bonded H-bonded
1573 MSO 1570 MSO
R _ MSO-derived MSO-derived
3 O'C_O) 1538 1538 acetate 1540 acetate
1477 1477 1475
1453 Y 1452 Y
1427 Y 1421
1378 .
i( CH 1287 1385 VY
1363 .
1365 1364 Y
1332 Y 1323 Y
1320 Y 1311
1287 1284 Y
1264 1258
1234 1230 V¥
( CH 1229 _
1200 1208 Y
1193 1191
1171
1151 1147

Changes in band integrals within the 1500750 cm' region after heating to
different temperatures reflect the conversion of surface sp&aegese 9c,d). For instance,
as the temperatuiencr eased, the band integrals for
while those of 3(C=C) modes remained relat
the growth of the small band at 1588540 cm' during both mesityl oxide and acetone
adsorptionWe attr i but e CGOx0)snode of aglirfatecacetate rmad(along
with isobutene during the fragmentation of mesityl oxiehemel), typically initiated

via a nucleophilic attack of the carbonyl carbon by the hydroxyl group of an adjacent
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enol*t We would epect any isobutene produced to desorb from the surface given low
temperatures previously reported to be required to observe any notable adsorption in the
IR spectrum'®® Although small, the band grew somewhat in size as the temperature

increased, signifying a higher extent of conversion.
3.3.2 Hydroxyacetone

Upon hydr oxy ac e {AeGyadomidastbangemerged at 1768 cm
land was assigned to the 3(C=0) mode of
accompanied by a low frequency shoulder and a tailing feature that extended as low as
1500 cmt, which required deconvolutioFigure 10a) and integration of the bands
(Figure 10b). The 1718cm? band remained dominant but steadily decreased with
increasing temperature up to 250 °C, suggesting there may be desorption or a possible a
surface reaction. The slight countering growth of bands at 1675, 1645, 1588, and 1531 cm
L implied that not on did a reaction occur, but there were multiple distinct products that

likely exhibited alkene characteristics.

Hydroxyacetone tautomerization could in principle result in a combination of two
different enol products?’ The cleavage of ai& bond on the hydroxyl or methyl carbons
initializes formation of progl-ene-1,2 diol and prog2-ene-1,2 diol, respectively*® These
surface s OA Sa gAff aAYLI& 06S NBFSNNBR (G2 Fa Sy
were assigned to the 1675 and 1645 ‘tiands. Given their lack of intramolecular
O2yedaAlGAz2zy> (KSe akKz2dzZ R | 0O02YY2RIGS (KS K
the 1,2 e RA2f &dK2dzZ R SEKAOGOAG | KAIKSNI A6/ T/ 0

hydroxyl groups directly attached to the alkene group as opposed to only one on the 2,3
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enediol3! Therefore, the 1675 and 1645 cnbands were assigned to the 1,2 and 2,3

enediols, respectively.

b) -0 v(c-0) (1718) == v(C=C) (1645)
-~ v(C=0)(1692) =@~ v(C=C)(1588)
15— —m~ y(C=C) (1675) -~ v(C=C)(1531)
3 5 ]
L 4 ]
w e
§ E 10+ ‘\\ )
(1] e 1
= < 1
2 @
e
< 51 <
——p- S
- o ﬁ
1800 1750 1700 1650 1600 1550 1500 0 50 100 150 200 250
Wavenumber (cm™) Temperature (°C)

Figure 10. a) Deconvolution of the 1500 1800 cm' region of the IR spectrum of
adsor bed hydrAn:utdbe €b)Carrespanding temperatudependent
band integrals up to 250 °C.

0 /“0/ e M —"J\()\/

A prop-1-ene-1,2-diol
OH y 3,4,5-trihydroxy-4-methylpentan-2-one (2)-3,5
Hydroxyacetone \
HO )K/OH
OH 4)’ HO

prop-2-ene-1,2-diol -1,5-dihydroxy-4-methylpent-3-en-2-one
1,4,5-trihydroxy-4-methylpentan-2-one & v ¥ Ve

Scheme&2.Hy dr oxy acet onAlO5upta 250 iCumder H6.n 2

The remaining baits at 1692, 1588, and 1531 ¢mere assigned to species formed
from aldol condensation of adsorbed hydroxyacetone. We attributed the 18®2wechto
a 3(C=0) mode and because of it s?ltovaser
likely associateavith a conjugated surface species. The bands at 1588 and 153decen

thus assigned to two different 3( @b@)
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there should be two different aldol condensation products formed upon reaction with
molecular lydroxyacetone. The nucleophilic attack of the carbonyl should produce a
dimeric intermediate that is dehydrated to form the final conjugated pr(@#itletme2).

Therefore, conversion of the 1,2 and 2,3 enediols should produce 3,5 dihydroxy
methylpert3-en-2-one (35DH) and 1,5 dihydroxd-methylpent3-en-2-one (15DH),
respectivel y. There were I|likely two 3(C=C
located ondifferent carbon atoms. Similar to the enediols, we suspect the 35DH product

wi || exhibit a higher 3(C=C) frequency sin
the alkene group. As a result, we assigned the 1588 and 153acmis to the 35DH and

15DH condensation products, respectively.

Table4.l R band assignments f or -AhOsuhdeoHVyateb0 et on e
T 250 °C. Arrows depict frequency shifts at higher temperatures.

General 1,2 23 dih %rsox dih ld'ursox
vibrational | Hydroxyacetone enédiol enédiol condyensat)i/on condyensat)i/on Notes
mode product product
1718
May also
include 1,5
3 (C=( 1692 dihydroxy
condensation
product
1675
1645
3 (C=( 1588
1531
1456
1425
u( CH] 1375
1357
1333
1270 Y
1232
, \ 1219
( CH) 1194
1172
1155
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3.3.3 Dihydroxyacetone

Because the adsorption of dihydroxyacetone was performsiiueix the aqueous
phasec ont r i b u t-Al.@xwere fiot sohtmacted from the IR spedifigure 11).
Although this made deconvolution of the mid IR region more difficaltable features in
the 3(C=0) region were stil!l i denti i ed. I
a ds or bAdD: whasoperformedFigure B6) to isolate the spectral contributions from
small amounts of cadsorbed EO. The main band of interest located within the 1630

1650cm'r egi on was attributed the U(HOH) mode

The large feature at 1728 dwas associ ated with the 3¢(¢
dihydroxyacetone. While this band remained dominant, it did exhibit a slight decrease in
intensity up to 250 °C. This development was perhaps related to an equal enlargement of
low frequency bands at 1630cathi592 cmt and the appearance of a new hfgguency
shoulder at 1770 ¢ each of which suggest a surface reaction occurred. The bands at
1630 and 1592 crhwere assigned to the v(C=0) modes of the aldehyde and ketone group,
respectively, of adsorbed ypvaldehyde. Dihydroxyacetone conversion into
pyruvaldehyde has been previously demonstrated on Lewis acidic mat€riZdFhis was
confirmed by a separate TPD experimentinwipichr uval dehyde -Al®s ads o
(Figure B7). Herein, the same bands at 1630 and 1592 were present and remained
stable up to 250 °C. The high frequency shoulder that extended as high as ~1f&tcm
accompanied these bands nmeyplain the development of the small feature identified
herein at 1770 crh This tail is believed to represent the partial strengthening of (C=0)
bonds of adsorbed pyruvaldehyde species that are more distant from surface hydroxyls and

adsorbed ED . -AD03, dehydration of dihydroxyacetone into pyruvaldehyde appears
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to be the dominant reactidscheme3) with no observable evidence of enolization and

condensation.

Absorbance (a.u.)

1850 1800 1750 1700 1650 1600 1550 1500

Wavenumber (cm™)

Figurelll nf rared spectra (3(C=0) region) of s
di hydr oxy aAt@:{peepared io the aqueous phase) during TPD experiments
from 50 to 250 °C.
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HO\)J\/OH < » | +AR > 0 o
HO -H,0 =

Dihydroxyacetone
OH Pyruvaldehyde

Glyceraldehyde

Scheme3.Suggested reactionsAl0f di hydroxyacet on

3.3.4 2,4 Pentanedione

2,4 pentanedione, the enol tautomer, and the chelating ligand are illustrated in
Scheme4 and are herein referred to as 24PD, Hacac, and acac, reslyec¢tiroughout
interpretation of IR spectra during adsorption. Temprado et al. reported that the enol
tautomer accounts for 81 mol% in a pure liquid phase at ambient temperature and
contemplated a higher fraction in the pure vapor phase due to its giataity than that
of the keto tautomef!Thi s was reflected by thelidominat
the vapor phase spectrutrigure B3d) and must bestrongly considered during the

interpretation of the IR spectra of the adsorbed species.

O O O O

24PD Hacac

Schemed. Nomenclature for species derived from 2,4 pentanedione.

The deconvoluted IR spectra of 24PD/Had&igure 12a) showed various
individual features within the region of 15601750 cm, including dominant bands

centered at 1597 and 1533¢m 3 ( C=0) bands wi thihthd 1608er f r e
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1600 cm' are typically characteristic of carbonyl groups with bond orders of ~1.5 due to
mesomerism and strong bindiffgln addition, the 130G 1750 cm' region remained
largely unchanged up to 250 °C, suggesting the surface species were extremely stable.
Therefore, we assigned the 1597, 1533, sewkral other bands below 1750 t(Table

5)toanAl(acag)s ur f ace species t haAt0:.f3Mi nated cove

1 T L] T 1 1 I

a) |=~ vic=0) b) — 250

i 200 °C

v(C=0) (17/;) — 150°C

—_ v(C=C) = 3090 — 100 °C

s s — 50°C
s s
© @
(8] (&)
c c
© ©
- o

5 5 \_’/\\/\
(7] (7]
2 2

1750 1700 1650 1600 1550 1500 3200 3100 3000 2900 2800
Wavenumber (cm™) Wavenumber (cm™)

Figure 12. a) Deconvolution of the 1500 1750 cm' region of the IR spectrum of
adsorbed 24RPRO:zdME0C@Y)D®WNeloopment of the 3 (CH)
region during the TPD experiment

While they exhibited notable thermal stability, adsorbed Hacac/acac species were
not entirely resistant to surfacatalyzed reactions. For instance, Kytdkivi et al. noticed
the emergence of small IR bands at 1330 and 1055 d@wming the adsorption of
24 P D/ Ha c-algOs at 200 A% and claimed that these are affiliated with an acetate
species resulting from molecular fragmentation, perhaps due interactions with surface
hydroxyls or ceadsorbed KD 1% These same bands, although small, were observed herein
(1329 and 1055 cH) at temperatures as low as 50 °C with slight growth up to 250 °C. The

frequency of 1329crhi s consi st e n®) mede dof hcetit dciéhIn thic @seC
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the formation of -AlkOs;wauHadadaca fragmentatian should e o

concomitant with acetone producti(®cheme 5)

Table5.l R band assignments for -AX:anderéiviatanedi or
507 250 °C. Arrows depict frequency shifts at higher temperatures.

General )
o 2,4 pentanedione|  Acac (as : .
vibrational Acetic acid Notes
or Hacac Al(acacy)
mode
Could also be
1725 physisorbed
acetone
AO/ T hi Could also be
1695 physisorbed
acetone
1657
AG I.n h i 1597 Bond~$r§|er of
Aol T 1533
1455
AN 1396
MOCH [bh |
A 6 h-0)/ 1329
; MH o [b |
A 6QH) 1250
o0/ 1 o 1192
A 6Q) 1055
"0 4) | 1025

While little temperatur@glependency was seen in the low frequency region, a

notable observation was made i n t(Riguresa ( CH)
12b). From 50 to 150 °C, there were multiple bands within 298050 cm' that remained
constant. A band at 3090 dremerged at 200 °C and grdurther at 250 °C. This band is
assigned to the 3(CH) méWhkiletheffreesHacaonoledule ni ¢ ¢
is definic, the bidentate acac ligand of Al(acais)mesomeric and therefore demonstrates

less of this characteristic due to electron delocalization. Given the unchanged low
frequency absorbance, we believe the emergence of this band at 369 due to he

transition of a bidentate acac surface species to a monodentate Hacac species in which the

55



C=C-H bonds are much more stalffchemeb). This maybe the first step in the thermal
decomposition mechanism of Al(acaend the creation of a surface species that perhaps
may subsequently react with surface hydroxyl groups or another monodentate Hacac
species to form acetates and-8iethylphenol, respively; the latter product requiring

higher temperatures (> 300 °C) than those used in this Sttid§.

