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Abstract 

 Dehydrogenation is the first reaction of the aqueous phase reforming (APR) mechanism 

of polyols, and its rate is likely affected by the environment at the active site. This study focuses 

on reactions of methanol on benchmark Pt/γ-Al2O3 catalysts probed by infrared spectroscopy 

under high vacuum. CO in linear and bridging coordination are the dominant surface species on 

metal sites. Pt particle sizes and reaction temperatures are varied to identify the kinetically 

preferred active site for methanol dehydrogenation as either lowly coordinated (edges, corners, 
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interface) or highly coordinated (terraces) metal atoms. Interpretation of temperature-

dependent IR spectra up to 450 °C show that larger Pt particles produce more CO at lower 

temperatures from complete methanol dehydrogenation. Similarly, time-resolved isothermal 

experiments at 150 °C showed equilibrium conversion occurred much faster on larger Pt 

particles than smaller ones. Features of evolving ν(C≡O) bands (shape, vibrational frequencies, 

integrals) suggest that, even on small Pt particles, CO first forms on the scarcely available 

terraces, or possibly in the form of islands. We have thus experimentally identified highly 

coordinated Pt metal as the more active site in overall methanol dehydrogenation. The 

electronic and chemical effects of co-adsorbed water and hydrogen on dehydrogenation 

activity and the CO spectra are discussed. The co-adsorption of water, an abundant APR 

component needed for the water-gas shift reaction, does not appear to affect methanol 

dehydrogenation on large Pt particles but hinders the reaction on small Pt particles as evident 

by limited growth in the respective ν(C≡O) bands.  

 

 

Introduction 

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 petroleum-based 

processes to renewable alternatives [1,2]. It remains an essential element for various processes 

including biomass upgrading [3], ammonia production [4] and Fischer-Tropsch synthesis [5]. In 

the current state, however, about 96% of H2 production relies on the processing of non-
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renewable resources such as coal, oil, and natural gas [6]. A promising alternative is the utilization 

of (hemi)cellulosic biomass as a secure, abundant, and renewable source of H2 [7]. Commonly 

known methods include direct pyrolysis and gasification of feedstocks as well as reforming of 

biomass-derived species such as ethanol [8]. However, 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 to by-product formation [9]. It is therefore 

necessary to explore alternative processes to ensure a competitive edge for biorefineries within 

the future energy industry. 

 Aqueous phase reforming (APR) has recently garnered much attention as a feasible 

heterogeneous catalytic process with the potential to produce H2 directly from biomass-derived 

oxygenates [10,11]. Possible feedstocks (typically CxH2x+2Ox polyols) may vary from smaller 

species, such as methanol, to larger molecules in low-value feedstocks, such as glycerol and 

monosaccharides or mixtures of oxygenates that are uneconomical to separate [12-14]. 

Operating at moderate temperatures (210-250 °C) and continuous flow, APR is notably 

compatible with conventional biorefinery technologies, capable of direct processing product 

stream from (hemi)cellulose hydrolysis, and does not require drying or separation of the 

feedstocks a priori [14-17].  The desired products, H2 and CO2, are gases that can be easily 

separated from the aqueous reaction medium [18]. Given its potential to produce large H2 

yields, APR has captivated numerous research groups that have since engaged in catalyst 

screening [19-23], optimization [14,24,25] and reactor design [26,27] aimed at further 

improving H2 yields. 
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Dumesic et al. first reported the conversion of biomass-derived oxygenates dissolved in 

H2O using a Pt/Al2O3 catalyst [10]. Theoretically, all of the H2 can be extracted from these 

reagents if the dehydrogenation → decarbonylation → water-gas shift reaction sequence is 

maintained without interference from side reactions. However, the reaction network is 

controlled by multiple factors that make understanding the mechanism of H2 production 

difficult. In practice, the H2 yield depends on the size of the oxygenate, with larger oxygenates 

resulting in lower H2 yields [10]. Additionally, APR is likely structure sensitive, evidenced by the 

observation that larger Pt particles showed higher H2 selectivity in glycerol APR without a 

significant change of the total conversion of glycerol [28]. Thus, a more fundamental 

understanding of the reactions involved in the APR mechanism is needed, so that improved H2 

production can be achieved.  

