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Structure Sensitivity in Pt-Catalyzed Hydrodeoxygenation of 
Multi-Oxygenated Lignol Model Compounds  

Justin Marlowe,a Peter C. Ford,b Mahdi M. Abu-Omar *ab and Phillip Christopher *a 

The valorization of lignin into aromatic chemicals such as benzene, toluene, and xylenes (BTX) has the potential to promote 

sustainability in the chemical industry. A critical step in this valorization is the removal of oxygen atoms from lignin-derived 

substrates by hydrodeoxygenation (HDO), typically catalyzed by supported metal catalysts. However, the structure 

sensitivity of supported metal catalysts for HDO has been under-explored, particularly for Pt catalysts and multi-oxygenated 

substrates that are representative compounds for realistic lignin/lignol feedstocks. In this work, the structure sensitivity of 

Pt catalysts supported on inert SiO2 for the HDO of dihydroeugenol (DHE), exhibiting both hydroxy and methoxy 

functionalities, is explored by varying the Pt particle size distribution, and thus the fraction of exposed well-coordinated and 

under-coordinated Pt active sites. The desired HDO reactions are removal of methoxy substituents (partial HDO) and 

phenolic OH (complete HDO), while avoiding aromatic hydrogenation leading to undesired saturated hydrocarbons. 

Measurements of Pt particle size dependent reactivity demonstrate that aromatic ring hydrogenation is more effectively 

catalyzed by well-coordinated Pt sites located on low-index planes of Pt nanoparticles, which become the dominant exposed 

active site with Pt particle sizes above ~4 nm. Pt nanoparticles of ~2 nm exhibit high selectivity toward partial HDO via 

demethoxylation, forming of 4-propylphenol without significant aromatic ring hydrogenation. Interestingly, our results 

suggest well-coordinated Pt sites also facilitate surface tautomerization of phenol to the keto form (dienone), which is 

essential for complete HDO via dehydroxylation over supported metals on non-acidic supports under mild conditions 

(<300˚C). These findings identify a trade-off exhibited by Pt catalysts in the HDO of lignols, wherein well-coordinated Pt sites 

promote both complete HDO to aromatics as well as aromatic hydrogenation, while Pt catalysts exhibiting primarily under-

coordinated sites selectively produce partial HDO products (i.e. phenols). The mechnanistic implications related to these 

observations are discussed. 

Introduction 

Lignocellulosic biomass is a candidate feedstock for 

manufacturing sustainable chemicals and fuels considering its 

abundance, renewability, and non-edible composition1. Of 

particular interest is the valorization of lignin, which today finds 

limited use as a combustible fuel for industrial energy and heat 

generation, despite being the largest natural source of 

aromatics2,3. Aromatic hydrocarbons, such as benzene, toluene, 

and xylene (BTX), are essential precursors to the production of 

plastics, resins, and other commodity chemicals generating over 

USD $100 billion annually4,5. Realization of chemistries that 

valorize lignin and lignol molecules into BTX-type products 

would validate renewable feedstocks and reduce carbon 

emissions associated with the production of aromatics and their 

derivatives6,7. 

 Chemical conversion processes such as pyrolysis (catalytic8,9 

and non-catalytic10,11) and reductive catalytic fractionation12–14 

produce heterogeneous mixtures of phenolic monomers from 

lignin that require subsequent removal of oxygen down to 

parts-per-million levels to replace current BTX feedstocks. The 

most promising approach for oxygen removal is catalytic 

hydrodeoxygenation (HDO), which typically employs transition 

or noble metal nanoparticles on oxide, carbon, or zeolite 

supports. Carbide15–17 and phosphide18–20 catalysts have also 

been explored. The most active catalysts are metal 

nanoparticles known also to be active hydrogenation catalysts 

(Ni, Pt, Ru, etc.) supported on acidic oxides or zeolites21–27. 

However, these catalysts exhibit shortcomings, including 

deactivation by coking28–30 and high selectivity to fully 

hydrogenated alkane products31,32. Hydrogenation of the 

aromatic ring during HDO results in excess H2 consumption and 

the production of saturated hydrocarbon products with lower 

value than aromatics. The trade-off between HDO reactivity and 

aromatic ring hydrogenation make it desirable to find catalysts 

that exhibit high selectivity for HDO towards deoxygenated 

aromatic products without sacrificing overall activity. 

 Multiple approaches have been reported for improving 

aromatic selectivity in catalytic HDO processes, such as using 

reducible oxides as catalysts in the absence of a hydrogenation 
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metal (i.e. MoO3 without Pt33,34) or the use of low, even 

ambient35–37, H2 pressures. These approaches require higher 

temperatures and result in lower rates than catalysts based on 

hydrogenation metals at high H2 pressures. Both of these 

approaches attempt to improve HDO selectivity by specifically 

targeting a decrease in the rate of hydrogenation in the multi-

step HDO pathway, either by eliminating stable adsorption sites 

for hydrogen or by limiting the coverage of hydrogen on the 

metal. However, a catalyst which could afford reduced rates of 

hydrogenation without sacrificing overall HDO activity would be 

ideal.   

 An approach that might afford high selectivity to aromatics 

even under mild temperatures and high H2 pressures is the 

alteration of metal nanoparticle size. It is known that aromatic 

ring hydrogenation requires a planar adsorption geometry that 

has a relatively large ensemble requirement (~6 Pt atoms38–40) 

compared to the activation of other moieties, a requirement 

that makes it sensitive to changes in particle size and shape. 

Metal particle size-dependent reactivity derives from the 

decreasing relative concentrations of extended metal terraces 

(well-coordinated, flat surfaces) with decreasing particle size 

and the concomitant increase in relative concentration of 

under-coordinated metal sites (steps, edges, corners, etc.). The 

sensitivity of catalytic reactivity to particle size has been 

observed in benzene hydrogenation over Pt/SiO2 catalysts, 

where smaller Pt nanoparticles exhibited lower turnover 

frequencies for hydrogenation to cyclohexane than larger 

particles, demonstrating the importance of extended flat metal 

surfaces for ring hydrogenation41. Therefore, our premise is that 

the use of small metal nanoparticles in HDO reactions might 

restrict planar aromatic ring adsorption, thus improving 

selectivity towards aromatic products. 

Interestingly, the opposite trend has been observed for 

deoxygenation turnover frequency, which increases on smaller 

metal particles, stemming from facilitated C-O cleavage at 

undercoordinated sites on metal nanoparticle surfaces42–44, 

which increase in relative content with decreasing particle size. 

Thus, smaller metal particle sizes might suppress planar 

adsorption of phenolics, resulting in decreased rates of 

hydrogenation, but facilitate the cleavage of C-O bonds at 

under-coordinated sites with a high capacity for deoxygenation. 

Importantly, however, it has been shown that this trend in 

deoxygenation activity breaks down at the single atom limit45, 

potentially due to insufficiently small ensemble size and 

accessible charge states for C-O bond cleavage. Thus, it is 

reasonable to expect that an optimum metal particle size may 

exist that maximizes HDO activity and selectivity. 