_H A AP

24PD

/K )K H
@) water

acetate acetone

Schemes.2 4 PD/ Hac ac +AleGs upttoi 260rfG undenHV o

3.3.5 2,3 Butanedione and 3,4 Hexanedione

UDiketones such as 2,3 butanedione and 3,4 hexanedione containjasenad
carbonyl groups. Up to 250 °C, the IR spectra of surface species from these molecules
(Figure B4f and Figure B4g, respectively)shared similar features in the 1600800 cm
lregionr epresenting both 3(C=0) and 3(C=C) mo
integrals were seen for those within the IR spectra of adsorbed 2,3 butanedione, while those
of adsorbed 3,4 hexanedione demonstrated remained almost unchanged in266 30
tenperature range. Band deconvolution was therefore necessary to isolate different species

and rationalize the surface chemistry.

56



LA L S S S e B S S e S S

|| — == v(FreeC=0)(1759) | == v(Free C=0 Enol) (1681
a) > v(C=0 C) @~ v(c=01)(1725) @~ v(c=C1) (1630)
== v(C=C) -@— v(C=0-HO-) (1711) =@= v(C=C- HO-) (1601)

15 1

10| 2

L
T

1
d)-e- v(Free C=0 34HD) (1745) == v(C=C-L) (1650)
O
—

v(C=0 - HO-) (1712) =@= v(C=C-HO-) (1599)
v(Free C=0 Enol) (1685) .

Absorbance (a.u.)
Band Integral
o

—or——+—

20 1

(o} m— o L0 =’
10+ —
— L 4 —@ ®
PR S S T P 1 PR T o 1
1900 1800 1700 1600 1500 50 100 150 200 250
-1
Wavenumber (cm™) Temperature (°C)

Figure 13. Deconvolution of the 1500 1800 cm' region of the IR spectrum of adsorbed
a) 2,3 butanedionearfy) 3 , 4 h e x a n-&l4Ds ab50 &C andnd) corresponding
temperaturalependent band integrals up to 250 °C. 2,3 Butanedione and 3,4
hexanedionerelated data is highlighted in yellow alight blue, respectively.

For vapofphase 2,3 butanedione, one band at 1729 eepresented the
asymmetric 3(C=0) mo(Higure 83e).'°t Whei | fer eaed syoa |bescdu |
Al 203, there was large, dominating band at ~1712twith shoulders, while a slightly
smaller higher frequency band was observed at 1759. athen comparing these
frequencies with those of the vapamase spectrum, the bands of the adsorbed species
suggest that one daonyl group was elongated and weakened, while the other was
contracted and strengthened, respectively. This suggests that the band at 1759 cm
represents the 3(C=0) mode of the free car
monodentate orientatioithe sharpness of this band, at least at lower temperatures, could
corroborate this assignment, especially when compared directly to broader bands assigned

to vibrational modes t hat-AxXpsurface.sAtsimdan gl y i
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conclusion wasnade in a study regarding diketone adsorption or» Submerged in a

CCls solution®8 In addition, multiple individual bands appeared to contribute to the band

at 1712 crit, which suggests that the carbonyl was bound to various distinct surface sites.

The deconeluted bands at 1725 and 1711°t(figure 13a)ar e assi gned t o t
modes of 2,3 butanedione bound to Lewis acid sites and surface hydroxpls,grou
respectively. Similar conclusions were made with mesityl oxide, another stable ketone

species, as shown above and in another sSttidy.

Individual bands were also observed within the 1i60@00 cmt' region, suggesting
that a species with a C=C bohdd formed. These individual features are assigned to an
enol surface species derived from 2,3 butanedione on Lewis acid sites. Herein, a distinct
band for the free carbonyl group was identified at 168%,camnmuch lower frequency
perhaps due to a conjugd interaction with the vinyl C=C bond. Unlike acetone, 2,3
butanedione did not immediately undergo enolization during adsorption at 50 °C, but rather
the decrease in band integrals associated with the diketone sfiéigie® 13c) may
suggest that the achtalyzed tautomerization reaction occurred more readily at higher
temperatures. However, the band integrals of enol bands remained relativedgntons

during the TPD.

Similar deconvolution results and conclusions were made for 3,4 hexanedione, the
| ar gdeirk et one. The 3(C=0) modes for the fre
surface hydroxyls were centered at 1745 and 1712 mmpectively. The most noticeable
differences between the spectra of adsorbed 3,4 hexanedione and those of 2,3 butanedione
were the dominating band at 1650 t(figure 13b), the lack of temperatwgependency

for the band integral@igure 13d), and the lack of changes in the 1480680 cm' region
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at higher temperatures. The dominating band at 165bwms attr i buted t o
mode of the enol species adsorbed to Lewis acid sites while the smaller band at 1685 cm
was associated with the free conjugated carbonyl of this species. This suiggast®4

hexanedione enolized much more readily compared to 2,3 butanedione

S ——
O [+ ]
1712 —  250°C
200 °C
— 150°C
O — 100 °C
_ — 50°C
=S 1759
35
S 1630
Cc
©
o]
|
o v
o]
<
2 | 1 2 N A | M
1800 1700

Wavenumber (cm™)

Figure 14.Mid-l R spectrum region of -A03Thédout anedi or
temperaturaependent development of convoluted featass®ciated with a conjugated
product is outlined by the dashed box.
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The nature of adsorbed 2,3 butanedione suggests that the species giving rise to the
14807 1580 cm' feature is formed in surface reactions involving C=0 and C=C bonds.
This broad featurgrew as temperature was increased up to 25Fifire 14) and likely
contains a conj ugat e dH)segien{Fgure B8)lincludeddwbi t i on,
bands at 2985 and 2937¢mh hat are attri butable tH) asymr
modes of adsorbed species, respectively. Aside from lat slecrease in intensity, these
bands exhibited no change up to 250°C. There were also ho new bands emerging in this
region. These observations suggest that the conjugated products formed from 2,3
butanedione possess &Hroups like those of the reagenhu, it is likely that either aldol
condensation or carbonglefin metathesis may have occurr¢8cheme 6). Aldol
condensation would perhaps involve a reaction between the 2,3 butanedione diketone and
enol tautomers to form a 3ghydroxy-3-methylheptane,6-dione intermediate. As with
the previously discussed condensation reaction pathways, the interntesheite may
readily dehydrate to form a finattB/droxy-3-methylhept3-ene2,6-dione product. It may
also be possible that the diketone and enol may interact via a carbonyl olefin exéhange.
The corresponding chain propagation step would resultinya®xy-4-methylhex3-ene
2,5-dione. In principle, this species could undergo ferrtbxchanges with adsorbed 2,3
butanedione to form elongated, conjugated polymers which could explain the broadness of
the 148@ 1580 cm' feature. There was no development in the 18880 cm' region for
adsorbed 3,4 hexanedione, implying that the regmeenol does not subsequently react

0 n-Alg0s.
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)H/\\)‘\ i )H/\H‘\
H \
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)‘Y + AR 3,5-dihydroxy-3-methylheptane-2,6-dione (E)-5-hydroxy-3-methylhept-3-ene-2,6-dione
4),
OH \
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2,3-Butanedione 23BD Enol ¢]
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H H
formaldehyde
OH O Y

(2)-3-hydroxy-4-methylhex-3-ene-2,5-dione

Scheme6.2 , 3 But anedi oAl®©upte 250 CCiurcder 8IV.on 2

Table 6. IR band assignments for 2,3 butanedione and 3,4 hexanedidr&e o r pti on on
Al>03 under HV at 50 250 °C. Arrows depict frequency shifts at higher temperatures.

General 2,3 Butanedione Adsorption 3,4 Hexanedione Adsorption
Vibrational 2,3 c=C Notes 3,4 Cc=C Notes
Mode Butanedione | Products Hexanedione| Products
Physisorbed
1776 34HD
1759 Free C=0 of
1755 bound 23BD
Free C=0 of
1745 bound
34HD
s (C= 23BD on
1725 Lewis Acid
1729 )
site
H-bonded H-bonded
1711 23BD 1712 34HD
1681 Free C=0 of 1685 Free C=0 of
1676 23BD enol 34HD Enol
34HD Enol
1650 on Lewis
Acid site
23BD enol on
1630 Lewis Acid
3(C={ site
H-bonded H-bonded
1600 23BD Enol 1599 34HD Enol
14807 Conjugated
1580 product (not
deconvoluted)
1445 1450
1425
o 1418
U( CH—05 1408
1374 1381
1357 1358
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1358
1345
1336
1279
1282
1225 1232
1198 1192
1183
1157 1150
1163
3 (-Q) 1135 1128
1113
1083

3.3.6 2,5 Hexanedione

The | R s-leCs-adsobed?®,b hezanedioffeégure 15) showed notable
absorbance within the 15001800 cm! range. While the lack of temperatidependent
development may suggest that no reactions occurred with increasing temperature, the
positions of the bands at 1632 and 1585'smu g g e s t -dikeloeetwastquite reastive
0 n-Alg0z even at 50 °C and wasmost entirely converted into a new, conjugated product
with a 3(C=C) mod & which theereabed wittl incaetising ténfpératurem
was assigned to the 3(C=0) mode of small
2,5 hexanedione. The dimghing of this band was attributed to further conversion or

desorption.
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Absorbance (a.u.)

1 2 1 M 1 2 1 M 1

1800 1750 1700 1650 1600 1550 1500

Wavenumber (cm™)

Figure15.l nf rared spectra (3(C=0) redk®n) of 2,
(prepared via esitu impregnation) during TPD experiments from 50 to 250 °

The presence of a conjugated product suggested that an aldol reaction occurred with
t h ediketone. However, given the insufficient vapor pressure of the diketone and
immobility of the chemisorbed enol, it is highly improbable that reactions occurred
between the diketone and enol tautomers as previously observed with the other di/ketones.
Therefore, the spectra appear to reflect a product formed by an intramolecular aldol
condensation in which the alkene group on one side of the surface enol performed a
nudeophilic attack on the free carbonyl on the opposing §®theme7). Following

sequential dehydration, this would result im@thylcyclopen2-en-1-one (3M2CP). To
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corroborate this, a separate TPD experiment was performed with 3M2CP in which the
reagent wagmpregnated es i t WAl ®9(Figure B9). Because the IR spectra are very
similar throughout the whole 10602000 cm' region, we concluded thatV®2CP is the

most abundant surface species with aldol condensation as the dominating surface reaction.

0 OH HO
AP + APt 0 -H,0 0
- — —»
0 0

3-hydroxy-3-methylcyclopentan-1-one 3-methylcyclopent-2-en-1-one

2,5 Hexanedione

Scheme/.Reacti ons of 2 -AbOsHexanedi one on 2

3.3.7 Density Functional Theory

The lowest energy configurations for adsorbedtdike species provide insight into
how t hese mol AleQssudase(Figurenld). Ouroesudts irmlicate that each
of the diketones, regardless of the positioning of the carbonyl groups, bind t&" aiteAl
via a carbonyl oxygen atom. The calculatedA)=C anglegTable B2) are suggestive of
U-bonding. Other studies that focused on interactions between carbonyls and Lewis acids
s h o we d-bands dotm via donation aixygen lone pairs®® Each diketone appears
bound as a monodentate species, in which the second carbonyl vector is angled away from
the surface. This corroborates the IR spectra interpretation of adsorbed 2,3 butanedione,
the only diketoe that seemingly avoided enolization at low temperatures, in which two
di fferent 3(C=0) modes, one free and one
same for the other diketones given their propensity to convert almost completely as low as

50°C.
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Figurele.Lowest ener gy -AleOgddsohed) Bdtpentanedion®)f o
2,3 butanedione;) 3,4 hexanedional) 2,5 hexanedioné&onfigurations obtained by
collaborators from Clemson University.

The | owest binding ene*rApOseere chlaulateddvithk e t o n ¢
respect to that of adsorbed acetqfi@ble 7). Binding energies specific to either
tetrahedrally or octahedrally coordinateddre presented ifiable B3. In this convention
negative numbers mean stronger binding energy than acetone and positive numbers mean
weaker binding energy than acetorRelative binding energies were lower for each
diketone when adsorbed to tetrahedrally coordinated sites, with the exception of 2,3
butanedione. However, in the case of 2,3 butanedione the difference in binding energies
for the different sites was only@¥. eV, suggesting that binding in both tetrahedral and

octahedral sites is possible. The energetic preference for adsorption to tetrahedrally
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coordinated sites could be due to the enhanced Lewis acidity of these sites, compared to
that of octahedral sit¢§:'%2 increased exposure (reduced steric hinderafiéend

el ectrostatic repulsion between gliketoheace o0 X
exhibited the highest relative binding energies of +0.44 and +0.26 eV for 2,3 butanedione

and 3,4 hexanedione, respectively, suggestingth&té t ones bi ndAlOess st
when the carbonyls are directly adjacent. Adsorbed 2,5 hexanedione had a lower relative
binding energy 0f0.26 eV while adsorbed 2,4 pentanedione was even lowercdt eV,

suggesting the latter blinds the strongeiiwever, the latter calculation does not account

for the instantaneous mesomerism observed in the IR spectrum which is perhaps an
essential step for stabilizing the surface species. While van der Waals interactions could
explain some of the observed éifénces in binding energy, their contribution is expected

to be < 0.1 eV for organic adsorbates on inorganic oxide surféfdgkimately there was

no clear trend between intramolecular carbonyl distance and binding energies of the
adsorbed species. Howevehe 0.18 eV difference in binding energies between 2,3

but anedione and 3,4 hexanedi one sdkganest s t
are responsi bl e f orAl0WLThikispossiblgdud tdtiee addivianal wi t |
sterics of longer &yl groups along with their greater repulsion from the oxide surface.