The APR mechanism may be better understood by studying the type of reaction 

separately. The first step of the desired reaction sequence is dehydrogenation, which involves 

breaking C-H and O-H bonds until a catalytically stable intermediate or product is reached 

[10,29]. 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 dehydrogenation reactions involving various types of alcohols 

(aryl, alkyl, etc.) [30-33]. For example, the turnover frequency of benzyl alcohol 

dehydrogenation on Au/hydrotalcite catalysts increased from ~0.08 to ~0.23 s-1 as the average 

Au particle size was decreased from between 4 and 12 to 2.1 nm [30]. It was proposed that 

metal atoms with low coordination numbers (e.g., edge and corner sites) are much more active 
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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 APR. In a recent 

computational study, we showed differences in the thermodynamics of C-H and O-H bond 

cleavage for methanol adsorbed on a Pt(111) terrace and at the interface between a small Pt 

cluster and a Lewis acidic Al2O3 support [34]. It was determined that Pt terrace sites are 

generally more active in C-H cleavage while those that are undercoordinated and located at the 

Pt/Al2O3 interface are more active in O-H cleavage. For the overall dehydrogenation 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 to structural sensitivity, the 

presence of interfacial H2O cannot be ignored. As a co-adsorbate, H2O can affect the electronic 

structure of surrounding metal atoms, compete for surface sites, and solvate adsorbed 

intermediates or transition states and thus influence cleavage of C-H and O-H bonds [35,36].  

 To gain fundamental insight into the APR mechanism, methanol conversion on Pt/γ-

Al2O3 catalysts in high vacuum (HV) was probed by infrared spectroscopy to isolate the 

dehydrogenation reaction. Pt particle 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-
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dependent and time-resolved experiments regarding the activity of different metal sites along 

with the effects of co-adsorbed water.  

 

Methods 

Catalyst synthesis and characterization 

 1% Pt/γ-Al2O3 was synthesized by wet impregnation. The γ-Al2O3 powder (Alfa Aesar 

99.97%) was continuously stirred as a 20 mL aqueous solution of dissolved chloroplatinic acid 

hydrate, H2PtCl6 (Sigma-Aldrich ≥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 impregnated γ-Al2O3 powder was then calcined at 500 °C 

for 4 h in air prior to reduction at (300, 500, or 700 °C for 3 h in 7% (v/v) H2/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% Pt/ γ-Al2O3 

commercial catalyst (Sigma-Aldrich #205974). 

 An aberration-corrected Hitachi HD 2700 scanning transmission electron microscope 

(STEM) was used to image supported Pt particles. The resulting high-angle annular dark-field 

images were acquired with an electron beam convergent angle of 27 mrad and a detector 

collection angle of 70-370 mrad. Average Pt particle sizes and Pt particle size distributions were 

determined by manual measurements of 300 – 500 particles per sample. 
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 A Thermo-Scientific Scanning X-ray photoelectron spectrometer (XPS) was used to 

calculate the surface composition of Pt/γ-Al2O3 catalysts. Samples were placed under vacuum 

with pressure below 4.5 x 10-7 mbar. 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 metal-free 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 bands [37], 

respectively, along with the following equation:  

𝐶𝑥 =  
𝐼𝑥/𝑆𝑥

∑ 𝐼𝑖/𝑆𝑖𝑖
 

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. 

 A Micromeritics ASAP 2020 analyzer was used for N2 physisorption and surface area 

measurements. All samples were initially degassed at 200 °C for 6 hr. The surface area was 

determined based on the BET method [38]. 

 

Pyridine adsorption followed by IR spectroscopy 

 The Lewis acidity of the catalysts was measured through temperature-programmed 

desorption of pyridine followed by IR spectroscopy. A Thermo 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 
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activated at 450 °C for 1 h prior to the incremental 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 temperature at with they can retain pyridine under HV. The 

concentration of Lewis acid sites was calculated with the equation: 

𝐶𝑤 =  
𝑆 × 𝐴

𝜀 × 𝑊
 

Where S is the circular area of the catalyst wafer probed by IR spectroscopy, A is the integral of 

the 1440 cm-1 band resulting from pyridine adsorption on γ-Al2O3 Lewis acid sites, ε is an 

extinction coefficient of 1.71 cm/μmol used for γ-Al2O3 [39], W is the weight of the probed 

area, and Cw is the concentration of Lewis acid sites. 