Despite the evidenced influence of metal particle size (and 

active site structure) on reactions associated with HDO of lignin-

derived monomers, limited work exists that tests this 

hypothesis. For example, it was found that in phenol HDO, 

turnover frequencies for hydrogenation increased and 

deoxygenation decreased with increasing particle sizes 

between 5 and 22 nm over Ni/SiO2 catalysts46. Similarly, it was 

demonstrated for HDO of m-cresol over Ni/SiO2 catalysts that 

smaller Ni particle sizes suppressed methanation via 

hydrogenolysis and increased rates of HDO towards toluene47. 

However, this work also reported the increase of aromatic ring 

hydrogenation rates with decreasing Ni particle size, in 

opposition to the report on phenol HDO. These reports 

generally support the expected influence of metal particle size 

described above with regards to deoxygenation, though 

questions remain as to the influence of particle size on aromatic 

HDO product selectivity, specifically regarding the structure 

sensitivity of aromatic ring hydrogenation. Additionally, no 

investigation into the influence of metal particle size has yet 

been made for Pt catalysts in HDO, despite their frequent use. 

Importantly, prior reports that have examined metal 

particle size-dependent HDO reactivity have been limited to 

simple mono-oxygenated substrates, such as phenol or cresol. 

Though these substrates provide insight into mechanistic 

details, realistic lignin-derived feedstocks contain a significant 

fraction of di- and tri-oxygenated phenolic species, consisting of 

both hydroxyl and alkoxyl functionalities9,10. As a result, there is 

little understanding of how metal nanoparticle size, and thus 

active site structure, influences HDO rates of various oxygenate 

functionalities (i.e. hydroxyl vs. alkoxyl group deoxygenation) 

and aromatic hydrogenation in multi-oxygenated phenolics. 

Here we address these knowledge gaps and examine the 

influence Pt particle size (2- 12 nm) on the HDO of a multi-

oxygenated phenolic substrate, dihydroeugenol (DHE). Pt 

particles were supported on SiO2 supports to remove the 

influence of support acidity, and the Pt structure and exposed 

Pt site characteristics were characterized via transmission 

electron microscopy, volumetric chemisorption, and CO probe 

molecule FT-IR spectroscopy. Batch reactor DHE HDO studies 

were conducted to investigate the effects of Pt particle size on 

hydroxyl and methoxyl group deoxygenation, as well as 

aromatic hydrogenation. By measuring product concentrations 

as a function of substrate conversion, starting from both DHE 

and 4-propylphenol (Scheme 1), the influence of Pt size, and 

thus active site structure, on specific steps within the HDO 

network was elucidated. We also explore the competing roles 

of kinetics and thermodynamics on the product evolution in 

batch reactors as a function of time, driven in part by the lower 

hydrogen availability in liquid-phase systems compared to 

studies reported in the vapor phase. The findings presented 

here demonstrate the importance of controlling the structure 
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of metal active sites to dictate desired product selectivity in the 

HDO of multi-oxygenated phenolics. 

Methods and Materials 

Catalyst Preparation 

 Supported Pt/SiO2 catalysts of varying average particle size 

were prepared by a modified strong electrostatic adsorption 

(SEA) procedure using tetraamine platinum nitrate (TAPN, 

Sigma)48,49. In the case of 0.4wt% and 2wt% Pt/SiO2 catalysts, 

amorphous SiO2 (20-30 nm, USNano) was introduced to HPLC-

grade water (Sigma) under magnetic stirring. The pH of the 

solution was adjusted to 10.5 using an appropriate amount of 

aqueous NH4OH (28%, Sigma), determined by monitoring with 

a pH meter and probe. Once the desired pH was achieved, the 

solution was left stirring for 30 minutes for the SiO2 surface to 

equilibrate with the solution. To this, 50 mL of TAPN in HPLC-

grade water, also adjusted to pH of 10.5, was added dropwise 

via a syringe pump at a rate of 2.5 mL/min. After addition was 

complete, the solution was heated to 80˚C and allowed to 

evaporate under stirring. The obtained powder was then 

thoroughly dried overnight in an oven at 110˚C and removed.  

 Synthesis of the 6% Pt/SiO2 followed a similar procedure. 

The SiO2 used for this catalyst series was a non-porous SiO2 (15-

20 nm, USNano) in order to avoid Pt deposition in small pores 

which might stabilize small particles even under harsh 

calcination conditions. This SiO2 was added to pH-adjusted 

water at 10.5 in a similar approach to the other catalyst 

preparation. To this, 10 mL of TAPN solution of appropriate 

concentration was added dropwise by pipette. After addition, 

the solution was allowed to equilibrate for 30 minutes before 

evaporating the solution in an identical fashion to the other 

catalysts.  

 Calcination to decompose the Pt precursor was performed 

in a tube furnace under 50 sccm flow of dry air (Airgas). All 

temperature ramps steps were performed at 10˚C/min. 0.4% 

Pt/SiO2 was calcined for 300˚C for 2 h, which is above the 

decomposition temperature of the TAPN precursor in air but 

minimizes particle sintering and mobility50.  Likewise, to prepare 

larger Pt particles, 2% Pt/SiO2 was calcined at 325˚C for 3 h, and 

6% Pt/SiO2 was calcined at 600˚C for 6 h.  

Catalyst Characterization 

 CO probe molecule diffuse reflectance infrared 

spectroscopy (CO-DRIFTS) was performed by placing catalyst 

powder into a Harrick High Temperature reaction cell equipped 

with ZnSe windows. The prepared cell was then coupled with a 

Harrick Praying Mantis diffuse reflectance adapter set into a 

Nicolet iS10 FT-IR spectrometer equipped with a liquid 

nitrogen-cooled mercury-cadium-telluride (MCT) detector. 

Prior to characterization, catalysts were pretreated under 50 

sccm of 10% H2/Ar (Airgas) by ramping to 325˚C at a rate of 

10˚C/min for 1 h and then cooled to 30˚C under 50 sccm Ar 

(UHP, Airgas), at which point a background scan was collected. 

All measurements were performed by averaging 32 scans at a 

resolution of 0.482 cm-1. After the background scan, 10% CO/Ar 

(Airgas) was flowed at 50 sccm for 15 minutes to bind CO to the 

metallic Pt sites. Saturation coverage of CO on the Pt sites was 

monitored by observing bound CO peak intensity while under 

CO flow. After 15 minutes of exposure, gas phase CO was 

purged from the cell by 50 sccm Ar, at which point final spectra 

were collected showing only CO bound to Pt sites. Spectral 

deconvolution was performed using 3 Gaussian features, 

specifically using 2 Gaussians to capture the peak shape of 

under-coordinated (UC) sites, which typically exhibit an 

asymmetric shape due to the broad range of geometric and 

electronic environments (steps, edges, corners, kink, etc.) that 

these features represent. Site fraction estimates were 

performed assuming a relative extinction coefficient of 2.7:1 for 

UC:WC sites, as reported previously51,52. Particle size estimates 

were obtained by relating site fraction estimates to a model 

cuboctahedron geometry. 

 CO chemisorption was performed using a Micromeritics 

Autochem 2920 II chemisorption analyzer. In a typical 

experiment, 100 mg of catalyst was loaded into the sample U-

tube atop quartz wool. Catalysts were pre-treated under 50 

sccm of 10% H2/Ar by ramping from room temperature to 325˚C 

at 10˚C/min and held for 1 h. After reduction, catalysts were 

cooled in Ar to 30˚C and purged for an additional 5 minutes. 10% 

CO/He was introduced from a sample loop of known volume 

using a 6-way valve at 3.5-minute intervals. The gas atmosphere 

was analyzed by a thermal conductivity detector (TCD) to 

measure the amount of CO remaining after exposure to the 

catalyst sample. Dispersion estimates were made by calculating 

the CO bound to the Pt catalysts, assuming a CO:Ptsurf ratio of 

1:153.  