The AIFO bond distances and-®=C bond angleglable B2) were also obtained from the

configurations but presented no apparent trends.

Table7.DFT-c al cul at ed b i pAbOzadsorbeddketanes edative o that o
of acetoneCalculations performed by collaborators from ClemBaiversity.

Adsorbate ERelative Binding (€V)
Acetone 0
2,4 Pentanedione -0.64
2,3 Butanedione 0.44
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3,4 Hexanedione 0.26
2,5 Hexanedione -0.26

3.4 Discussion

The surface chemistry of molecules with multiple functional groups is determined
by complex tradeoffs between possible surface interactions of different parts of the
molecule?® 165166 The set ofdi/ketones in this studis chosen to isolate the influence of
di fferent structural features on -AlfOs sur f &
While reaction pathways were proposed herein for adsorbed di/ketones, further analytical
techniques would be required to asst®e exact selectivity of the different products as
well as potential byroducts that were not observed in the IR spectra. The following
sections will highlight the roles of hydroxyl groups, length of sorbate alkyl chains, the
intramolecular carbonyl dignce of diketones and speculations regarding solvent effects

by coadsorbed water.

Acetone is the ideal benchmark ketone reactant given its structural symmetry and
simplicity and therefore served as an adequate basis for comparison when studying the
adsoption of reactions of more complex di/ketones. Aldol condensation of acetone into
mesityl has been studied extensively on Lewis acidic matétfalé:14 167 |t is also
widely accepted that the alkene group of the enol tautomer performs a nucleophilic attack
on the carbonyl of a nearby ketol¥& However, there was little presence of acetone and
no observabl e evi dencA0:m$low a $0 °€E.NRather,dha ut om
deconvoluted IR spectra suggested that mesityl oxide was largely present and that aldol

condensation occurs very readily with the simple ketone reagent.
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3.4.1 Steric and Electronic Effects of Hydroxyl Groups

The presence of hydroxyl groups adxailitional complexity to surface reactions
of ketones. Upon adsorption, hydroxyacetone demonstrated more stability and resistance
to the reaction. Increasing temperatures up to 250 °C seemed to initiate some extent of
aldol condensation given by decreasimgnsity of the 1718crhhy dr oxyacet one 3
band and emergence of 1692, 1588, and 1531w nds assi gned to the
35DH and 15DH, 3(C=0C) of 35DH, and 3(C=C
environments, hydroxyacetone enolization ihi® propl-enel,2 diol intermediate should
be more prevalent given the greater inclination feid ®ond cleavage to occur on the
hydroxyl carbort*® Therefore, the 3HD condensation product should be prevalent on the
surface compared to the 15DH alternative as seen on another study regarding
hydr oxyacet on e-Al®zd Bhis rispcoriolmnated doy a consistently larger
3(C=C) band i nt egradltefmpenatureéshipeto 25®m°C.MNeverthedepse c i e ¢
hydroxyacetone remained the dominant surface species according to the strong3718 cm
3(C=0) band suggesting that al cohol group

enolization.

As electron donors, alcohojroups should also prove obstructive for the
condensation step. By increasing the overall electron density around the carbonyl group,
the ketone should be consequentially shielded from a nucleophilic attack by an enol. While
this was partially overcome &igher temperature, no aldol condensation was observed

during the adsorption of dihydroxyacetone. This may be partially due to insufficient
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enolization activity. The molecular enetriol has been observed to act more as an
intermediate in the interconversiof dihydroxyacetone and glyceraldehyde; however only

in basic (triethylamine) solutiort§® However, relevant literature also suggests that other
competing reactions mAl: Forcirstance, imoknevn tha a di | vy
Lewis acids can catalyze the dehydration of dihydroxyacetone (once isomeitiaed in
glyceraldehyde or via dimeric intermediate) into pyruvaldeRy#E°which was observed

as a surface species in the IR spectra herein. At temperatures 8660C, the carbonyl

group of dihydroxyacetanseemed completely shielded, thus allowing the formation of

pyruvic acid to dominate. At temperatures higher than 250 °C, greater conversion of

adsorbed dihydroxyacetone into pyruvaldehyde is expected.

The IR spectra herein have suggest that acetone,oxyatretone, and
di hydroxyacetone can e ac h-AlsOgatlow tenparatutesL e L e w
The contribution of aldol selfondensation reactions, however, becomes less as the
carbonyl group becomes surrounded by adjacent hydroxyl groups dekectoonic

shielding effects, competing reactions, and stricter reaction conditions.

3.4.2 Influence of Alkyl Group Length

While potential mechanisms have been identified herein for the surface chemistry
of 2, 3 but aAh@®@sdtihere mremains riheuastion of why the same aldol
condensation or metathesis reactions do not appear to occur with 3,4 hexanedione. The
dominant, unchanging band at 1650 csmuggest s t hat t-diketond ar ger
tautomerizes much more readily than the smaller oag¢eahperature as low as 50 °C. Yet,

there were no absorbance bands within the 148680 cm' region of this spectrum to
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suggest the formation of a conjugated product nor did they appear as the temperature is
increased to 250 °C. There could be a coupleeasons for the lack of reactivity by
adsorbed 3,4 hexanedione. Firstly, 3,4 hexanedione is expected to form a trisubstituted
alkene group upon enolization, while 2,3 butanedione forms a vinylidine alkene group. The
3(C=0C) frequenci generaly similan &d diffichitdaondissnguishr i
adsorption spectrdt. However, previous theoretical studies have illustratedds in the

free energy of hydrogenation to show that trisubstituted alkenes are generally more stable
than vinylidene alkene€'$! This trend should still hold true even with the adjacent electron
withdrawing oxygen atom interacting with a Levaisid site. Therefore, the trisubstituted
alkene of the 3,4 hexanedione is expected to be less reactive towards aldol condensation or
metathesis. Secondly, sterics may also play a critical role in the kinetic resistance of the

| ar gdiketoneJNot onlylsould less of the bulkier molecule adsorb to the same surface
area, but the ethyl groups of 3,4 hexanedione, as opposed to the methyl groups of 2,3
butanedione, may sterically obstruct the nucleophilic attack on one surface enol by another.
Asaresultobot h al kene stability anddketonesmay gr oup
readily enol i z eAlQsyanesisefudtisepstepstofithe aldoltcandensation

reaction pathway.

3.4.3 Intramolecular interactions of carbonyl groups and their eftecthe formation of

surface species

The IR spectra of surface species from each diketone in this study demonstrated
uni gque sur f aAlHs: intermotetularaldcd coraensation of 2,3 butanedione,

enolization of 3,4 hexanedione, mesomerism op2tanedione, and intramolecular aldol
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condensation of 2,5 hexanedione. Given this diversity of surface phenomena, it is difficult

to establish trends based on the spectroscopic evidence alone.

Low energy configurations in DFT modéiKgure 16)r ev e al e d, -tdhdat t he
>di ket on e sAl( viantide oxygen atom of one carbonyl group. Regardless of
intramolecular carbonyl distance, the other carbonyl points away from the surface and does
not engage in a strong interaction. For diketones, it was shown that the two carbonyls
exhibit intramolecwr repulsion and that this interaction decreases significantly with
increasing distance between t hedkbktonesf i onal
A's s hown widitahbonyls this iotrarsoledlilar repulsion results in the trans
conformation beingilghly dominant over the cisonformation for the free molecul&X.

For 2,3 butanedione, the only diketone to
Al203, both the DFT conformation and IR spectra suggested that with one carbonyl group
immobilized and bound to the surface, the other wiihpaway from the surface; not
necessarily forming a perfect traognformation. In a similar study involving the
adsorption of aliphatic diketones, Cross and Rochester interpreted their IR spectrum of
SiOx-adsorbed 2,5 hexanedione as evidence of a lielsndace speciés® However, the
adsorption was performed in GGolutions and a less acidic Si€urface would perhaps

exhilt less repulsion against the alkyl groups of adsorbed di/ketones.

3.4.4 Impact of an Aqueous Phase

The presence of large quantities of water, inherent to many bicoasersion
processes, i's expected to have anAl@®ffect

Fi r s-AldOytransforms into a hydrated boehmite (AIOOH) phase with severely reduced
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surface area and Lewis acidity under liquid water at 208! 9@.theory, this should

decrease the di/ketone adsorption capacity of the catalyst support and impede enolization.
Surface hydroxyls and adsedbHO are very stable on ADs surfaces at high temperatures

and pressures and are unlikely to be displaced by most of the di/ketones studied herein,
because they are less prone to forming multidentate surface species that could outcompete
water for surfae si t es. Pol yol s, however ,-Alave sh
surfaces under hot, pressurized aqueous environments via formation of a protective
adlayer®® Studying the reactions observed herein under the aqueous phase and improving
the hydr ot he r-A#i witts chedabing, | medomericodfketones, such as 2,4

pentanedi one a n-diketpned, reay beiofirteefpr fubute istedres. b

3.5 Conclusion

Understanding the reactions and trends of adsorbed di/ketones on Lewis acidic
mat er i al sAl.G@zuscelsentiak for she chemical industry. Deconvolution and
interpretation of | R ban dfsadsorbed spaces revéaed O) a
aldol condensation to be the most common surface reaction and as well as the effects of
adjacent hydroxyl groups and the molecular size. Hydroxyl groups adjacent to the carbonyl
group act as electron shields against nucleoplatiacks necessary for-C bond
formation. This was overcome with higher temperatures (up to 250 °C) for adsorbed
hydroxyacetone, while isomerization dominated at all temperatures for adsorbed
dihydroxyacetone. While 2,3 butanedione showed enolizationakdal condensation

activity with i ncr ea sdkatgne, 8,4 mparediont, formredg t he
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stable enol likely due to the increased steric hinderance of larger alkyl groups as well as
the greater thermodynamic stability of the trisubstiti@e bond of the respective enol.
Other unique surface phenomena were observed for 2,4 pentanedione (mesomerism) and
2,5 hexanedione (intramolecular aldol condensation), making it difficult to establish trends
based on experimental data. DFT calculatiamggested stable diketone surface species

b i n d-Al#Og¢in aomonodentate orientation with one carbonyl bound to the surface and
one pointing away from the surface. Adsorbed species with relative binding energies on
the lower side of this range (acetone &5 hexanedione) should be expected to undergo
the full aldol condensation mechanism more readily. This study has improved
understanding of di/ketone surface chemistry on Lewidic materials which may
facilitate progress in various fields from prelgothemistry to sustainable industrial

chemistry.
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CHAPTER 4. PT CATALYST POISONING BY DI/KETONES

4.1 Introduction

The strive towards a more sustainable future is contingent on the industrialization of
renewable hydrogen. While it remains essential for several majdugiron processes
including those of fertilizers, electronics, and fuel, the vast majority of hydrogen is still
acquired from fossibased source$#17 This pressing concern continues to incentivize
researchers in the discovery andtiiimization of alternative methods for sustainable

hydrogen production.

Biomass is an appealing source of hydrogen, and aqueous phase reforming (APR)
is a heterogeneously catalyzed process that can extract this hydrogen from-oiervask
oxygenates disdved in water® In principle, the conversion of #82x20x reagents
(glycerol, sorbitol, etc.) can result in high yields of #d CQ. This process is often
conducted at tengpatures of 180 250 °C, which is much lower than the temperatures
required for pyrolysis and gasification while enough to facilitate the vgagshiftt’’ The
gas products are easily separated from the bekghase which can be recycled to reduce

energy and material waste.

Thetransformation of oxygenates (polyols with C:O ratio of 1:1) in liqui® M/as
first studied by Dumesic et al. in 2002 while employing a B@Atatalyst'° The authors
contenplated a wide array of possible reactions and chemical intermediates given the
acquired mixture of B} CQOy, and various alkanes . They proposed that the dehydrogenation

A decarbonylatio watergas shift reaction sequence is most efficient for maximizing
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H> formation. Since then, numerous catalysts have been designed and tested in APR to
improve product yields and tailor the selectivity betweemahtl alkane$> 1’8 Today, it is

widely acknowledged that supported Pt catalysts are most suitablegooddiction given

the efficiency in @GH and GC bond cleaving over this metdP8 This contrasts with

other commonly utilized metals like Pd and Ni which also exhibit tendencies to bi®@ak C
bonds, thus resulting in alkane formation and decreassdelds!®! However, a severe
decrease iPR activity is commonly witnessed during the attempted conversion of larger
oxygenates, even on Pt cataly$t$* 2° For APRof polyols specifically, Hyields follow

the general trend of GAH > GHeO2 > C3HgO3 > CeH1406. This phenomenon is believed

to originate from the formation of byproduct surface species that ultimately deactivate the

catalyst.