 

Infrared spectroscopy 

 IR spectroscopy experiments were conducted using a Thermo Scientific Nicolet 8700 FT-

IR spectrometer with an MCT/A detector. All spectral data was acquired and processed using 

Thermo Scientific Omnic software. Infrared spectra were obtained with 64 scans using an 

aperture of 75, optical velocity of 1.8988, and resolution of 1.928 cm-1. 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 450 °C (10 °C/min) for 1 

h prior to measuring a spectrum of the pretreated catalyst. The catalyst was then exposed to 

0.5 mbar of methanol (VWR International ≥99.8%) vapor at 50 °C and allowed to equilibrate. 
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For experiments involving methanol adsorption on hydrated catalyst surfaces, the catalyst was 

exposed to 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 between to 

obtain all scans at 50 °C. The spectrum of the dry catalyst surface was subtracted from those 

with H2O- and methanol-derived surface species. 

 

Results 

Catalyst characterization 

 All Pt/γ-Al2O3 catalysts were characterized to illustrate the impact of various synthesis 

procedures. The BET surface areas of all catalysts were comparable between 63 and 71 m2/g, 

and no significant changes were witnessed with respect to reduction temperature (Table 1). 

Calculated Lewis acidities (Figure S1) showed a consistent decrease in acid site concentrations 

with respect to temperature between different samples. The Lewis acidity of bare γ-Al2O3 

gradually declined from 104 μmol/g at 150 °C to 35 μmol/g at 450 °C. Those of the Pt/γ-Al2O3 

remained consistently lower (~10 – 30 μmol/g) due to the obstruction of acid sites 

(coordinatively unsaturated Al3+ sites [40]) by Pt particles. STEM micrograms (Figure 1) verified 

the increased average particle size with increasing reduction temperature (Table 1). Not only 

do the micrograms reveal high dispersion of Pt nanoparticles across the γ-Al2O3 surface (for 

R500 and the commercial catalyst in Figures 1a and 1c, respectively), but also the presence of 

some single Pt atoms on R300 (Figure 1a). Overall, Pt particles on in-house synthesized 1% Pt/γ-
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Al2O3 catalysts possessed average diameters of 0.5 - 2 nm. These small particles innately 

possess a large fraction of lowly coordinated Pt sites. On the contrary, the 5% Pt/γ-Al2O3 

commercial catalyst exhibited a much wider distribution of Pt particle sizes from about 2 - 7 nm 

and an average size that was 3-5 times larger than those of the synthesized samples. Thus, this 

material contained a large fraction of highly coordinated Pt sites, or terrace sites. 

The residual chlorine content from the utilization of H2PtCl6 during wet impregnation 

was measured by XPS on a metal-free basis (Table 1). Thus, these atomic percentages should 

only be considered as a trend between synthesized catalysts. As expected, the residual chlorine 

content declined with increasing reduction temperature; from 0.64 % at 300 °C to 0 % at 700 °C. 

 

Table 1. Characterization data for γ-Al2O3 and all Pt/Al2O3 catalysts. 

Sample γ-Al2O3 
Synthesized 1% Pt/γ-Al2O3 Pt/γ-Al2O3 

com. cat. R300 R500 R700 

Average Pt 
particle size 

(nm) 
- 1.0 1.1 1.3 4.6 

BET Surface 
Area (m2/g) 

54 63 71 66 70 

Cl % (metal 
free basis) 

0 % 0.64 % 0.52 % 0.00 % 0.00 % 

Actual Pt 
loading (by 

wt.) 
- 0.84 % 3.62 % 
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Figure 1. STEM micrograms of Pt/Al2O3 catalysts. a) R300 with a group of single Pt atoms (red 
oval), b) R500, c) R700, and d) the commercial catalyst. Particle size distributions of e) R300, 
f) R500, g) R700, and h) the commercial catalyst. 
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Formation of surface species from methanol 

The adsorption of methanol on γ-Al2O3 resulted in the emergence of several IR bands 

(Figure S2 for γ-Al2O3 and Figure S3 for chlorinated γ-Al2O3). These bands are assigned based on 

previous work by Busca et al [41]. A broad band at ~3000-3500 cm-1 represented the ν(O-H) 

modes of hydrogen bonding OH groups from adsorbed methanol and the alumina support. This 

is accompanied by a group of higher frequency negative bands at 3675, 3732, and 3766 cm-1 

that represent the non-hydrogen bonding surface hydroxyl groups of γ-Al2O3 prior to methanol 

adsorption [41]. A large band at 1095 cm-1 was accompanied by smaller high and low frequency 

shoulders centered at 1190 and 1034 cm-1, respectively. These bands were associated with ν(C-

O) modes of different methanol-derived surface species.  Two medium bands with multiple 

shoulders appeared centralized at 2954 and 2818 cm-1. Much of this contribution is due to the 

asymmetric and symmetric ν(CHx) modes of different species. Weak bands conglomerated at 

1476 and 1420 cm-1 were due to CHx deformations. 
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Figure 2. Infrared spectra of adsorbed methanol a) γ-Al2O3 and b) Pt/γ-Al2O3 catalysts (R500) 
under 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. 