 High-angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) images were taken using a Thermo 

Fisher Talos F200X G2 transmission electron microscope. STEM 

samples were prepared by adding ground catalysts to methanol 

(Sigma) and sonicating for 30 minutes, followed by drop casting 

onto lacey carbon on Cu grids (Ted Pella). The drop cast grids 

were then kept under vacuum to fully dry for at least 48 hours 

prior to imaging. Images were collected under an accelerating 

voltage of 200 kV, and at least 400 particles were imaged to 

represent the true particle size distributions of the samples.  

HDO Reactions 

 HDO reactions using the prepared catalysts were performed 

in 75-mL stainless-steel pressure reactors (Parr Instrument Co., 

5000 Series). In a typical reaction, 50 mg of catalyst was loaded 

into the reactor along with 500 mg of dihydroeugenol (DHE, 

Sigma) and 20 mL of cyclohexane (Sigma). Reactions were 

stirred magnetically at 700 rpm using glass-shielded stir bars. 

Once loaded, the reactor was sealed and purged 3 times with 

5.0 grade H2 (Airgas) before pressurizing to a final gauge 

pressure of 10 bar at room temperature. Then, the vessel was 

heated to 275 ̊ C and held for 2 hours. After the allotted reaction 

time, the reactor vessel was quickly removed and quenched 

using a water bath. Once cooled to room temperature, the 

liquid products were collected by centrifugation and analyzed 
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by GC-FID (Agilent) using n-decane (Sigma) as an internal 

standard. In some cases, the gas headspace was collected and 

analyzed by GC.  Product identification was carried out using 

commercially-sourced standards where possible (DHE, 4-

propylbenzene, 4-propylphenol, 4-propylcyclohexanol, 4-

propylcyclohexane). In instances where standards are not 

commercially available, FID responses were estimated using 

effective carbon number (ECN)54–56. Reaction performance 

metrics were defined as:  

 

where Ni is the number of moles of species i measured by GC-

FID and  Ni
0 is to the initial number of moles of i loaded into the 

batch reactor. For isoconversion experiments, conversion of 

substrate was altered by changing the catalyst loading into the 

reactor, thus moderating the catalyst:substrate mass ratio.  

Results 

Catalyst Characterization 

To elucidate the sensitivity of phenolic HDO chemistry to the 

structure of active sites on metal nanoparticle surfaces, 

catalysts containing varying distributions of Pt particle sizes 

were synthesized on high surface area SiO2 supports (170+ 

m2/g) by altering Pt weight loading and calcination treatment 

conditions. Focus was placed on varying Pt particle sizes 

between an average of 1 and 10 nm in diameter, as the fraction 

of under-coordinated sites (steps, edges, etc.) and well-

coordinated sites (planar terraces such as (111) and (100) 

planes) exposed on metal nanoparticle surfaces change most 

significantly in this size range (Figure S1). SiO2 was chosen as the 

support because of its inactivity in HDO57,58, which isolates the 

influence of Pt size and active site structure on HDO chemistry. 

However, the synthesis of late transition metal catalysts with 

controlled metal particle size distributions on SiO2 is a known 

challenge. Both metal precursors and the metallic particles 

themselves bind weakly to the SiO2 surface59,60, resulting in 

aggregation and sintering upon elevated thermal treatment, 

such as those found during calcination, reduction, or HDO 

reactions48,61. This behavior has led researchers to deem the 

SiO2 surface an “ice skating rink”62, aptly capturing the difficulty 

of immobilizing supported materials on these surfaces, which 

can result in catalyst samples with broad distribution of particle 

sizes. 

Pt/SiO2 catalysts were prepared using strong electrostatic 

adsorption48,49 (SEA) with metal loadings ranging from 0.4 wt% 

to 6 wt%. These materials were then treated by different 

calcination conditions (0.4 wt% at 300 ˚C, 2 wt% at 325 ˚C, and 

6 wt% at 600 ˚C) to produce catalysts with distinct Pt 

nanoparticle distributions, summarized in Table 1. The catalysts 

are named X-Pt, where X indicates the catalyst weight loading 

(i.e. 0.4-Pt for 0.4 wt% Pt). The catalysts were characterized by 

HAADF-STEM, CO DRIFTS, and CO chemisorption. Each 

technique provides a different estimate for average Pt particle 

size depending on the size distribution, particle shape, and 

sample pretreatment63–65.  

 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ሺ%ሻ =
𝑁𝐷𝐻𝐸

⬚

𝑁𝐷𝐻𝐸
0  

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ሺ%ሻ =
𝑁𝑃𝑟𝑜𝑑𝑢𝑐𝑡

σ 𝑁𝑃𝑟𝑜𝑑𝑢𝑐𝑡
⬚

 

𝑌𝑖𝑒𝑙𝑑 ሺ%ሻ =
𝑁𝑃𝑟𝑜𝑑𝑢𝑐𝑡

σ 𝑁𝑃𝑟𝑜𝑑𝑢𝑐𝑡
⬚

∗ 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 

 

Page 4 of 16Catalysis Science & Technology



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

Volumetric CO chemisorption following in situ H2 reduction 

showed Pt dispersions ranging from 26% for 0.4-Pt to 2% for 

6.0-Pt. Based on assumptions of hemispherical particles66, 

average Pt particle sizes were estimated to be 3.8 nm (0.4-Pt) to 

44 nm (6.0-Pt), as shown in Table 1. The estimated average Pt 

particle size increases with Pt loading and calcination 

temperature, consistent with particle aggregation caused by 

greater Pt surface density and sintering. 

To provide more insight into the Pt particle size 

distributions, HAADF-STEM images were collected. Particle size 

averages and distributions are presented using counts, surface-

area-normalization, and volume-normalization. These three 

data presentations result in distinct averages and distributions 

due to changing surface area:volume ratio as a function of 

particle size, which is demonstrated in Figure S5. Typical images 

of the 0.4-Pt and 6.0-Pt catalysts are shown in Figures 1a and 

1b, along with the surface area-normalized particle size 

distributions. Additional STEM images, including those for 2.0-

Pt, are shown in Figures S2-4. The surface area-normalized 

average particle sizes and distributions are used since 

nanoparticle surface properties directly influence the reactivity 

of heterogeneous catalysts. The average Pt particle size 

increases with Pt weight loading, from 2.0 ± 0.6 nm for 0.4-Pt to 

3.0 ± 0.9 nm for 2.0-Pt, and to 11.6 ± 4.6 nm for 6.0-Pt, 

highlighting a consistent trend with the CO chemisorption 

results. 

As shown in Table 1, STEM-based particle size estimates are 

lower than chemisorption-based values. This is attributed to 

outliers in the particle size distributions. Using 0.4-Pt as an 

example, particle size distributions from HAADF-STEM images 

show that although there are only 22 out of 1372 (~2%) counted 

particles greater than 3 nm in size, these outlier particles 

contain ~40% of the total imaged Pt volume (Figure S6). These 

outlier particles contribute to the measured CO chemisorption 

values (a volume-normalized analysis), but less so to surface 

area-normalized analysis (e.g. reactivity and surface area 

normalized TEM). This can be seen in the better agreement in 

average particle sizes obtained via CO chemisorption and 

volume-normalized STEM images.   