There are recendtudies by Davis et al. which focused on polyol oxidation in
agueous environments and the underlying causes of catalyst deactivation over supported
Pt catalyst$®218 |t was shown that acetone, mesityl oxide (resulting from aldol
condensation ofcetone), and 2-gentanedione severely decreased the oxidation activity
of the catalysts depending on the system pH. Because exposurgm@rediol did not
result in any decreases in conversion rates, it was deduced thatBasmuespecies were

responsible for deactivation of supported Pt catalysts through strong binding to the metal.

The mechanism for the APR of larger oxygenates is very complicated given the
presence of numerous functional groups and possible side reactions. However, it is
beliewed that the reaction pathway fos &hd CQ production involves the decarbonylation
of aldehyde intermediates formed from the dehydrogenation of primary (1°) alcohol

groups®* 27 184 Alternatively, ketone species may be formed in APR by thesetecive
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adsorption and dehydrogenation of secondary (2°) alcohol groups found on larger
oxygenates starting with glycer(ffigure 17a). Ketones are expead to decarbonylate

less readily given increased steric hinderance and the additional energy input required to
cleave twice as many-C bonds in comparison to aldehyd&s'®’ The formation of these
species is more likely to happen with larger oxygenates with higher 2°:1° alcohol group

ratios.

Furthermore, larger polyol or sugar reagents could even form diketone species
(Figure 17b). For oxygenates as sizable as sorbitol, these diketoneéespeauld
potentially exhibit the additional complication of varying proximities between the carbonyl
groups. They can be adjacent (U diketone)
diketones, respectively). While interactions of simple ketones,asiabetone, with metal
surfaces have been extensively probed, similar studies with diketones are seldom
conducted, although it is known that simultaneous surface interactions of multiple

functional groups can play a significant role in catalytic conversfaxygenate$?

a)

Figure 17. lllustrations of theorized catalyst poisons that may result from the non
sele¢ i ve adsorption and dehydrogenABiapn of
ketone intermediate from glycerol abyib-diketone intermediate from sorbitol.
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Herein, we use infrared (IR) spectroscopy and inelastic neutron scattering (INS)
coupled with densityunctional theory (DFT) to study the adsorption of ketones and
di ket on eA03cunfacd3.t Theoextent of catalyst poisoning and the responsible
surface species depend on the Pt particle size due to varying decarbonylationaadivit
site pr oxi-Ai0t suppdrtowhich Haeilitated the formation of conjugated
byproducts. While potential Pt poisoning surface species have been identified and
understanding of di/ketone decarbonylation has been furthered, perspectives idexprov

for improving Pt catalyst durability and longevity in Apr applications.

4.2 Materials and Methods

4.2.1 Materials

A 1%-APO:kat alyst with an average Pt part
measured with transmission electron micrograms, was synthes&edt impregnation
with a HPtCk (SigmaAl dri ch 099. 9% trace -Mgh@fa basi s
Aesar 99.97%). This was intentionally made to possess smaller particles and is referred to
as P¥ -#l.0s. For comparison, a commercially obtained 586#Rb0O3 catalyst (Sigma
Al drich #205974) with an average Pt partic
sample is referred to as.PtAl.Oz given its larger metal particle size. The BET surface
areas of both catalysts along with the Lewis acii o f-Al.Oshwere previously
calculated through Nand pyridine adsorption respectivéfy.Catalysts were reduced at
500 °C in 7% H/He (v/v) for 2 hrprior to experiments. A variety of organic reagents

suspected of poisoning Pt were used hefEable 8).
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Table 8. Ketone andliketone reagents used.

Reagent name Lewis structure Notes : Vendo_r
information
@) Alfa-Aesar,
Acetone )K Smallestketone HPLC Grade
99.5+%
O .
Hydroxyacetone J\/ _ Keto_ne with Alfa Aesar,
OH neighboring OH grouy 95%
e
@) Forms from acetone| SigmaAldrich,
Mesityl Oxide \)J\ self condensation, XPT DL
P confirmed Pt poisoh synthesis)
O 0O . SigmaAldrich,

2,4-pentanedione J -dlketone,_ confirmed ReagentPlus®
Pt poisoni .
X G daz
0
_ . SigmaAldrich,
2,3-butanedione )H( { Y I tdiketohe 97%

0

o)

3,4hexanedione [ I NHii&etohe SlgmaA|dI1IEh,
X b pil:

o)

"From ref.182183

4.2.2 Infrared spectroscopy

Catalyst powders were hydraulically pressed intosa@biporting wafers that were
positioned within a high vacuum (< 4.5 x 1@bar) chamber with ZnSeindows. IR
spectra were acquired using a Thermo Scientific Nicolet 870(RF3pectrometer and
analyzed with Thermo Scientific Omnic software. Each spectrum was an average of 64
scans collected with a resolution of 1.928cran optical velocity of 1.888, and an

aperture of 75. Wafers were activated under high vacuum at 450 °C (10 °C/min) for 1 hr.
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Each experiment consisted of two sequential temperatagrammed desorptions
(TPD) under high vacuurfirigure 18). The activated catalyst wafers were first exposed to
0.5 mbar of the poisoning oxygenate vapor for 10 min at 50 °C. Following evacuation of
the chamber, the temperature was increased to 500200, and 250 °C (10 °C/min). The
poi soned wafer was then exposed to 0.5 mba
vapor for 15 min. The chamber was once again evacuated and the aforementioned TPD
was repeated. For experiments with moisturized catly$O (McMasterCarr, 100%
Distilled) vapor was dosed incrementally until the chamber reached an equilibrium

pressure of 0.5 mbar at 50 °C prior to dosing of both the respective poison and methanol.

Poison TPD
0}

s,

——  Methanol

Methanol TPD A T (ﬁ “PIL
m A HIHT
) conversion at 250 °C

—OH

Extent of
poisoning

Poison/methanol

conversionat. ..
— 50°C
- 100°C
— 150°C

v

Absorbance

)

Absorbance

200°C

L L ! \ I ) = .
2100 2050 2000 1950 1900 2100 2050 2000 1950 1900 250°C
Wavenumber (cm™) Wavenumber (cm™)

Figure 18. Sequence of PDs with poisoning species and methanol as observed by IR
spectroscopy.

4.2.3 Inelastic neutron scattering

A Pt sponge (Sigma Aldrich, O099.9% trac
neutron scattering (INS) experiments to isolate and observe-boetat sirface species.
The sponge was first reduced with 10% (v/gJHe at 250 °C for 1 hr. BET isotherrffs

were collected via B physisorption using a Micromeritics Gemini Vihayzer after
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degassing at 250 °C for 2 hr. Based on the measured ¥§6&unface area, 1.5 g of the Pt
sponge were packed into an aluminum vessel within a dry helium glove box. Under HV at
250 °C, the sponge was exposed to small amounts of di/ketone(v&d® mbar ) for 15

min. The vessel was then again evacuated to remove any physisorbed species.

The VISION vibrational spectrometer at the Oak Ridge National Laboratory
(ORNL) Spallation Neutron Source (SNS§ was used to perform INS experiments and
obsenre the vibrational modes oftisorbed surface species at low energies (<50f.cm
The instrument determined the incident neutron energy withdirflegght scattering using
a series of 13 curved, pyrolytic graphite analyzers. Parameters included a ayziagei
of 07 1000 meV, resolution of < 1:01.5 %, and a diffraction range of 1.38.0 Al. The
beam line was equipped with a closadle, toploading refrigerator maintained ai $00
K. Data was collected in event mode and subsequently refinkedadkground subtraction
(clean Pt sample and aluminum vessel), rebinning to improve count statistics, and some

smoothing (moving average) to reduce statistical noise.

4.2.4 Density Functional Theory

The DFT calculations were performed using the Vienna Ab irSiimulation
Package (VASPY#%*2which uses plane wave basis sets up to an energy cutoff of 400eV,
the PAW pseudopotentiaf§** and the PBE exchange correlation functiofi&ilhe D3
dispersion correction with Beckivhnson dampintf®13’ Spin polarization was turned on,
and dipole corrections were apli in the direction normal to the surface. The first
Brillouin zones were sampled using 3 x 3 x 1 Monkhdtatk Gcentered lpoint

meshes® Electronic structures are considered converged until the difference between
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subsequent iterations was no larger thal 0. Geometries are considered converged

when the forces on all atoms are below 0.03 eV/A in geyrogtimizations.

For the vacuum phase calculations, a simulation box of 20 x 20.1 x 20.2 was used
and a 3 x 3 x 34point mesh, keeping the previously mentioned parameters in section the
same. The simulation superc@fiigure C1) is formed from a Platinum FCC bulk with a
lattice parameter of 2.8 A, from it a Platinum (111) surface slab composed with 108 atoms
was built, containing three atomic layersidattice constants a = b = 16.8 A, ¢ = 19.6 A
and U = b = 90A, and o = 60A. The closest ¢
images is 11 A. Binding energies are calculated accotdifigjuation 4, subtracting the
electronic energies of thelsorbed species in the platinum sléb ( .) and subtract

it from the electronic energy from the sla® ( ) and the adsorbate in vacuum

(©

0 0 ., O 0 (4)

4.3 Results
4.3.1 Characterization

Detail ed charact er i z aAliOp catalydta ts arepoften r t he
elsewherd?® The metal particle size distribution of thes/P#\ .03 ranged from ~0.5 to
~2.0 nm wih an average diameter of ~1.1 nm. That eof PAI2Os was ~1.0 to ~8.3 nm

with an average diameter of ~4.6 nm. Therefore, the former catalyst is expected to have a
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high fraction of undercoordinated Pt sites while a high fraction of terrace sites can be
attributed to the latter. Both catalysts exhibited similar BET surface areas of%.0lime
Lewis aci dAi-0zwaef mehsupbped as 104 and 72 &em

respectively.

4.3.2 Di/Ketone adsorption on small Pt particles

The conversion ane t h a n o 4Al.Qg catalysts is known to result in adsorbed
CO due to dehydrogenation on metal stt€ghis is evident by band developments in the
19007 2150 and 1750 1900 cm' regions that are attributed to the stretching modes of
linear CO (CQ) and bridging CO (C#), respectively’® 18 During methanol conversion
onPt/ -Al,0;, t he pri mar ycestdred hBtQQ50 dirand Was assighed to
COL on metallic Pt siteFigure 19a). The large, low frequency shoulder that extended as
low as 1900 cmis characteristic of CO adsorbed near the interface between metal particles
and Lewis aci di-AlOs T ipeanidfresjuerscyshduldea at 2032 ¢m
was attributed to adsorbed CO that is closely surrounded by other CO species that engage
in dipole-dipole coupling, a phenomenon that results in slightlyseang CI O bonds a
distinguishable bant. The highest frequency shoulder at 2115dmoften assigned to
CO adsorbed to single Pt atonts® or Pt sites near adsorbed €lfrom the HPtCk

synthesis precursor.

This deconvolution of the CO stretching bands provided insight into the locations
of CO formed from the decarbonylation of ketones and diketones gor\PIO3 (Figure
19). | n addition, t he 3(CIl O) frequenci es

dehydrogenation showed which sites are occupied by adsorbed poisons. The full IR spectra
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of products from methanol and di/ketones adsorbedso-Rk,O3 can beseen inFigure

C2.

Poison TPD Methanol TPD
50 °C
100 °C
150 °C
200 °C
250 °C

2010 2010

Absorbance

PO BERT RSN R RE N NN

2100 2050 2000 1950 2100 2050 2000 1950
-1
Wavenumber (cm™)

POl PR R A R R

Figure 19. IR spectra of adsorbed CO during TPD experiments wigh-B&t>0s (~1.1

nm Pt particles) up to 250 °@) Methanol TPD on clean §t-Al>0s. Methanol TPDs
following poison TPDs in which the poisonk$acetonec) mesityl oxide d)
hydroxyacetoneg) 2,4 pentanediond) 2,3 butanedione, arg) 3,4 hexanedione. Major
band frequencies are labeled for adsorbed CO resulting from poison decarbonylation
(black) and methanol dehydrogenation (red). All scans were taken at 50 °C.
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On small Pt particles, no decarlytation activity was witnessed when acetone and
mesityl oxide were adsorbé€Bigure 1% and Figure 19c). The development of the CO
band during subsequent methanol adsorption was very similar for these ketone species
given both sets of spectra include a small broad band centered at 28h@could be,
in part, due to the conversion of acetone into mesityl oxide by aldol condensation on the
Lewi s aci d-AlsOssupparti!®3d®f Subisdyeent methanol adsorption resulted in
only a slight increase in intensity of the 2010%dnand. As hydroxyacetone was adsorbed,
a small CQ band appearedt 2042 crt evident of some decarbonylation on Pt particles
(Figure 19d). The further notable development of this band during methanol exposure
suggests methanol was still able to dehydrogenate on open Pt sites, including those near
the metal/support interface. However, the high frequency bands at 2072 and 21siEeom

during methanol adsorption on cleary/P#\l .03 were absent.