 

The same bands were seen during methanol adsorption on Pt/γ-Al2O3 catalysts (Figure 

2). The presence of Pt particles during methanol adsorption resulted in an additional strong 

band centered at 2048-2080 cm-1 and a much weaker broad band at 1700-1850 cm-1 (Figure 

2b). These bands were assigned to the stretching modes of CO bound to Pt in the linear (COL) 

and bridging (COB) coordinations, respectively [42]. The former species typically represents 

“one-fold” binding, while the latter typically represents two- or three-fold binding. Formation of 

adsorbed carbon monoxide species indicates complete dehydrogenation of methanol. 
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Increased temperatures resulted in increased integrals associated with CO with concomitant 

decreases in the bands affiliated with other methanol-derived species on γ-Al2O3, indicating 

higher conversions were achieved at higher temperatures.  

 

Influence of the Pt particle size 

The temperature-dependent evolution of the COL stretching band varied between 

different Pt/γ-Al2O3 samples with different metal particle size distributions (Figure 3). 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 other elements 

on the catalyst surface [43,44]. Distinct features were present within the entire range of 1900 – 

2150 cm-1.  

For all synthesized Pt/γ-Al2O3 samples, the highest intensity was observed within the 

narrow range of 2048 – 2052 cm-1. For the commercial catalyst, the band centered at 2079 cm-1 

dominated the region. Each spectrum consisted of a broad low-frequency shoulder that 

extended as low as 1900 cm-1. 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 COL adsorbed near the 

Pt/γ-Al2O3 interface with a weaker C≡O bond due to interactions with Lewis acid sites [34,45]. 
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The bands for the synthesized Pt/γ-Al2O3 samples possessed high-frequency shoulders. 

The shoulder at 2071-2074 cm-1 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 COL band of the commercial 

catalyst, centered at 2079 cm-1. While this band is also associated with COL on metal sites, we 

attributed this slight increase in ν(C≡O) frequency to dipole-dipole coupling between adjacent 

adsorbed COL species [46]. An additional high frequency shoulder was observed at 2100 cm-1 

for the R300 and R500 samples. This was more evident for the COL band for R300 and was 

completely absent for the spectra of R700 and the commercial catalyst. One possible 

 

Figure 3. COL stretching bands in infrared spectra obtained during temperature-programmed 
conversion of methanol adsorbed on Pt/γ-Al2O3: a) R300, b) R500, c) R700, d) commercial 
catalyst. Absorption band magnitudes are normalized for direct comparison. 
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assignment for these particular bands is CO adsorbed on Pt sites that are partially oxidized 

(Ptδ+) due to residual Cl left behind by the H2PtCl6 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 experiment was performed on a sample of R700 that was 

dosed with HCl to achieve 5 wt. % Cl (Figure S4). Not only did the high frequency shoulder 

emerge with similar intensity as that on R300, but the entire COL band blue-shifted by about 30 

cm-1. Another possible contribution to these high-frequency bands is CO adsorption on isolated 

Pt atoms, an assignment made in other studies [47,48]. Single metal atoms could engage in 

charge transfer with Lewis acidic supports and become slightly oxidized, thus resulting in higher 

ν(C≡O) frequencies [49]. While the STEM micrograms revealed the occasional single Pt atom 

(Figure 1b), 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 discussed and justified later. 

Changes to the ν(C≡O)L frequency with increasing reaction temperature were observed 

for each Pt/γ-Al2O3 sample (Figure 4a). For R300, the ν(C≡O) band remained low at ~2042 cm-1 

until the temperature reached 350 °C when it shifted to 2047-2048 cm-1. The ν(C≡O) frequency 

of CO on R500 exhibited a more linear trend, starting at 2046 cm-1 at 50 °C and approaching 

2052 cm-1 at 450 °C. Until 350 °C, the ν(C≡O)L frequency for R700 remained about 2 cm-1 higher 

than that for R500, but it also plateaued at 2052 cm-1 above 250 °C. The ν(C≡O) frequency for 

COL adsorbed on the commercial catalyst remained at 2080 ±1 cm-1 for the whole experiment 

which is well above that of the synthesized samples (note the y axis break in Figure 4a).  
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Figure 4. Spectroscopic data for methanol adsorption on various Pt/γ-Al2O3 catalysts. Changes 
in a) vibrational frequency and b) integrals of the COL stretching vibrational mode with 
increasing reaction temperature. The error for COL vibrational frequencies is within ±3 cm-1. 