HAADF-STEM and chemisorption measurements were 

complemented by CO DRIFTS, which benefits from being a 

sample-averaged, bulk measurement, similar to CO 

chemisorption, yet provides particle size estimates based on 

only metal surface properties, analogous to surface-normalized 

HAADF-STEM. The vibrational frequency of CO adsorbed on Pt 

is sensitive to the Pt coordination number, allowing for 

identification of CO adsorbed to well-coordinated (WC, 8+ 

coordinate) Pt sites, located at the surface of flat, low-index 

terraces, and under-coordinated (UC, 7 or fewer coordinate) 

sites, which are found at steps, edges, corners, and other 

structural defect sites67,68. The ratio of these sites on Pt surfaces 

is known to be a function of particle size69–71. 

Figure 1c shows CO DRIFTS spectra at saturation CO 

coverage and room temperature for the Pt catalysts following 

in situ reduction in H2. Each spectrum consists of a complex 

feature centered between 2097 and 2050 cm-1, consistent with 

the C-O stretching frequency of CO bound linearly atop Pt atoms 

with varying coordination numbers69–73. The change in position 

of the observed CO stretching frequency stems from both the 

convolution of the individual features associated with CO 

adsorbed to WC and UC Pt sites at ~2090-2080 and ~2070-2050 

cm-1, respectively65,67, as well as shifts related to CO dipole-

dipole interactions74–76. Deconvolution of the CO DRIFTS spectra 

using 3 Gaussian features, as described in more detail in Figure 

S7, results in estimated average particle sizes of ~1 nm to 7 nm 

for the 0.4-Pt and 6.0-Pt catalysts, respectively. Overall, CO 

DRIFTS estimates follow the same trend in average particle size 

as observed from both HAADF-STEM and CO chemisorption 

measurements. CO DRIFTS provided the smallest average Pt 

particle size estimate from the three techniques, likely due to 

CO-induced roughening of Pt surfaces, which causes an over-

estimation of the UC relative site concentration65. Despite small 

discrepancies, the particle size estimates from CO-DRIFTS are in 

better agreement to surface-normalized HAADF-STEM 

distributions than estimates from CO chemisorption, suggesting 

that the CO DRIFTS analysis is less skewed by the presence of 

outlier particles in broad particle size distributions. Regardless 

of technique used, the results consistently demonstrate that 

the Pt/SiO2 catalysts prepared exhibit distinct average particle 

size distributions and provide sufficient variation of surface 

composition to determine the structure sensitivity of HDO. 

 

HDO Reactions 

Table 1 

Sample 
Calcination 
Treatment 

Mean Particle Size (nm) 

TEM 

CO DRIFTSd 
CO 

Chemisorptione Countsa 
S.A. 

Normalizedb 

Volume 

Normalizedc 

0.4-Pt 300˚C, 2 hours 1.3 ± 0.6 2.0 ± 0.6 3.1 ± 0.6 <1.1 3.8 ± 0.3 

2.0-Pt 325˚C, 3 hours 1.4 ± 0.9 3.0 ± 0.9 4.6 ± 0.9 1.6 4.9 ± 1.2 

6.0-Pt 600˚C, 6 hours 6.8 ± 4.1 11.6 ± 4.1 13.8 ± 4.1 2.9-7.1 44 ± 17 

Overview of catalyst preparation conditions and average Pt particle size determined by various complementary methods.a Average particle diameter by 

hemispherical area.b Average particle diameter normalized as σ 𝑑𝑖
3/𝑑𝑖

2.c Average particle diameter normalized as σ 𝑑𝑖
4/𝑑𝑖

3.d Estimated from deconvolution of linearly 

bound CO on Pt feature in Figure 1 DRIFTS spectrum.e Estimated from 〈𝑑〉 = 1.01/𝐷, where D is the measured dispersion assuming a [CO]/[Pt] ratio of 1. 
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The Pt/SiO2 materials described above were used to catalyze 

HDO of the multi-oxygenated lignin model compound 

dihydroeugenol (DHE). Liquid-phase batch reactions were 

conducted in a high-pressure reactor at 275˚C using 

cyclohexane as a solvent. To ensure comparability between 

Pt/SiO2 catalysts, reactions were initially conducted at 

isoconversion, moderated by changing catalyst loading into the 

reactor, and reaction performance was analyzed by quantifying 

DHE conversion and product yield using GC-FID. The analysis of 

reactions at isoconversion is essential for complex reaction 

networks in which substrate conversion and product selectivity 

are intrinsically linked77-79. The investigation of low DHE 

conversions (<15%) and short reaction times (under 2 hours) 

ensured that the studies of HDO structure sensitivity were made 

in the absence of catalyst deactivation effects (vide infra), which 

is a known challenge for HDO of oxygenates80-82. For all Pt/SiO2 

catalysts studied, product analysis of the liquid phase resulted 

in the quantification of 7 major products, shown in Scheme 2, 

which include both partially and fully deoxygenated species. 

Mass balances calculated on the basis of C6 ring products for the 

isoconversion experiments in Table 2 and Figure 2 were above 

87% for all catalysts, indicating that the products shown here 

capture the primary reactivity. The remaining mass not 

quantified by GC-FID is attributed to the formation of strongly 

bound adsorbates (Table S5) and oligomers which cannot be 

measured by GC-FID and are  

ubiquitously observed under comparable reaction 

conditions83-86. Analysis of the gas phase products in the head 

space of the reactor (Figure S10) indicates the formation of CH4, 

CO, and methanol likely stemming from demethoxylation and 

demethylation, with no evidence of light hydrocarbons 

stemming from cracking reactions. Thus, gaseous products do 

not need to be accounted for in the mass balance. 

Table 2 shows rates of DHE consumption estimated using 

the measured conversion at 2 hours, normalized by the amount 

of Pt loaded into the reactor. A DHE conversion of 14% was 

observed after 2 hours under reaction conditions for 50 mg of 

0.4-Pt, while 20 mg of the 6.0-Pt catalyst reached 8% DHE 

conversion in a 2-hour reaction. The DHE consumption rates 

calculated on a Pt weight basis are 10-fold higher for 0.4-Pt as 

compared to 6.0-Pt. However, after normalizing the DHE 

consumption rates by the active Pt site density measured by CO 

chemisorption, the turnover frequencies (TOF) for DHE are 

comparable for all 3 catalysts. It is important to note that due 

to the complexity of the reaction network, these estimates do 

not capture differences in estimated rates for individual 

reactions, such as hydrogenation and deoxygenation, but rather 

capture the similar per site rates of DHE consumption. Still, the 

comparable TOF’s across the three catalysts are indicative of a 

shared rate-limiting step prior to the structure-sensitive steps 

discussed below. One explanation may be saturation of the Pt 

surface by adsorbates, causing adsorption to be kinetically-

relevant for all catalysts, while product selectivity is dictated by 

the subsequent reaction steps. Another possibility is that 

structure-insensitive deactivation through site blocking by 

oligomeric species is occurring, leading to inaccurate TOF 

estimations due to transient changes in site availability.  