There was mini mal decar b o ndketane, iexemaso f 2,
high as 250 °C(Figure 19%). A very small band at 1976 cimsuggested the only
decarbonylation occurred near the metal/support interface. However, when methanol was
adsorbed, the appearance of distinct bands at 2044 and 2074ncha low frequency
shoulder implied thahethanol was still able to dehydrogenate on a range of different metal
sites. Yet, the magnitude of the band was significantly reduced compared to that of the
contr ol e x p-giketonese 13tbutanddiore and 3,4 hexanedione, behaved very
different on small Pt particlegFigure 19f and Figure 19g). Adsorption of the former
species resulted in a small, lone broad band at 2046 Paring exposure to methanol,
this band and a low frequency shoulder grew only slightly with the primary frequency red

shifting to 2038 cmt. This observation was hebwcontrasted by that of 3,4 hexanedione
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adsor ption. No t-diketonk gecachonglatetoh avarlety of sjdes given the
distinct bands witnessed at 2046, 2082 and 21086, ¢mt the resulting COband was
notably larger than that seen duridg butanedione adsorption. This suggested that 3,4
hexanedione decarbonylated on metal sites much more readily than 2,3 butanedione.
Subsequent methanol adsorption on 3,4 hexanegiioisened RY -Al.0s led to growth

of the 2046 and 2106 chrbands and a gradual shift to 2050 and 2104, aespectively,

at 250 °C. The low frequency shoulder also grew in magnitude. However, the total integral
of the final CQ band during exposure to 3,4 hexanedione aathamol also fell short of

that of the control experiment.

4.3.3 Di/Ketone adsorption on large Pt particles

The conversion of methanol on (PtAl.Oz catalyst also resulted in
dehydrogenation as indicated by(Figureg0a).r ong
However, this band exhibited a shape different from that of @Osmaller Pt particles.

For instance, the contribution at 2075 tmas dominant foCO on large Pt particles. As
aforementioned, this frequency was attributed to adsorbed CO species patrticipating in
dipole-dipole coupling, a phenomenon that occurs to much greater extents on the larger
terraces of larger Pt particl&&The spectra also contained a smaller feature centered at
2040 cm* and a broad low frequency shoulder that extended as low as 190Ginilar

to that of CO on small Pt particles, these represent82@nd in isolation to metallic Pt

and Pt near the madtsupport interface, respectivéfy®3 Full IR spectra of are displayed

in Figure C3.
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Figure 20. IR spectra of adsorbed CO during TPD experiments with-8d 203 (~4.6

nm Pt particles) up to 250 °@) Methanol TPD on clean Ht-Al>0s. Methanol TPDs
following poison TPDs in which the poisonb$acetone¢) mesityl oxide d)
hydroxyacetoneg) 2,4 pentanediond) 2,3 butanedione, arg) 3,4 hexanedione. Major
band frequencies are labeled for adsorbed CO resulting from poison decarbonylation
(black) and methanol dehydrogenation (red). All scans were taken at 50 °C.

Acetone and mesityl oxide convesion Pt/ -Al20sresulted in similar CObands

(Figure 20b and Figure 20c), due to decarbonylation, with frequencies of 2026 and 2004
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cmil, resgectively. Although small and broad, these bands appeared larger than those on
Pts/ -Al20s, suggesting that a greater extent of decarbonylation took place on larger Pt
particles, or highly coordinated Pt sites. Yet, only slight growth of thel2@d occured

during extended methanol exposure. In addition, there was an apparent red shift and
broadening of the CObands as the temperature increased from 50 to 250 °C during
experiments with acetone and mesityl oxide. Specifically, during conversion of acetone,
the 3(CI O) frequency s hiDuring subséquentrmett2a@ob 2 t o
adsorption at 50 AC, the band grew slightl
cmt, which red shifted similarly to 2024 chrupon heating to 250 °C. For the mesityl
oxide experiment, the shifts were 2028 to 2004'@nd 2028 to 2012 chafter dosing

mesityl oxide and methanol, respectively. These observations suggest that while ketone
decarbonylation and methanol dehydrogenation initially take place on highly reatedli

sites, the red shifts likely represent the migration of adsorbed CO to more undercoordinated
sites with increasing temperature where the surface species binds more StoTigdy.

COvL band for hydroxgcetone adsorption on PtAl20s3 also appeared much larger than

that on P4/ -Al.03 and exhibited two distinct featur@sigure 20d). A sharp band at 2068

cm! and a broad band centered at 2035'ciihe existence of these 2068 and 2035 cm
bands implied that hydroxyacetone decarbonylates on a variety of metal shethevit
resulting CO species agglomerating together and participating in dimie coupling.
Minimal growth of these bands occurred during subsequent methanol conversion. In fact,
the bands exhibited consistent frequencies at 2035 and 206&am hydioxyacetone
conversion at 50 °C to attempted methanol dehydrogenation at 250 °C, suggesting that the

existing surface species were stable on large Pt particles.
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When adsorbed to Pt-Al203, 2,4 pentanedione decarbonylated to a limited extent
to form a smk CO. band with distinct features at 2050 and 2028 difigure 20e).
Methanol dehydrogenation was severely hindered on the 2,4 pentanpdsioeed
surface given the lack of band growth during the respective TPD. Like those of acetone
and mesityl oxide, the spectra revealed a red shift of the overall band with increasing
temperatures, suggesting adsorbed CO migrated to undercoordinated P#! sites.
Adsor pt i aliketones displayed cdntrasting effe@fggure 20f and Figure 20g)
on Pt/ -Al20s, like those seen on #t-Al20s. 2,3 butanedione wasdarbonylated to a
minimal extend even at 250 °C, leading to a weak, broadt@@d centered at 2040 ¢m
with a low frequency shoulder. Subsequent dosing of methanol resulted in virtually no
changes to the GOband with the exception of a red shift to 208n! suggesting
molecular 2,3 butanedione or a derivative surface species bound very strongly to the Pt
particles and blocked sites that would otherwise be available for methanol
dehydrogenation. On the contrary, 3,4 hexanedione was readily decarboagdatdid on
small Pt particles, with distinct Gbands at 2050 and 2030 énslight growth of these
bands occurred following methanol adsorption with only a slight shift of the latter band to

2034 cm.,

4.3.4 Evolution of CQ band integrals

Quantitative aalysis of the overall CCband was conducted to estimate the extent
of poisoning by each ketone and diketone species. Theif@€grals acquired during
poison and methanol adsorption were compared directly to that of methanol conversion on

c | e a nRAl Bstcatalysis at the same temperatures from 50 to 23Big@re 21).
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Figure21l 1l nt egral s of the 3(CIO) IR band duri ng
subsequent methanol adsorption (solid lines) from 50 to 250 °C on botrasch#drge
Pt particles (left and right, respectively).

The focus was on the percent differences in 6&hd integrals at 250 °C following
methanol adsorptio(irable 9) given typical APR temperatures fall in the range of 200
270 °C®Overall, greater reductions in C®and integrals were observed during methanol
converson on P¥ -Al>03 when preexposed to di/ketones. This may suggest that larger
Pt particles, or highly coordinated Pt sites, are more active in di/ketone decarbonylation.
Regardless of the Pt particle size, the least severe poisons were 3,4 hexanedione and

hydroxyacetone.

For Pt/ -Al.0s, preadsorbed acetone resulted in the highest reduction of the CO
band integral during methanol conversion at 250 °C (89%}aéserbed mesityl oxide
showed a similar effect with a 84% reduction of the. ®@nd integralBecause acetone
readily converts into mesity}tA0XMdieis t hr ou

possible that smaller Pt particles, which consist of many interfacial sites, are also poisoned
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by species formed from m@kcatalyzed reactions on the support. A previous study
consisting of IR spectroscopy revealed all of the di/ketones in this study to result in unique
chemi stry wh eAl20sandost ofrwhiehdnvotver the formation of heavier

conjugated surface spies from aldol condensation at 250'9€.

Table 9. Fractional decreases in total Cand integrals at 250 °C following poison and
met hanol  TFAPDscatalysts uRder/HY.

0 @] o) 0] 0 o 9
Catalyst )k )\)j\ )j\/OH M )HO( A(H))‘v
Pt -0
Al203 89% 84% 49% 70% 70% 29%
(~1.1 nm)
Pt/ -0
Al20s3 65% 73% 39% 62% 75% 11%
(~4.6 nm)

For Pt/ -Al.03, preadsorbed 2,3 butanedione led to the greatest@@d integral
reduction (75%), suggesting this particular diketone acts as a strong binding poison. A
similar magnitude was observed with mesityl oxide (73%ggesting that both interfacial
sites and more metallic, coordinated sites are vulnerable to strong binding by the

conjugated ketone.

4.3.5 Inelastic neutron scattering

INS spectra were acquired to corroborate the existence of strongly binding alkyl
groups resuinhg from di’ketone decarbonylation on a Pt spoftggure 22). In the case of
acetone, for instance, two methyl groups are expected for every adsorbed CO species that
was observed in the IR spectra. Similar conclusions can be made for other di/ketones. Pure
substance reference INS spectra were acquired for eaelodiékspecies adsorbed to the

Pt spongdFigure C4).
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Several INS bands of statistical significance were revealed in thie @M cm' range for

speces on the Pt surface formed from acetone, 2,3 butanedione, and 3,4 hexanedione. Band
assignments are listed Trable 10. The primary band of interestcated at 304 308 cm

! was observed in each spectrum and was assigned te thetyl torsional mode of a

CHs group chemisorbed to a metal sitéThe same assignment was made for the 304 cm

! pand of the INS spectrum of 3,4 hexanedideeved surface species on. The band
appeared much larger in the INS spectrum of surface species formed from acetone and 3,4
hexanedione compared to those from 2,3 butanedione. This was in agreement with
observéions of the CQ band in the IR spectra, which suggested that the former species
decarbonylate more readily than 2,3 butanedione on Pt terrace sited, @l s, thus
resulting in a larger coverage of methyl or ethyl groups on the Pt surface. Otder ban
potentially related to methyl group vibrations include those at around 460 and 500

510 cm* that formed a somewhat convoluted feature. These particular bands were assigned

t o t hG) Ua(nABHs)anpde bf surface methyl groups, respectivéfy}®
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Figure 22. INS of spectra of Pbound surface species formed from acetone (blue), 2,3
butanedione (orange), and 3,4 hexanedione (red) with significant bands |&lz¢éed.
obtained from collaborates are Oak Ridge National Laboratory.

Various bands were also observed below 300.¢Fhese may possibly be a result
of bul k phog-BtfCH)d modes flut to E@xCitdtion of the Pt sponge. On the
other hand, they also may indicate the presence of other alkyl surface species produced

from Ptcatalyzed reactions with methyl groups. For instance, Fairbrother et al. adsorbed
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methyl radicals to a Pt(1}) surface and used reflectiabsorption infrared spectroscopy

to demonstrate coveragiependent reaction kinetics which occurred as low as 250 K.
They oncluded that methyl groups may dehydrogenate and couple to form to form
ethylidyne species at high coverages while dehydrogenation intq>CH 3) species was

much more significant at low coverages. Given the adsorption of di/ketones for INS

experimentsvas conducted at a much higher temperature of 250 °C and that low coverages

were maintained, it is likely that dehydrogenation of surface methyl groups has also
occurred herein and may partially explain the presence of bands located below’300 cm
Unfortunately, the lack of studies spectroscopically probing such dehydrogenation
products (e.g. methylene) made it difficult to make accurate assignments for each
individual band. However, band assignments made by Chinta et al. regarding similar

species, such agnyldene and ethylidyne, on metal catalysts suggest the region below 300

cm! may be unique to metal bound dehydrogenation products as methylene. In addition,

the band at 500 510 cm*c ou | d

surfacehydrogen resulting from methyl group dehydrogenatén.

a l

so be

3&H) mode oblawt cevdrage o

Table 10. INS band assignments for di/ketones adsorbed on a Pt sponge.