 

The integrals of the cumulative COL bands (i.e., 1900 – 2150 cm-1) were obtained at each 

reaction temperature and plotted as normalized fractions with respect to the maximum area 

obtained for the respective catalyst sample (Figure 4b). At 50 °C, R300 achieved only 11% of its 

maximum observed integral. In contrast, the COL band integrals at 50 °C for R500, R700 and the 

commercial catalyst reached 26, 70, and 90% of their maximum areas, respectively. This 
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suggests that larger Pt particles, or highly coordinated Pt atoms, are more active in methanol 

dehydrogenation at lower temperatures. The R700 and commercial catalyst reached their 

maximum COL integrals at 350 °C, while those with smaller Pt particles required 450 °C.  

 

Effect of adsorbed H2O on methanol dehydrogenation 

 Methanol adsorption experiments were also conducted following exposure of Pt/γ-Al2O3 

catalysts to 0.5 mbar of water vapor. The adsorption of H2O resulted in an intensive, broad 

band within the 2570 – 3660 cm-1 range due to stretching vibrations of hydrogen bonding OH 

groups, while the scissoring deformation mode of H2O was observed as a medium band at 1646 

cm-1 (Figure S5). The spectrum of the hydrated catalyst was subtracted from presented spectra 

to isolate methanol-derived surface species. H2O-derived species, including physisorbed 

molecular H2O within multilayers and surface hydroxyls resulting from dissociative 

chemisorption, are expected to desorb as the temperature is increased.  

The same bands in the 1900 – 2150 (COL) and 1700 – 1850 cm-1 (COB) regions emerged 

over hydrated Pt/γ-Al2O3 and dry Pt/γ-Al2O3 during the adsorption of methanol (Figure 5), 

demonstrating that methanol dehydrogenation was still achieved in the presence of pre-

adsorbed water. However, for R700 and the commercial catalyst, a few key differences were 

noted. First, the relative magnitude of the COB band was larger. As a surface species, water is 

expected to donate electron density the metal hence weakening the C≡O bond (vide infra) 

enough to facilitate to conversion of some COL species to COB [50,51]. This effect was more 
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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. 

 

Figure 5. IR spectra of temperature-programmed methanol dehydrogenation on Pt/γ-Al2O3 
catalysts. a) methanol on R700, b) methanol/H2O on R700, c) methanol on the commercial 
catalyst, and d) methanol/H2O 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 those of species previously identified on dry Pt/γ-Al2O3. 
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In addition, a strong band at 1593 – 1595 cm-1 was observed in the IR spectra of species 

on R700 and the commercial catalyst. This represents O-C-O asymmetric stretching mode of a 

formate species [52]. This is accompanied by additional bands at about 2900 – 2909, 1395, and 

1374 – 1376 cm-1 representing the C-H stretching, symmetric O-C-O stretching, and O-C-H in 

plane bending modes of formates [53]. The weak, broad feature centered at 2998 cm-1 is 

believed to arise from the combination of multiple -C-H and =C-H stretching modes in this 

species [53]. At 250 °C, a weak doublet appeared at 2200 – 2400 cm-1 and was identified as a 

νas(C=O) mode of adsorbed carbon dioxide [54]. This doublet continued to grow slightly with 

increasing temperature up to 450 °C. The spectra of methanol-derived surface species on 

moisturized catalysts with small Pt particles, R300 and R500 (Figure S6), showed only a weak 

asymmetric O-C-O stretching band at 1593 cm-1 as low as 150 °C. There was no evidence of 

adsorbed carbon dioxide on these samples.  
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Figure 6. Position and fractional peak of the COL stretching peak after methanol adsorption 
on various hydrated Pt/γ-Al2O3 catalysts. a) vibrational frequency and b) integrals of the COL 
stretching vibrational mode with increasing temperature. The error for COL vibrational 
frequencies is within ±3 cm-1. 