Analysis of the product selectivity (Figure 2) reveals that 

there are differences in the observed products with variation in 

Pt particle size distribution. The most apparent trend is the 

significant drop in 4-propylphenol (PHE) selectivity with 

Table 2 

Sample 
Catalyst 

Loaded (mg) 

Conversion 

(%) 

Rate ሺ
𝑚𝑚𝑜𝑙𝐷𝐻𝐸

ℎ𝑟∗𝑔𝑃𝑡
ሻ  TOF (hr-1) 

0.4-Pt 50 14 1053 790 

2.0-Pt 15 15 752 712 

6.0-Pt 20 8 100 848 

Catalyst amount, observed DHE conversion, DHE consumption rate and TOF for 

Pt/SiO2 catalyst series in the HDO of DHE. Conditions: 275˚C, 2 hours, 20 mL 

cyclohexane, 500 mg DHE, 10 bar H2. 
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increasing average Pt particle size. PHE is presumably the 

product of direct demethoxylation of DHE (partial HDO), though 

this will be discussed later. PHE is the primary product over 0.4-

Pt at 68% selectivity, as well as over 2.0-Pt, albeit at a lower 

selectivity of 53% due to increasing selectivity to off-target 

products such as 4-propyl-2-methoxycyclohexanol (HYD), the 

product of DHE ring hydrogenation. This trend continues with 

6.0-Pt, which exhibits the lowest selectivity to PHE after 2 hours 

of reaction at 15%. It is worth noting that there is no evidence 

of initial attack on the hydroxyl group of DHE to yield anisole 

derivatives or the HDO products of anisole derivatives. Initial 

deoxygenation occurs through the methoxy functionality of 

DHE, consistent with the weaker bond strength of the C-OCH3 

bond33.  

In addition to PHE formation, the production of 4-

propylcatechol (CAT) via DHE demethylation is also observed. 

CAT is the only other major product formed by 0.4-Pt, with a 

selectivity of 25%. However, unlike the monotonic trend 

observed for PHE formation with increasing Pt particle size 

across the catalyst series, there is no discernible trend of CAT 

selectivity as a function of particle size distribution. 2.0-Pt and 

6.0-Pt have CAT selectivities of 15% and 18%, respectively, 

similar to what was observed for 0.4-Pt despite the marked 

differences in PHE productivity, Pt loading, and average Pt 

particle size.  

Another clear trend exists between average Pt particle size 

and selectivity to the hydrogenated products (4-propyl-2-

methoxycyclohexanol, HYD; 4-propylcyclohexanol, OL; 4-

propylcyclohexanone, ONE; 4-propycyclohexane, CYC), which 

are the result of ring hydrogenation of DHE, PHE, or 4-

propylbenzene (BNZ), respectively. The production of these 

species is summarized in Figure 2b, showing the collective 

selectivity towards these 4 products as a function of well-

coordinated (WC) Pt site fraction, estimated from average 

particle size using the cuboctahedron model geometry65,87. As 

discussed above, 0.4-Pt demonstrates negligible formation of 

these products, indicating a low rate of aromatic ring 

hydrogenation despite the occurrence of partial HDO of DHE to 

PHE and CAT. Activity towards aromatic hydrogenation 

increases with increasing Pt particle size, with 2.0-Pt producing 

32% hydrogenated ring products and 6.0-Pt increasing to 50%. 

For 2.0-Pt, the increase is primarily driven by an increased 

selectivity to HYD, which constitutes 23% of the overall 

products, although PHE remains the dominant product. HYD 

selectivity does not increase in the case of 6.0-Pt, and instead 

the increase to total hydrogenated products is driven primarily 

by increased selectivity to CYC at 17%. In contrast, 0.4-Pt and 

2.0-Pt did not produce detectable quantities of CYC. 

 The increased activity of 6.0-Pt to CYC production is 

accompanied by an increased production of BNZ at 17% 

selectivity of the overall products. Thus, 6.0-Pt provides the 

highest activity for complete HDO to fully-deoxygenated 

products, in addition to exhibiting the highest rates of ring 

hydrogenation. It is worth noting the nearly equal selectivity of 

BNZ and CYC in the case of 6.0-Pt, despite the observed ability 

of 6.0-Pt to effectively perform aromatic ring hydrogenation. 

This is analogous to the results of 0.4-Pt and 2.0-Pt reactions, 

where BNZ is observed in small quantities (<2% selectivity), but 

CYC is not observed. Additionally, the production of BNZ and 

CYC is expected to be unrelated to the hydrogenation activity of 

6.0-Pt, as previous work has shown Pt/SiO2 catalysts do not 

facilitate the HDO of saturated oxygenates58. 

Deactivation due to strong adsorption of substrates and 

intermediates is a known issue for HDO catalysts, particularly 

for small nanoparticles and clusters exhibiting a large fraction of 

UC sites which bind oxygenates more strongly than WC sites44. 

To ensure that differences in the isoconversion experiments 

were not a result of deactivation of Pt/SiO2 catalysts, HDO of 

DHE over 0.4-Pt was carried out in the presence of 500 mg 

catalyst to reach a higher DHE conversion of 62%, as shown in 

Figure 3. Exhibiting the smallest average particle size and thus 

the highest fraction of UC sites, the 0.4-Pt catalyst is expected 

to be most affected by deactivation. However, Figure 3 shows 
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that the product selectivity trends are comparable at both 15% 

and 62% conversion of DHE. PHE remains the dominant product 

at 42% of the products, indicating that the 0.4-Pt catalyst is 

effective for DHE demethoxylation over hydrogenation even at 

high conversions. In the high conversion experiment, HYD, OL, 

and ONE selectivities are all higher than in the isoconversion 

experiment but remain minor products relative to PHE. This 

contrasts experiments performed over 6.0-Pt, over which HYD 

was the dominant product. Therefore, the structure sensitivity 

observed in the isoconversion experiments is not a result of 

catalyst deactivation, but rather differences in the intrinsic 

reactivity of DHE over different Pt sites.  

The isoconversion results demonstrate that the product 

distribution of DHE HDO is sensitive to the average particle size 

of Pt/SiO2 catalysts and thus the geometry of the exposed active 

Pt sites. However, single time-point experiments alone cannot 

determine the reaction pathways by which final products are 

formed, which contain vital information as to the specific 

reactions exhibiting structure sensitivity. For example, it is 

unclear whether PHE is produced directly from DHE via 

demethoxylation or if PHE is formed from CAT via 

dehydroxylation, as shown in Scheme 2. To explore this and 

identify the transience of product formation in DHE HDO, time 

profile experiments were conducted between 0 and 2 hours at 

275˚C under 10 bar of H2, shown in Figure 4. Focus was placed 

on the 0.4-Pt and 6.0-Pt catalysts, as these exhibited the 

greatest differences in product selectivity in the isoconversion 

experiments. Catalyst loadings were identical to those 

described in Table 2.  

A notable feature of the batch reactor set-up is the 

introduction of catalyst and substrate to the reactor at room 

temperature, resulting in measurable activity during the 

thermal ramping stage to reaction temperature. To account for 

this, the data profile for 0 hours represents reactions that were 

set up and allowed to ramp to 275˚C before immediately 

quenching the reaction. Figure 4a shows the time profile 

experiments for 0.4-Pt, which exhibits the aforementioned 

reactivity during the thermal ramp, resulting in 1.5% conversion 

at 0 hours. Interestingly, it can be seen that a major reaction 

during the thermal ramp is aromatic ring hydrogenation of DHE 

to form HYD, which was only a minor product over 0.4-Pt during 

2-hour reactions at 275˚C. This is consistent with the lower 

apparent activation barriers reported for aromatic ring 

hydrogenation over Pt catalysts (50-100 kJ/mol88) compared to 

apparent barriers for HDO (100-200 kJ/mol28,89-90); thus, at 

temperatures below 275˚C, hydrogenation is facilitated relative 

to HDO over 0.4-Pt.  