Mode

Adsorption Reagent and vibrational frequencies (cr)

Acetone 2,3 Butanedione 3,4 Hexanedione
o (P, bukpr |15 154 155
phonons!®3or Pt- 197 189
CHix (X < 3) 226 230 228
95

related modes 258 260
U ( gFe 308 306 304
U ()3 450 458

_ 194

st i*ijgl%or 504 502 506
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4.3.6 DFT Models of Adsorbate Configuration

The orientations of Pt(11Bdsorbed ketones were optimized based on DFT
calculations and are illustratively comparedrigure 23. Acetone adsorbed in an upright
position, bound to Pt via the oxygen atom with one of the methyl groups pointing away
fromthe surfacéFigure23a,b). The model i s r emiipadorbatent of
perhaps bound t o -bohdeThese resuls arewetl ih ageeentemt with
those of previous studies that focused on modeling acetone adsorpti@tadiic surfaces
including Pt(111)}'% 185 197 Mesityl oxide (Figure 23c,d), the product of acetone
condensatiorhowever, binded almost completely flat on Pt(111). Both the C=0 and C=C
bonds were aligned parall el)spiiesivt hhenoser f a
bond character. The methyl groups of the carbonyl and isobutyenl groups exhibited much
less flexibility, seemingly unable to point away from the surface as seen with acetone.
HydroxyacetonéFigure 23e,f) also bound to Pt with the carbonyl group parallel with the
surface. The adjacent alcohol group also appeared to bind directly to the surface via the
oxygen atom with a small #2-C angle. Thé orientation is perhaps favorable due the

maintained intramolecular hydrogen bonding.
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Figure 23. Optimized configurations of ketones adsorbed to a Pt(111) slab under vacuum.
a) Top andb) side view of acetone&) top andd) side view of mesityl oxideg) top andf)

side view of hydroxyaceton&onfigurations obtained by collaborators from Clemson
University.

Diketone configurations are shown kigure 24. Adsorbed 2,4 pentanedione
(Figure 24a,b) appeared to bind nearly flat on Pt(111). In addition, the carbonyl groups
point in different directions with a wide O=C-C=0 angle. As for 2,3 butanedione

(Figure 24c,d), the corresponding surface species also binds flat. The symmetric
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orientations of these di keiaodnseosr baaptpeasa rwirtehm
character. This contrasts the acquired model for adsorbed 3,4 hexar(Etjone 24e,f).

The | aliketpeerwaslhdsorbed with the ethyl groups pointing away from the surface.

In addition, the adsorbate is asymmetric viatlo distinguishable carbonyls. One carbonyl
group appeared to be wupright wi tinteractiens pe ct
The other carbonyl group is more flat but may still be close enough to the surface to

mai nt ai nboad. weak (

The binding energies of Pt(1tayisorbed di/ketonegdable 11) were calculated
using Egn. 4. Acetone had the weakest binding energy@m795 eV. The ddition of
adjacent functional groups seemed to increase this binding enefg9a6 and0.994 eV
for mesityl oxide and hydroxyacetone on Pt(111), respectively. The diketones 2,4
pentanedione and 3,4 hexanedione exhibited similar binding energie@7#& and-1.095
eV, respectively. However, the binding energy of 2,3 butanedione was calculated to be
much higher than that of the other model adsorbatds&#6 eV, implying that this species

exhibited the strongest interaction with Pt(111).
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Figure 24. Optimized configurations of diketones adsorbed to a Pt(111) slab under
vacuum.a) Top andb) side view of 2,4 pentanedione) top andd) side view of 2,3
butanedioneg) top andf) side view of 3,4 hexanedion€onfigurations otained by
collaborators from Clemson University.
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Table 11. Binding energies for Pt(11-B9dsorbed di/ketone€alculations performed by
collaborators from Clemson University.

Structure Binding Energy (eV)
Acetone -0.80
Mesityl Oxide -1.07
Hydroxyacetone -0.99
2,4 Pentanedione -1.08
2,3 Butanedione -1.55
3,4 Hexanedione -1.10
Methyl Group (*CH) -2.53

4.3.7 Thermodynamics of potential reaction paths of surface methyl groups

In principle, the adsorbed CO produced by di/ketone decarbonylation should be
accompanied by the alkyl groups originally bound to the carbonyl group(s). In the case of
acetone, two methgroups should be produced per adsorbed CO species. A binding energy
of -2.529 eV was calculated for methyl groups chemisorbed to Pt(Tabje 11). In
comparison to those of the molecular di/ketones, this implies that these particular alkyl
groups bind much stronger to Pt(111) than their respective parent species (acetone, mesityl
oxide, hydroxyacetone, 2,4 pentanedione, and 2,3 butanedione) andsmagctabs a

catalyst poison.
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Table 12. Reaction energies for processes on Pt(111) that produce and consume methyl
groups under APR conditionSalculations performed by collaborators from Clemon
University.

Reaction Reaction energy
" (eV)
* *. %
Acetone Decarbonylation (CHs)L O CO*+ 27y -1.55
Methyl-Hydride Association CHs* +H' Y Cuf) 0.73
Methyl-Methyl Association 2CHs*  YoHe€ 0.48
_ 2

Methyl Oxidation by H-0 (1) | 2<% * 2H232 Y AR 1.13
* .

Methyl Oxidation by Hz0 (2) | 2CT&"* H"é’m Y SOl 0.62

Methyl Oxidation by H20 CHs*+HO +5*Y ( 232

(3a) 5H* :

Methyl Oxidation by H20 CHs* +HO* +4* Y 184

(3b) 5H* :
Methyl Dehydrogenation CHs* + * *¥H*CH 0.05

The energies of reactions involving methyl groups on Pt(111) were calculated
(Table 12) and are perhaps reminiscent of those occurring on large, riseg Bt particles
with large fractions of highly coordinated sites. That of acetone decarbonylation was also
presented for direct comparison. FAeb5 eV reaction energy for acetone decarbonylation
suggests that the process is favorable on Pt terrace Jités corroborates the CO
formation observed during acetone adsorption @h 84203 as low as 50 °GFigure
20b). Under APR conditions, contempéat methyl group consumption reactions included
association, oxidation by @, and dehydrogenation and coupling into a methylidene
species. Association would result in either methane or ethane with calculated reaction
energies of 0.73 and 0.48 eV, respeadliiv The oxidation option could occur through two
distinct pathways: Reaction with two.® molecules to produce methanol and hydrogen
(2.13 eV) or with one KD molecule to produce methanol and methane (0.62 eV). Finally,

the dehydrogenation of a methyl gmto form a methylene group was also considered yet
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was calculated to have a reaction energy of 0.69 eV. The positive energies of these
reactions suggest the removal of methyl groups is comparatively unfavorable with respect

to their production and thateir consumption would reduce the energy efficiency of APR.

4.4 Discussion

4.4.1 Decarbonylation of di/ketones on small and large Pt particles

In the field of heterogeneous catalysis, the size of supported metal particles often
times exhibits a direct effect on thbility of metal sies to facilitate the creation or cleavage
of chemical bond&?®For instance, the highly coordinated sites of large metal particles may
reduce the activation energy of a reaction more so than the lowly coordinated sites of small
metal particles (or vice versa). This mafjimately lead to observable differences in

conversion of a reactant.

In regards to decarbonylation, the difference in activity between small and large Pt
particles may in part be due to the configuration of adsorbed di/ketones on different metal
sites. Ashe simplest ketone, acetone has been widely used to study ketone chemistry and
adsorptiont!> 141185t js widely agreed between several studies that a carbonyl group can
bind to Pt(111) wi t?1 inevhichthemolecule ndguptightandh apt i
tilted via a 0 b)dmwhichdhe cadangl lgroupsdigstparatlél to the ( d
surface through a di i nt &% 85¢% ¥’ @elhecq and Sautet took an extensive
theoretical approach to model adsorbed acetone on Pt terrace and st& Eiiey.

concluded that acetone preferentially bind
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due to strong repulsion between the methyl groups and metal surface. Although difficult to
confirm experimentally due to low metal loading and rapid conversiorcatbre, the

modeled configuration for adsorbed acetone presented HEigure 23a,b) aligns well

with their ?fspeoebismpre chard@cktie of@ did bond bet ween
carbonyl group and the Pt metal surface. Althoughthisdibond i s energetic
t han -btoned Uolfspediek, ¢he aftraction between the carbonyl group and the Pt
surface is counteracted by a slight refmuisbetween the methyl groups and the metal
surface, making the orientation less favorable on highly coordinated Pt sites. However, the
authors also illustrated the binding orientation of acetone on a Pt step site, revealing that
the molecule binds to theite via a dill interaction with the
perpendicular to the edge. On a more exposed step site, thenaltallrepulsion is greatly

reduced, allowing the di b o n & coafigudatiod to prevail. It was reported in another

st udy t?gpacies dacty as the precursor for acetone decarbonylation into adsorbed

CO and methyl groups on Pt(114),suggesting that the steric repulsion is necessary to
facilitate decarbonylation. At reaction temperatures, the varying extents of repulsion when
di/ketones are adsorbed tghly and lowly coordinated Pt sites may potentially serve as a
descriptor for explaining the differences in decarbonylation activity of different metal

particle sizes.

The absorbance intensity of the C8and provided as a gauge for comparing
conversionofnet hanol and di / kAOscatalys. Oeerall, the laggerv e n P
metal particles of Rt -Al.Os appeared more active in decarbonylation as indicated by the
larger CQ bands observed during di/ketone adsorptibigure 19 and Figure 20).

Furthermore, the subsequent adsorption of methamdihese larger Pt particles added to
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the intensity of this band to closer match that of its clean counterpart indicating less
pronounced poisoning by the di/ketones or their fragm@ratble 9). This suggests that
smaller Pt particles are more prone to poisoning than larger ones. However, given the
di versity of di /[-Al.©stcatalystss thesetane d few different chdprical o
species that need to be discussed: Alkyl groups (decarbonylation fragments) and molecular

di/ketones.

4.4.2 Poisoning by alkyl groups and derivatives

The deactivation of supported metal catalysts by stlmnding and kinetically

stable surface methyl groups is not new to the field of catalysis. Albers et al. reported strong
evidence of adsorbed methyl groups on a Pd catalyst that originated from side reactions in
various industrial chemical process incluglithe hydrogenation of functionalized
aromatics:®3 Not only can these methyl groups occupy metal sites and hinder adsorption,
but large coverages may alter the surface polarity and thus the catalytic abilitynaftéhe

to facilitate the intended reaction. In principle, the formation of surface methyl groups (and
other alkyl groups) occurs concomitantly with di/ketone decarbonylation. Therefore, the

effects of these surface species herein cannot be ignored.

Larger R particles were poisoned less severely by di/ketones due to their higher
decarbonylation activity. It can then be inferred that alkyl groups make up a notable
coverage. For instance, paesorbed acetone led to a 65% decrease in theb@aod
integral on Pt/ -Al>0s during subsequent methanol dehydrogenation. Given the 2:1
stoichiometric formation of C§iCO surface species during acetone decarbonylation, it is

likely this severe extent of poisoning is due to a near 65% coverage by surface methyl
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groups. Ierpretation of the INS spectfgigure 22) not only presented evidence of these
species under high vacuum, but also that they are stable at 25@hfthexrature at which

APR is commonly operated.

Given the thermodynamic stability an#.53 eV Pt binding energfTable 11),
methyl groups, and othealkyl species, must be removed via a reaction to a
thermodynamically favorable product. However, the reaction energies calculated herein
(Table 12) show that the least complex potential reactions (ie., partical oxidation,
associative desorption, etc.) are unfavorable and require additional energy input, especially
when compared to thecetone decarbonylation reaction shown to occur very readily on
large Pt particles with a reaction energy-&f55 eV. The need for constant catalyst
regeneration procedures due to poisoning by alkyl decarbonylation fragments would
significantly reduce thefficiency of APR and other Riatalyzed reactions. This will be
an important factor to consider for future studies that focus on desigrbags@d catalysts

with greater resistance to chemical poisoning.

4.4.3 Poisoning by molecular di/ketones

Given the lowerecarbonylation activity of small Pt particles, it is possible that
adsorbed di/ketones retain their molecular structure and resist conversion when adsorbed
to lowly coordinated Pt sites. In addition, di/ketones such as 2,3 butanedione and mesityl
oxide sill acted as strong poisons for large Pt particles. As aforementioned, the steric
repulsion between alkyl groups and Pt terraces may potentially drive the decarbonylation

of these species on larger Pt particles. Yet, this repulsion becomes a less sigadica
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when adsorbed to more exposed metal $#aalithout this essential driving force, lowly

coordinated sites may be vulnerable to poisoning by adsorbetbdidise

Other di/ketones in this study did not decarbonylate as readily as acetone at
temperatures up to 250 °C, yet severely hindered methanol dehydrogenation. 2,3
Butanedione was the strongest poison for large Pt particles, decreasing (tHeO
integrd by 75%. It also exhibited the highest binding enertj)f5 eV, of all the molecular
di/ketones adsorbed to Pt(111) and exhibited a relatively flat, symmetric orientation in
which both carbonyl groups interact with the metal surfgre 24c,d). In contrast, 3,4
hexanedi on ediketone)anly had a binding ergrgy-2f10 eV, bonded upright
with monodenticity on Pt(111), and decarbonylateel r y r e a -@li:Qs catalgsts. ItPt / o

is suggested that the more bulky ethyl groups of 3,4 hexanedione prevent the adsorbed

species from maintaining a stable flat orientation characteristic-6f dib o nd s . For
butanedione, an adsorbed species withdi-C bonds and small er met |
to overcome the influence of metakthyl repulsion. This double<di bond i nter ac

with highly coordinated Pt may be the thermodynamic driving force for poisoning large Pt

particles.