At 275˚C, DHE conversion increases from 3% at 0 hours to 

14% at 2 hours. During this period, PHE and CAT are produced 

and become the dominant products, as seen in the 

isoconversion experiments. At the same time, overall HYD yield 

falls, indicating HYD consumption in the reaction. Considering 

the inability of Pt/SiO2 catalysts to perform deoxygenation on 

saturated species58, we attribute this consumption to 

dehydrogenation to reform the original DHE substrate, which 

can then undergo deoxygenation at reaction temperatures to 

form PHE and CAT. This points to an interesting role of 

hydrogenation and dehydrogenation over 0.4-Pt which will later 

be discussed. As noted in the isoconversion experiments, 

production of other deoxygenated species such as OL, ONE, 

BNZ, and CYC is minimal over 0.4-Pt (Figure S12). One notable 

trend is the monotonic loss of OL yield paired with increasing 

ONE and BNZ yields. The greatest OL yield occurring during the 

thermal ramp is consistent with the hydrogenation activity of 

0.4-Pt below reaction temperature, as seen in the behavior of 

HYD formation.  

The production of PHE and CAT occurs at similar rates over 

the reaction period, increasing in yield from their original values 

of 1.2% and 0.4%, respectively, to 9.5% and 3.5%, 

corresponding to final selectivities of 54% and 35%. However, 

what is not observed is the increase of PHE yield at the expense 

of CAT yield, which is what would be expected in a sequential 

reaction scheme (Scheme 3). Instead, the simultaneous 

formation of PHE and CAT supports parallel formation of both 
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products through distinct pathways of demethylation and 

demethoxylation of DHE. Though interconversion of CAT and 

PHE cannot be entirely excluded, it is apparently not the 

dominant pathway of PHE formation under the conditions 

studied here. This also suggests that the structure sensitive 

reaction in the formation of PHE from DHE is indeed 

demethoxylation, and not the conversion of CAT to PHE. 

Similarly, the demethylation of DHE to CAT is not apparently 

structure sensitive, as evidenced by the nearly constant 

selectivity to CAT across all Pt/SiO2 catalysts studied.  

Time profile experiments over 6.0-Pt (Figure 4b) show 

different trends. As with 0.4-Pt, HYD formation is dominant 

during the thermal ramp. However, unlike 0.4-Pt, HYD yield 

continues to increase up to 1 hour before decreasing slightly at 

2 hours. This contrasts with 0.4-Pt reactions, where HYD 

concentration decreases monotonically during the time profile 

experiments due to dehydrogenation to DHE. This is consistent 

with the reported structure sensitivity of dehydrogenation92, 

which has pointed towards smaller nanoparticles being more 

effective catalysts for dehydrogenation. Thus, the larger 

nanoparticles present in the 6.0-Pt catalyst perform 

dehydrogenation less effectively than 0.4-Pt, but more 

effectively catalyze hydrogenation of DHE to HYD.  

The most striking difference in 6.0-Pt performance over the 

2-hour time profile compared to 0.4-Pt reactions is the 

production and consumption of PHE. PHE yield rises from 0.3% 

to 1.8% over 1 hour, before falling to 1.2% at 2 hours. 

Concomitant with the consumption of PHE between 1 and 2 

hours is the rise of BNZ and CYC yields to 1.4% each at the end 

of the 2-hour reaction period. Clearly, PHE is an intermediate to 

form CYC and BNZ, but this pathway was not facilitated over 0.4-

Pt. CAT formation over 6.0-Pt follows a similar trend as was 

observed over 0.4-Pt, and additionally does not undergo any 

obvious consumption during the reaction period. It follows that 

CAT is not an intermediate towards the formation of CYC and 

BNZ, which apparently form only from PHE.  

The time profiles highlight two trends that were not 

apparent in the isoconversion experiments (Figure 2). First, 0.4-

Pt performs dehydrogenation at reaction temperature, as 

shown in the loss of HYD yield with time, resulting in higher 

yields of aromatic products. On the other hand, 6.0-Pt does not 

facilitate facile dehydrogenation, thus leading towards off-

target hydrogenated products such as HYD. Second is the 

greater ability of 6.0-Pt to form deeper deoxygenated products 

such as BNZ and CYC from DHE, specifically through the 

conversion of PHE. This supports the conclusions from the 

isoconversion experiments over 6.0-Pt, and contrasts the 

inability of 0.4-Pt to facilitate the HDO of PHE. Clearly, 

deoxygenation of PHE is distinct between the 0.4-Pt and 6.0-Pt 

catalysts and causes the discrepancy in fully-deoxygenated BNZ 

and CYC formation (Scheme 4).  

 As evidenced from the time profiles, although 0.4-Pt 

catalyzes dehydrogenation of HYD back to DHE prior to HDO to 

deoxygenated species, hydrogenation to HYD clearly occurs 

during the thermal ramp. Since both reactions appear to be 

kinetically accessible over this catalyst, what was not 

immediately clear was the high yield of PHE over 0.4-Pt over a 

range of conversions (Figure 3) and time (Figure 4a) without 

significant hydrogenation of PHE to OL and ONE. One potential 

explanation of this is the ability of 0.4-Pt, through facile 

hydrogenation and dehydrogenation, to approach the 

equilibrium composition of saturated and unsaturated 

products. To explore this further, the HDO of DHE was studied 

over 0.4-Pt with varying initial H2 pressures between 5 and 20 

bar. A higher isoconversion level of 50% was targeted for each 

pressure, in comparison to the 10% isoconversion studied 

initially in Figure 2, to allow comparison of the product 

distribution at an advanced state in the reaction network after 

multiple potential reactions such as deoxygenation and 

hydrogenation.  

 Figure 5 shows that reactions over 0.4-Pt at 5 bar initial H2 

result in high selectivity to PHE of 66%, even at 54% conversion 

of DHE, which is almost identical to the PHE selectivity seen in 

Figure 2 at ~15% DHE conversion. Increasing H2 pressure to 10 

 

 

Page 9 of 16 Catalysis Science & Technology



ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

bar results in an increase of HYD selectivity to 24% at the 

expense of PHE, which drops to 42%, as well as an increase in 

OL and ONE selectivities to 9% and 15% respectively, though 

PHE remains the dominant product. Further increasing pressure 

to 20 bar results in a continuation of this trend, with HYD 

becoming the dominant product at 50% selectivity, with OL and 

PHE selectivities becoming approximately equal at 21% and 

22%. These results show that the extent of hydrogenation over 

0.4-Pt is not inhibited by the catalyst structure, but rather is 

dictated by the pressure of H2.  