Hydroxyacetone also Inded flat on the Pt(111) surfag¢Eigure 23e,f) unlike
acetone, suggesting the OH group stabilizes a surface species with ribre bio n d
character. Yet hydroxyacetone decarbonylated very readily on large Pt pdRigle®
20d) with a measured poisoning extent of only 39%, but there was negligible subsequent
dehydrogenation of methanol, suggesting surface coverage was dominated by
hydroxyacetonalerived species. The observed poising extent suggdbat

hydroxyacetone decarbonylated to near completion given that the result should be 1:2
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CHas:CO (with some residual surface hydrogen) due to simultaneous dehydrogenation of
the OH groupgd-tJbosmndasrtbatdtion isserfor he de
adsorbed acetone, this same configuration for hydroxyacetone with an added interaction
between the Pt and OH group may be necessary for the respective reaction. These
perspectives are well in agreement with results reported by McManus et al. eviedsh

t hat t he foxowfrimeetmediates were eskential for the reforming pél@oses

on Pd'¥* While the study focused on the conversion of aldehydes, hydroxyacetone in this

study still appeared to decarbonylate very readily as low as 50 °C, supporting this

mechanism.

The few studies focusing on the adsorption of conjugated spentesmetal
surfaces have generally taken theoretical approaches. For instance, Loffreda studied the
adsorption of several different conjugated species on a Pt(110) surface and revealed that
conjugated ketones, as opposed to alkenes conjugated with otfudiorial groups
(carboxy, nitro, imino, etc.), bind more strongly to metal surfaces due to destabilization of
the highest occupied molecular orbital (HOMO) of the moletliln another study, the
same author reported that the trans configurations of these species generally bind flat on
metallic surfaces with up to-#ld hapticity on P£% Not only does this work align well
with the conigurations reported herein for mesityl oxide on Pt(1(Eiyure 23c,d), but
the combined binding of both the C=0 and C=C groups to the metal surégcexpiain
the enhanced binding energy07 eV, compared to that of adsorbed aceteh80 eV.
However, ketonalkene conjugation, and thus HOMO stabilization, was also reported to

reduce the repulsion between the metal surface and theamaiing alkylcomponents of
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the adsorbed speci&®¥.This may in part explain why mesityl oxide did not poison large

Pt particles as much as 2,3 butanedione.

It is widely known that aldol setfondensation of acetone into mesityl oxide occurs
very readily on Lewi s -ApOit¥? ¥miawas ralsoa | s |, i
previouslyreported that several of the di/ketones employed in this study undergo some
extent of enolization and aldol condensation to form bulky conjugated products when
ads or bAd@satitemnpesatures as low as 250'%€This is important to consider when
discussing the vulnerability of interfacial est Many of the metal sites on the small Pt
particles of RY -Al.0zar e | i kel y wit hi nAl20dsappod onpvhichx i mi t
these condensation products reside. Thus, it is to be expected that molecules adsorbed on
the support can reduce the naaibl dehydrogenation activity of interfacial sites by both
steric hinderance in addition to the possibility of direct binding of these multifunctional
surface species to the respective metal sites. The enlargement of Pt particles should
alleviate these edicts given the greater distribution of coordinated metallic sites distant

from the Lewis acidic support.

4.4.4 Possibilities for improving APR catalyst and process robustness

The formation of alkyl groups and dehydrogenation products on supported Pt
particles isgnevitable given the extensive array of APR reactants. One option could be to
incorporate a cdeed of dissolved &for routine catalyst regeneration given that presence
of H2O reduces the activation barrier for oxidation reactions for some sisfemes
including adsorbed C&*2°2 However So et al. showed that, based on adsorbehGd

COsband i nt e g-Al#issemstb lose APRRattivity after about 30 Aifihe
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need to regenerate Pt catalysts every 30 min sgvateibits the feasibility of APR,
especially given that a portion of the producedaiguld be necessary each occurrence to
reduce Pt particles back to a metallic state. In addition, oxidation of surface species would
likely be nonselective, resulting i@ removal of both alkyl groups and essential APR
intermediates. Therefore, adjustments should be made directly to the catalyst design to
achieve a material that can passively remove alkyl groups with minimal effects on APR

efficiency and Hyields.

Ni for instance has demonstrated high APR activity with innate selectivity to light
alkanes?® Trace additions of the metal to Pt particles may prove useful for removing alkyl
groups through association with surface hydride species. However in the case of methyl
groups, the resulting methane is an undesmemtiuct given its reputation as a potent
greenhouse gas and the consequential reductiopyields. On the other hand, oxyphilic
promoters may prove capable of oxidizing or reforming surface alkyl groups on a local
level without disrupting the intendedrnversion of APR intermediates. A study by
Michalak et al. demonstrated the formation of segregated Pt and Sn domains in a supported
PtSn bimetallic cataly$f® CO oxidation activity was enhanced due to thedSBmains
acting as oxygen reservoirs and the reduction of the activation energy aSih@Rirface
(compared to that of CO oxidation on a monometallic Pt catalyst). In the context of APR,
a multicomponent catalyst that consists of local oxygen reserttoat may selectively
oxidize alkyl groups into adsorbed CO or light alcohols may prove more practical. This
would require further study to ensure that adsorbed CO, or other crucial APR intermediates,

are not unintentionally converted.



The results hergi have also suggested that mesityl oxide, and potentially other
conjugated species f or me d-AlfOs supportanhag act as c o n d e
strong poisons for both metallic and interfacial Pt sites. Koichumanova et al. utilized IR
spectroscopytet udy t he APR of hAfDsaokPR/AZQ@amtalystse wi t
and observed no formation of adsorbed ¥Ovyet, they addressed the formation of
conjugated products from the aldol condensation of hydroxyacetone which may have been
responsible for thiack of conversion. However, Justicia et al. reported successful APR of
hydroxyacetone into mixtures of2HCO,, and CH using a carbon blaegupported Pt
catalyst with no mention of conjugated speé&ecause the condensation of di/ketones
can be facilitated -Ays'theeemplogment®f aanore iderts i t es

support should circumvent this side reactamnd reduce the extent of Pt poisoning.

45 Conclusions

Poi si n eAl2@lby stmgly binding ketone, diketones, and their fragments is
investigated to elucidate the limited efficacy of aqueous phase reforming of these
molecules. Using IR spectroscopyisishown that the adsorption of various di/ketones and
their products can severely poison Pt particles of different sizes as indicated by the
hinderance of subsequent methanol dehydrogenation, which normally and readily results
in a high coverage of addxed carbon monoxide and a strong IR band at 19000 cm
1 up to 250 °C. Additional results from density functional theory and inelastic neutron
scattering FAhG catalydtseare pamsaned by @ dornbination of molecular

di/ketones, alkyl gpups resulting from di/ketone decarbonylation, and conjugated ketones.
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Small Pt particles are highly vulnerable to poisoning by molecular di/ketones due to lesser
decarbonylation activity, while their relatively abundant interfacial sites are blocked by
conjugat ed s p-AleQ:fermedranuaidal settandensation of di/ketones.
Although larger Pt particles appear more active in di/ketone decarbonylation, modeling of
di/ketones adsorbed to Pt(111) suggest that some di/ketones with a thermodijymamic
stable flat configuration (2,3 butanedione, mesityl oxide) can still resist decarbonylation
potentially due to greater adsorptive hapticity and insufficient repulsion between the metal
surface and alkyl groups. However, inelastic neutron scatteriagtrapsuggests the
presence of alkyl groups from di/ketone decarbonylation (e.g. methyl groups from acetone)
on a Pt sponge as high as 250 °C. Calculated reaction energies further imply that the
removal of surface methyl groups by associative desorptiopadial oxidation is
energetically unfavored, and the removal of such species may require catalyst regeneration.
The findings and perspectives herein provide potential directions for designing more
robust, di/ketone resistant heterogeneous catalysts mgptepsing efforts to achieve

efficient, renewable hydrogen from aqueous phase reforming.



CHAPTER 5. SUMMARY AND RECOMMENDATIONS

5.1 Summary

The overall objective of this project was to better understand the mechanisms and
surface chemistry of APRonstituent reactions necessary to achieve high yields of
renewable hydrogen through the stepwise deconstruction of polyols. Using IR
spectroscopy to monitor the adsorption and conversion of select reagents, and therefore
formation of adsorbed CO, on vanics -RItO5 catalysts has provided much insight to
the fundamentals of the dehydrogenation, aldol condensation, and decarbonylation
reactions as well as Pt deactivation. The results herein have laid groundwork for improving

future catalyst designs and achieving highER efficiency.

I n Chapter 2, met han oA Qyerlyst aithyawenageg e n a't
Pt particle sizes ranging from 1.0 to 4.6 nm. TPD experiments performed up to 450 °C
showed larger Pt particles exhibiting larger lineatisorbed CO (CQ band integrals at
lower temperatures. This was further corroborated by isothermal (150 °C) kinetic
experiments in which 4.6 nm Pt particles reached equilibrium conversion 30x faster than
1.1 nm particles. The precise C®and frequencies observed duringtigh methanol
dehydrogenation on 1.1nm Pt particles even suggested that dehydrogenation will
preferentially occur on sites with higher coordination first. The presence-adsmwbed
H20 only appeared to hinder methanol dehydrogenation on small Ptgmstiblle also

promoting the formation of bridging CO (GDspecies.
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Il n Chapter 3, t heAlGsadsdroeddketoneseumio 230FC/ o f
was deduced by means of spectral deconvolution of the 13800 cm' region unique
f or 3 ( C=0)vibatiomal noode€ Fhiz was essential to determine prior to Chapter
4 i n wAhOszevdis utdized as a catalyst support with many of the same di/ketone
reagents. While acetone readily converted into mesityl oxide via aldol condensation, the
presence of @ groups (di’hydroxyacetone) adjacent to the carbonyl group reduced the
extent of aldol condensation due to electronic shielding of the carbonyl group from
nucleophilic attacks by surface enols. No trend was established relating surface reaction
activityto t he i ntramol ecul ar carbonyl di stance
b, 2) demonstrated wunique <chemistry. 2, 4
chelating surface species similar to the acetylacetate ligand often encountered in
coordinaton chemistry while 2,5 hexanedione readily underwent intramolecular aldol
condensation. 2,3 Butanedione gradually enolized and dimerized, either via aldol
condensation or carbonglefin metathesis, with increasing temperature while 3,4
hexanedione readilgnolized yet resisted subsequent reactions perhaps due to increased
thermodynamic stability and steric hindrance of the ethyl gomrpved alkene groups.
|l denti fication of surface r eacAldgsevepasoduc:t
anecessay prerequisite for better und-AlsOst andir

catalysts.

Finally, in Chapter 4, the poi sA@s:si ng ef
catalysts with varying Pt particles sizes were studied both experimentadly a
computationally. Suppression of methanol dehydrogenation, quantified usinga®o

integrals, on small Pt particles were largely due to adsorbed molecular di/ketones and
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condensation products, likely poisoning lowly coordinated and interfacial Pt sites
respectively. Larger Pt particles, however, appeared more active in di/ketone
decarbonylation with 2,3 butanedione and mesityl oxide still acting as strong poisons.
Adsorbate configurations on Pt(111) suggest that these parricular di/ketones, which bind

flat bind flat on the surface with di or ’ bond <characteristi
decarbonylation. On the other hand, di/ketones such as acetone and 3,4 hexanedione that
bind upright, characteristicof4® 0 bonds, are mor e tdgie&tes |l v t 0
repulsion between the alkyl groups and the metal surface. Yet, INS spectra and binding
energy calculations revealed that large Pt particles may still be poisoned by the alkyl groups
resulting from di/ketone decarbonylation and their dehydrogenptoducts (e.g. methyl

and methylene groups). These results together insist that advancements must be made in
Ptbased catalyst designs to promote adsorption of large polyol reagents by primary alcohol
groups or reactions of alkyl groups that resulthieir desorption. Potential directions for

such future work will be discussed later.