Also, HYD selectivity increases to a greater extent with 

increasing H2 pressure than OL and ONE selectivity. The increase 

in HYD selectivity represents decreasing HDO activity, as HYD is 

not the product of any deoxygenation. This supports the 

observation that non-acidic catalysts such as Pt/SiO2 studied 

here are not active for conversion of saturated species such as 

HYD, which act as dead end in the HDO pathway unless they are 

able to undergo dehydrogenation back to aromatic species. This 

is also supported by pressure dependent studies carried out 

over 6.0-Pt (Figure S11), which showed decreasing BNZ and CYC 

yield with H2 pressure with increasing HYD yield. Thus, 

increasing H2 pressure decreases yield for Pt/SiO2 catalysts by 

facilitating dead-end product formation.   

 To understand the mechanistic differences between 0.4-Pt 

and 6.0-Pt in PHE dehydroxylation, HDO reactions starting from 

PHE as the substrate were conducted at 275˚C for 2 hours under 

10 bar H2, shown in Figure 6. Isoconversion conditions were 

achieved at approximately 25% conversion, moderated by 

different catalyst loading for each reaction. The product 

distributions demonstrate that there are again differences 

caused by Pt particle size distribution. Consistent with the 

observations of reactions using DHE as a substrate, 0.4-Pt and 

2.0-Pt both catalyze relatively little conversion to BNZ and CYC, 

despite starting from PHE, a less oxygenated substrate than 

DHE. This is also consistent with the time profile results of 0.4-

Pt, wherein PHE was effectively produced from DHE, but did not 

appreciably react further. There is also a shift in the dominant 

product from OL to ONE in PHE HDO between 0.4-Pt and 2.0-Pt, 

respectively, suggesting that there is some difference in the 

hydrogenation chemoselectivity of these two catalysts.  

PHE HDO results over 6.0-Pt are consistent with prior 

reactions starting from DHE, as 6.0-Pt is highly active to the 

formation of BNZ, demonstrating once again the ability of 6.0-

Pt to facilitate complete deoxygenation. Interestingly for the 

HDO of PHE in Figure 6, BNZ selectivity is greater than CYC at 

45% for BNZ compared to 4% for CYC, perhaps due to the 

greater conversions reached in these experiments compared to 

the isoconversion experiments previously at ~10%. Once again, 

this can be explained by a reaction pathway wherein BNZ forms 

directly from PHE, and only then undergoes subsequent 

hydrogenation of BNZ to form CYC. Overall, these results 

demonstrate that the 6.0-Pt catalyst is uniquely capable of 

facilitating HDO of both mono- and multi-oxygenated phenolics. 

Discussion 

The results shown above demonstrate a clear effect of Pt 

nanoparticle size distribution (and thus exposed Pt site 

structure) on activity and selectivity in the HDO of 

multifunctional oxygenated substrates, highlighting that these 

trends have broad effects for HDO of aromatic phenols derived 

from lignin outside of model systems. However, it is important 

to consider how the Pt particle size effect is manifested in these 

complex networks, as numerous steps in the HDO reaction 

scheme may be individually responsible for the observed 

behavior. In order to concisely interpret these results in the 

context of the HDO reaction network, we summarize our 

findings as follows: 

 

1. Hydrogenation of the aromatic ring in lignin model 

phenolics is structure sensitive over Pt/SiO2 catalysts. 

Catalysts with larger Pt particle sizes increase the 

selectivity to hydrogenated products (HYD, OL, ONE, 

CYC), thus indicating that well-coordinated sites on 

low-index planes of metal nanoparticles are 

responsible for planar aromatic adsorption, which 

facilitates aromatic hydrogenation. 

2. Demethoxylation also exhibits structure sensitivity, 

with increased selectivity to demethoxylated products 

over smaller Pt particle sizes. In contrast to ring 

hydrogenation, under-coordinated sites of Pt 

nanoparticles at steps, edges, and other defects are 

active indicating that planar adsorption is not 

necessary for demethoxylation. 

3. Hydrogenated and dehydrogenated products exist in 

an equilibrium in the liquid phase batch reactions and 

are dictated in part by the H2 pressure.   

4. Dehydroxylation, HDO of phenolic hydroxyl group, is 

structure sensitive over Pt/SiO2 catalysts. Surprisingly, 

and in contrast to suggestions made previously in the 

literature43-45, increased selectivity to fully 

deoxygenated hydrocarbons is observed for larger Pt 

particle sizes, suggesting that WC sites on Pt terraces 

are the active site for dehydroxylation of phenolics 

under the conditions studied here.  
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The contextualization of these results lends further insight 

into the fundamental nature of structure sensitivity over Pt/SiO2 

catalysts shown here. Considering first the structure sensitivity 

of aromatic ring hydrogenation, we identify through increased 

selectivity to hydrogenated products that WC sites present on 

low-index, planar Pt terraces are the active site for ring 

hydrogenation. This observation is consistent with findings from 

previous literature on hydrogenation of aromatic hydrocarbons 

such as benzene41,92. Phenolic ring hydrogenation pathways 

over Pt require planar adsorption of the substrate to the Pt 

surface, which leads to disruption of ring aromaticity and 

facilitates hydrogenation. Importantly, planar aromatic 

adsorption is not facilitated by stepped surfaces or over edges, 

as the ring requires a contiguous planar surface upon which to 

adsorb to maximize substrate-metal interaction93.   

Demethoxylation, on the other hand, is apparently less 

geometrically demanding and is facilitated over small 

nanoparticles with UC sites located at steps, edges, and other 

defect sites. Hence, demethoxylation does not require planar 

adsorption of the aromatic ring. Non-planar adsorption modes 

have previously been identified by spectroscopy on the surface 

of metal catalysts94 and have been attributed to facilitate C-O 

cleavage as a result of specific interaction of the metal surface 

with the CAryl-OCH3 bond. The occurrence of demethoxylation 

over UC sites is also consistent with the greater binding strength 

of methoxy fragments and methanol to these sites, in turn 

creating a thermodynamic driving force for the reaction over 

these sites95.  Our results also suggest that demethylation of 

DHE to CAT is a parallel reaction competing with 

demethoxylation, and not a sequential pathway from DHE to 

CAT to PHE.  Interestingly, the demethylation of DHE to form 

CAT is not structure sensitive over the Pt/SiO2 catalysts studied 

here, resulting in similar selectivity of CAT across all catalysts.   

Our results also highlight the influence of hydrogen pressure 

on product selectivity. At high conversions (60%), selectivity of 

the 0.4-Pt catalyst favored the aromatic compounds PHE and 

CAT over saturated hydrocarbon products for pressures at or 

below 10 bar of H2. Importantly, the reactor contains at least 

4.6 molar equivalents of H2 relative to DHE when pressurized to 

5 bar, indicating that for all reactions aromatic hydrogenation is 

not stoichiometrically limited. At 20 bar H2, the saturated 

products HYD and OL became dominant. These results 

demonstrate that 0.4-Pt exhibits the sites necessary for 

hydrogenation, though these sites are scarce relative to 6.0-Pt 

as shown by the lower extents of ring hydrogenation during the 

thermal ramp over 0.4-Pt compared to 6.0-Pt. Therefore, the 

production of aromatic products over 0.4-Pt is not a result of a 

structurally-limited capacity for ring hydrogenation. Instead, 

the kinetic accessibility of dehydrogenation over UC sites 

present on the 0.4-Pt catalyst enables the system to approach 

an equilibrium determined by the H2 pressure. To support this, 

equilibrium calculations were made for phenol hydrogenation 

as a simplified model system. These calculations suggest that 

despite the stoichiometric excess of H2 present at all pressures 

studied, equilibrium positions at 275˚C favors the formation of 

aromatic products such as phenol (S.I. Note 1). Comparatively, 

over the 6.0-Pt catalyst, dehydrogenation is less favorable 

because of the dominant exposure of WC sites on surface. Thus, 

despite exhibiting the same equilibrium position (dictated solely 

by the temperature and pressure of reaction) as the 0.4-Pt 

catalyst, product selectivity for the 6.0-Pt favors saturated ring 

species.  

The most surprising conclusion resulting from the work 

described here is the structure sensitivity for dehydroxylation of 

phenolics facilitated by WC sites. This step is the most 

catalytically demanding, considering the Caryl-OH bond is the 

strongest C-O bond present in lignin-derived phenolics33, and 

thus it is surprising that our work identifies WC sites as critical 

for the cleavage of these C-O bonds, especially since Caryl-OCH3 

bonds were cleaved by UC sites. In general, WC metal sites are 

regarded as less reactive than under-coordinated (UC) sites. 

Importantly, this trend holds over both DHE and PHE substrates 

at low and high conversions, supporting the conclusions 

discussed earlier that deactivation is not influencing structure 

sensitivity and that this behavior holds for diverse substrates.  

In catalytic HDO schemes, the following pathways have 

been suggested for dehydroxylation of phenolics over metal 

catalysts: hydrogenation followed by dehydration96-98, direct 

deoxygenation (DDO)99-101, and tautomerization58,91. Complete 
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hydrogenation to a cyclohexanol intermediate followed by 

dehydration has been rejected previously for Pt/SiO2 catalysts 

because of the inherent lack of acidity of the silica support, and 

will not be considered here further. DDO, or direct cleavage of 

the Caryl-OH bond without any other mechanistic steps, has also 

been proposed as a pathway for HDO of phenolics. Typically, the 

DDO mechanism is invoked in systems involving oxophilic 

components. For instance, NiFe surfaces have been predicted 

by DFT to proceed through DDO102. However, over weakly 

oxophilic monometallic catalysts such as Pt/SiO2, DDO is 

considered kinetically unfavorable under the conditions studied 

here. Additionally, UC sites are predicted to facilitate DDO more 

effectively, opposite the structure sensitivity observed in our 

reactions. Thus, DDO is an unlikely mechanism for our system.  

Instead, we propose that the structure sensitivity observed 

here for the dehydroxylation of PHE to BNZ is consistent with a 

pathway involving metal-facilitated aromatic tautomerization. 

Tautomerization-based mechanisms for HDO have gained 

increased attention for a range of metal catalysts, specifically 

for non-acidic catalysts. The proposed mechanistic steps are 

shown in Scheme 5. Briefly, PHE is adsorbed to Pt and 

tautomerized to the corresponding 4-propylcyclohexa-3,5-dien-

1-one (DiONE). The C=O bond in DiONE is then hydrogenated to 

form the unstable 4-propylcyclohexa-3,5-dien-1-ol (DiOL), 

which readily undergoes dehydration to form BNZ. Importantly, 

these tautomerization events are proposed to occur while the 

substrate is adsorbed to the metal catalyst surface, as 

tautomerization of phenol to the keto form in free solvent 

environments is negligible due to the favorable stability of the 

aromatic ring103. Thus, it might be expected that metal surface 

characteristics change the favorability of tautomerization.  

The greater selectivity of 6.0-Pt towards BNZ and CYC from 

HDO of both DHE and PHE substrates is indicative of WC sites 

promoting tautomerization. We attribute this behavior to an 

adsorption effect which can proceed more readily over WC sites 

wherein phenolics adsorb co-planar with the metal surface prior 

to tautomerization, analogous to the adsorption mode required 

for hydrogenation. The shared need for co-planar ring 

adsorption between both hydrogenation and tautomerization 

pathways is consistent with the need to disrupt ring aromaticity 

in both reactions. On the other hand, UC sites on stepped 

surfaces or at particles edges do not exhibit the contiguous 

ensembles necessary to achieve intermediate stabilization. This 

would explain the inability of 0.4-Pt to produce significant 

quantities of BNZ or CYC, even at conditions of high conversion 

and high H2 pressure. This would also explain the differences in 

selectivity between 0.4-Pt and 2.0-Pt in the HDO of PHE, as the 

hydrogenation of PHE is proposed to proceed through a 

tautomerization mechanism to produce ONE104. Considering 

the inability of 0.4-Pt to facilitate this tautomerization, the 

favored product is instead OL. This is consistent with the larger 

particle size of 2.0-Pt exhibiting more WC sites. On the other 

hand, similarity in performance between 0.4-Pt and 2.0-Pt in 

HDO of DHE is consistent with the initial demethoxylation step 

of DHE not involving tautomerization, but rather direct cleavage 

or demethylation to CAT.  

Regarding the influence of the metal surface on 

tautomerization, there are few works which comment on the 

promotion or suppression of the tautomerization pathways for 

HDO. It is known that metal identity is critical in determining the 

dominant HDO pathway, with relatively oxophilic metals such 

as Ru favoring direct C-O cleavage100, whereas Pt prefers 

tautomerization pathways91. However, the tendency of a 

specific metal to facilitate tautomerization has been shown to 

be sensitive to the electronic and compositional characteristics 

of the catalyst. For instance, bimetallic PtMo alloy catalysts 

promote tautomerization compared to monometallic Pt 

catalysts in HDO of m-cresol91. DFT calculations supported the 

hypothesis that the oxophilicity of Mo sites promote strong 

interactions with the keto tautomer, decreasing barriers of 

tautomerization. Similarly, alkali-modification of Fe catalysts for 

HDO resulted in the destabilization of tautomer intermediates 

depending on the degree of electron donation, demonstrating 

a relationship between metal electronics and 

tautomerization17. Given the relative similarity in electronic 

structure of Pt sites of varying coordination in our studies, we 

hypothesize that the reactant adsorption geometry on Pt sites 

is primarily responsible for the moderation of tautomerization 

of phenolic substrates such as DHE and PHE. However, we 

cannot rule out the potential contribution of electronic 

differences between UC and WC Pt sites in tautomerization 

reactions. 

 

Conclusion 

In conclusion, the directed synthesis of various sized Pt 

catalysts supported on SiO2 enabled the assessment of 

structure sensitivity in HDO reactions. Importantly, by 

employing both DHE and PHE as substrates, we have shown that 

observed structure sensitivity trends exist for both mono-

oxygenated and multi-oxygenated phenolics. Analysis of the 

products distribution provided the surprising result that larger 

Pt nanoparticles, in this case 12 nm in size, were superior to Pt 

nanoparticles <3 nm in catalyzing complete HDO of DHE and 

PHE to BNZ. Though this runs counter to the observation that 

DDO is facilitated over smaller nanoparticles, our results 

suggest that an alternative pathway, namely surface-mediated 

tautomerization of phenol to dienone, is responsible for full 

deoxygenation. This conclusion underscores the potential of 

facilitating tautomerization HDO pathways to enhance overall 

deoxygenation activity. These results also highlight the balance 

that exists for monometallic catalysts in which large particles 

drive rapid deoxygenation but with broad product distributions, 

compared to the slower but more selective HDO found for 

smaller Pt particles. 
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