5.2 Recommendations for Future Work

5.2.1 Experiments in the Aqueous Phase

One of the key parameters of APR is the presence of a bOllpkhse which serves
as both a reagent, seht, and transport medium. On the catalyst surfacagdsorbed ED
is an essential intermediate in the wagas shift reaction, the last constituent reaction of
APR. This was even observed by the formation of surface formate species during the co

adsorpion of methanol and ¥ on large Pt particles in Chapter 2. However, while
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studying the effects of eadsorbed ED proved sufficient for studying inteéxdsorbate
interactions (solvation or retardation) and charge transfers {€@GQs transition), the
expeiments within this work should be repeated under actual APR conditions which

consists of a bulk aqueous phase under elevated temperatures and pressures.

There are some studies that have utilized IR spectroscopy to probe surface species
during APR of diferent oxygenates with liquid flow and focus allocated to bands
representing adsorbed CO. For instance, So et al. monitored thea@@ integrals on
P t -Al#03 during the liquidphase conversion of glycerol, sorbitol, and glucose at ambient
pressure and W0 temperatures (24 72 °C)?° Interpretations of their IR spectra led to the
conclusion that the ratio of G@nd CQ species on Pt depends on the oxygenate identity
and unique corresponding intermediates. Given the very weakb@@ds during high
vacuum experiments herein, the presence of a bulk phase may result in a similar
phenomenon during the adsorption and decarbonylation of di/ketones. The differences seen
in the CQ and CQ bands could potentially provide additionasight to the mechanism
and reaction intermediates of di/ketone decarbonylation necessary to further improve

catalyst resistance to poisoning.

Another important clarification would be required regarding the ability of Pt to
facilitate APR reactions whilenithe aqueous phase. A study by Koichumanova et al.
included IR spectra that showed the complete absence of #&@ during the APR of
hydroxyacetone using Pt/Zs@nd Pt/AIO(OH) at 30 bar and 230 *€ This suggests that
hydroxyacetone decarbonylation does not occur as readily as was seen herein under high
vacuum. Ide et al. even reportddht mesityl oxide and 2,4 pentanedione acted as strong

catalyst poisons during the liqumhase partial oxidation of 1,6 hexanediol on Pt/C at 70
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°C.183Using IR spectroscopy would be a practical apprdaatonfirm the conversion of

these species during APR as well. It was theorized herein, with the support of adsorbate
configurations and binding energies, that while di/ketones that bind flat on Pt surfaces with

di-i or °~ bond ¢ har ahletween thesalkyl greups andhmetal suggeas| s i o
drives the decarbonylation reaction. However, the presence of a bulk, polar aqueous phase
may introduce repulsion against the nonpolar alkyl chains, thus limiting the catalytic ability

of Pt to cleave the € bonds. The same experiments with the sequential adsorption of

di/ketones and methanol would be of high interest for future work.

5.2.2 Promotion of Highly Coordinated Metal Sites

This work demonstrated the greater activity of larger Pt particles in both
dehydrogeation and decarbonylation reactions as well as an enhanced resistance to
poisoning by molecular di/ketones. While the largest average Pt particle size used in this
study was 4.6 nm, it will be important to perform similar experiments on even larger Pt
paticles to determine when the observed increases in reaction rates will begin to saturate
with less dependency on particle size. This will eventually allow researchers to optimize
the APR process based on reaction rates and capital costs of catalystewiBt particles.
Regardless, it is recommended that future studies promote the formation of highly

coordinated Pt sites when designing more advanced catalysts.

Large, supported metal particles can be synthesized in a variety of ways. Generally,
catalystreduction temperature and precursor solution pH are parameters that can be altered
to tailor the metal particle size of supported catalysts synthesized via wet impregnation or

deposition precipitation procedures, respecti¢élyLarger metal particles would also
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require higher metal loadings. While this may be convenient for laboratory scale research,
the use of more Pt to synthesize larger metal particles will decrease Pt dispersion and
increa® capital costs. One possibility to circumvent this economic challenge may be to
synthesize heterogeneous metal particles consisting of Pt shells and cores made from a
different metal (e.g. Pt shell and Ni core). This would reduce both capital costseand th
guantity of unused, inaccessible Pt. Fortunately, some studies focused on APR have already
considered this with the intention of enhancing the activity of Pt. For instance, Dietrich et
al. synthesized carbon nanotedagoported PtCo catalysts with up t698 of particles
exhibiting a Pt shell/Co core configuration. They concluded that the Pt shell/Co core
particles were the most active in glycerol APR, compared to alloy particles, due to
enhancement of watgas shift or CO desorption activity on the Ptlisbygthe Co core®

The use of shell/core metal particles clearly patential to improve both the economic
feasibility and kinetic efficiency of APR. More research is perhaps necessary to test the
effects of particle cores made from different metals as well as synthesizing catalysts with

higher distributions of these shebre particles.

5.2.3 Improving Catalyst Tolerance Against Di/Ketones and Alkyl Groups

A number of di/ketones were shown to reduce methanol dehydrogenation activity
o f -RI$O4 wehether by strong binding of the molecular poisons or their decarbonylation
fragments. Because larger Pt particles demonstrate higher overall activity in APR
constituent reactions, further research should be conducted to improve Pt endurance against

di/ketones and alkyl groups.
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The strongest di/ketone poisons for large Pt particles were 2,3 butanedione and
mesityl oxide, likely due to multiple strong bonds of the multidentate adsorbates and
insufficient repulsion between the alkyl groups and the meté&wrChemistry of 2,3
butanedione on metal surfaces has been seldom studied. One study by Carrara et al.
demonstrated the hydrogenation of 2,3 butanedione on Pt/C into 2,3 butaffediol.
However this reaction included organic solvents and hydrogen at high pressures and would
be highly unlikely to occur under APR conditions. Fortunately, other separate studies
regarding decarbonylation on other metals may provide insight for potentrahiempents
to Pt catalysts. Fundamental mechanistic studies by Houtman and Barteau showed that
acetaldehyde decarbonylation, methyl group association with a surface hydrogen, and
methane desorption all readily take place on Rh(%1).the homogenous catalysis field,
the [Rh(COD)CI} complex was shown to perform a double decarbonylation reaction with
al k y iketonet)(R(COX-R?) to evolve CO and form RR? products. Rh has proven
to be active in € bond ¢teavage as well as-C and GH bond creation in both
heterogeneous and homogenous catalytic applications. By synthesizing Pt catalysts with
traces of Rh, or perhaps other suitable metal dopants, on the metal particle surfaces, alkyl
group association andedorption could potentially be better facilitated without risk of
further alkyl group dehydrogenation and sacrificing decarbonylation activity of the Pt. This

particular Pt/Rh combination has yet to be studied for APR applications.

Anotherviable directim for future workwould be to improve the catalytic ability
of a Ptbased catalyst to oxidize or even reform surface alkyl groups. This would likely
require the adsorption of oxygen to metal particles without altering metallic Pt sites. A

study by Michalaket al. demonstrated the segregation of Pt and Sn domains in a PtSn
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bimetallic catalyst and the ability for the Sn domains to serve as oxygen res&éfoirs.
applied experiments, they reported that CO oxidgatiocurred more readily at the-8n
interface due to an innate reduction of the activation barrier in comparison to that of the
same reaction on metallic Pt sites. In regardsRR and the issue of strong binding methyl
groups, the employment of localymen reservoirs may show potential for oxidizing or
reforming methyl groups into GQor methanol, respectively, thus liberating previously
deactivated sites. However, extensive research may be required for improving the
selectivity of local oxygen reserive of bimetallic catalysts for converting surface alkyl

groups rather than adsorbed CO given its importance as an APR intermediate.

5.2.4 Alternative Catalyst Supports

Another topic to be addressed in future work is the impact of an alternative support
for Ptparticles. Numerous materials have been tested for APR catalyst suppaktsOs
in particular was employed herein due to its compatibility with IR spectroscopy, adsorption
capacity, and retainment narrow patrticle size distributions at the studied temperatures due
to strong metasupport ineractions’’® However, this work along with that of other studies

S u g g e sAl>0O4 nag ot be a practicahoice support for a commercial APR process.

Characterization data i n CAl®yotbehighlz s how
Lewis acidic. Chapter 3 revealed these same sites to be responsible for the adsorption of
di/ketones and their subsequent coneersnto higher molecular weight conjugated
products by aldol condensation. It was concluded herein that these conjugated products
may play a role in poisoning interfacial metal sites due to their proximity to the support. In

addition, as observed in thase of mesityl oxide, if these conjugated species were to



migrate to Pt terraces, highly coordinated metal sites also can be poisoned by these
multidentate adsorbates. Therefore, it may be of interest to minimize the presence of
conjugated species in APRichemploy a support that is less active in the production of

these catalyst poisons.

A study by RavenelA:2@ wikundead a phasehtmngidoth t h at
into boehmite, AIO(OH), under APR conditiofsThis new phase is characteristic of
severely reduced Lewis acidity and surface area as well as promoted sintering of supported
metal particles which in turn would decrease Pt d&par Other previous studies have
demonstrated i nc rA@supabrtirgbyafdnidg protactiveddlayerb e o
comprised of polyols or alkyl phosphonaté®!! It was also theorized in Chapter 3 that
stable adsorbates derived from di/ketones, such as 2,4 pentanedione, may also exhibit such
potential. However, improveconvenience and feasibility, it may be of higher interest to
utilize a more chemically inert and hydrothermally stable catalyst support for commercial
APR processes. Some candidate materials may include carbon black -baskit)

oxides?12
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APPENDIX A. SUPPLEMENTARY INFORMATION FOR

CHAPTER 2

A.1 Lewis Acid Site Concentrations
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A2 Methanol-der i ved Surf aA03 Species on 2

Methanol adsorption oo-Al.0O3 has been extensively studied with focus allocated
towards the species formed and molecular distinctions from free methanol vapor.
Numerous species have been proposed including surface methdidéalkoxides?°to
awhole collection of both weakly physisorbed and dissociatively chemisorbed species with
temperature dependent®e.?'®2'”  The general consensus regarding dissociative
adsorption, however, seems to encompass the formation of a methoxy surface intermediate
on Lewis acid sites following cleavage of the OH b&tid.he vibrational modes acquired
from methanol adsorption arAl.Os in this study(Figure A2) echo that of Busca et. 4.

For instance, the OH stretching band owes much of its broadness to the presence of
undissociated methanol that is hydrogen bonded to Lewis base sites (surface Al hydroxyls).
This species was apparently removed at&0nder UHV. Methanol may also develop a
stronger bond to Lewis acid sites (exposed")Ahnd resonate between and 2fold
denticity via the hydroxyl oxygen. At elevated temperatures, the bidentate form typically
dissociates by donating a proton to tligaaent site, creating a methoxy species that is
covalently bonded to-Al>Os. Provided a proximal base site, the donated hydrogen will be
accepted by a surface hydroxyl and result in observaifeddsorptiort®® 218 Preliminary
exposure to kD, as in APR, is expected to reduce the extent of methanol chemisorption
due to the universal distribution of surface hydroxyl groups that block the aforementioned

acid sites.

The vibrational frequencies of metharaalsorbed orp-Al.O3 appear somewhat
different than that of its free vapor counterpgatt?° The GH stretching bandsiamely3as

= 2940 cmt and3s = 2818 cmt, appear about 2030 cm? than what one would expect for
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methanol vapor. This is likely due to enhanced back donation from the hydroxyl oxygen
lone pairs to the @ antibonding orbitals within stabilized methoxy species, a
phenomenon known as the trans lone pair effécthe single bond CO stretching
frequencies appear much higher than the expected 1034/ the loss of the hydroxyl
hydrogen, the resulting methoxy species bitbia shorter CO bond which is inclined to
approach the stretching frequencies of carbolyIhe 1595 and 1395 cmbands
introduced at 350C is a result of asymmetric and symmetric€CaD stretching within a
formate surface species produced at high temperdfti?@d!3 222223 The formate bands
enlarge at 450C and suggest decompositioh methoxy intermediates in contact with
surface oxygen to form these strongly bond species that would other not be expected at the

lower temperatures and conditions of APR.
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Figure A2. a) Full infrared spectrum of methanol adsp t i oAl.Osmtwvarious
temperatures. Cropped portions containkh€-H stretchingc) C-O single bond
stretching, andl) C-H bending with the emergence of a couple weak surrounding bands.

A minute presence of Cl is known to increase the Lewis acidityAl6O3, even
under vacuum at elevated temperatdfé&> Initially, the chlorine adsorption is depicted
by the diminishment of a small OH band at 3767 dfigure A3) which suggests the
process is sitgelective??® The lower frequency hydroxyl bands located at 3728, 3673, and

3584 cm' were each maintained during chlorination. When observing methanol
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