 

 The vibrational frequencies and integrals of the COL stretching band during methanol 

dehydrogenation on the Pt/γ-Al2O3 catalysts (Figure 6) 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 150 °C for R300 and R500 because there 

was no evidence of CO formation. By 450 °C, their COL frequencies were 2048 and 2051 cm-1, 
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respectively. Below 150 °C in HV, co-adsorbed water decreased the frequencies of COL on larger 

Pt particles by 5 – 8 cm-1, in agreement with previous results [55]. In fact, this decrease was 

consistent amongst every synthesized Pt/γ-Al2O3 sample below 250 °C. The frequencies lined up 

with those of dry experiments around 350 and 450 °C when much of the H2O 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 at 50 °C were 38 and 89 %, 

respectively. The integral 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 H2O had presumably desorbed. That of R700 was comparatively linear while that of 

the commercial 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 did not seem to drastically 

change the frequency or integral trends.  

 

Rates of CO Formation 

 The time-resolved intensities of COL and COB stretching bands on R500 and the 

commercial catalyst were studied in the presence of 0.5 mbar of methanol vapor at 150 °C 

(Figure 7). While these Pt particles possess a wide variety of different metal sites, time resolved 

CO formation can reveal where methanol dehydrogenation occurs preferentially and how 

quickly the coverage of different Pt particles reaches equilibrium. 
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Figure 7. CO stretching bands during methanol dehydrogenation on a) R500, b) R500 pre-
exposed to H2O vapor, c) the commercial catalyst, and d) the commercial catalyst pre-
exposed to H2O 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 spectra) and time 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. The COL frequency started at 2076 cm-1 and ended at 
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2047 cm-1 after 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 minute and showed 

an original COL band at 2072 cm-1. In addition, the frequency of the COL band on this sample 

shifted to 2066 cm-1 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 particles, the presence of water resulted in a remarkable amplification of 

the COB stretching mode. The growth of this band appeared to be synchronized with that of the 

COL with both saturating around the same time. In addition, water appeared to impede 

methanol dehydrogenation on smaller Pt particles given the differences in observed COL 

integrals at similar times, most notable during the first 10 min. After 5 min, the integral of the 

COL peak for small, dry Pt particles was about 81% of the value at saturation. For the small Pt 

particles pre-exposed to water, the corresponding area was only 20 % of its saturated value.  

 

Discussion  

Interpretation of adsorbed CO spectra 

Vibrational modes of adsorbed CO strongly depend on the environment. The vibrational 

species of COL and COB at 2048-2080 and 1700-1850 cm-1, respectively, are much lower than 

that of gaseous CO at 2143 cm-1 [56], indicating strong interactions with Pt. The COL species is 

characterized primarily by strong dative σ-bonds in which electrons from the CO HOMO are 

donated to the adsorbing Pt atom, while the COB species involves a more extensive degree of π 
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back bonding from the metal to the CO antibonding LUMO (and can include two- and threefold 

coordinate sites on Pt terraces) [57-60]. The vibrational frequency of CO on Pt depends on a 

combination of electronic (metal atom coordination, oxidation state) [43,47,61,62] and 

chemical effects (co-adsorbates, solvation) [50,51].  

Adsorbed CO is notably sensitive to the coordination of the adsorbing metal atom. It is 

generally accepted that CO on Pt atoms of higher coordination exhibit higher frequencies and 

thus stronger C≡O bonds [62]. This accounts for the main area of the COL band centered around 

2050 cm-1. The large, low-frequency shoulder, extending as low as 1900 cm-1, is unique to CO 

adsorbed to lowly coordinated metal sites anchored to Lewis acidic supports. In the specific 

case with Pt/γ-Al2O3, it is theorized that the bonding electrons of CO adsorbed near the metal-

support interface interact with neighboring Lewis acid sites, thus weakening the CO bond and 

lowering the ν(C≡O) frequency [45]. This assignment was confirmed by our recent 

computational study [34].  

Methanol dehydrogenation resulted in a large ν(C≡O) band at 2079 cm-1 on large Pt 

particles (Figure 3d). This strong band was likely related to the high frequency shoulder 

centered at 2071 – 2074 cm-1 seen on the smaller Pt particles. This suggests that an adsorbed 

CO species of distinct characteristics forms more readily on larger Pt particles, and exhibits 

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 vibrate 

in-phase with each other, they engage in dipole-dipole coupling because the orbitals of 

neighboring CO species interact in a way which further polarizes and strengthens the C≡O bond, 

enlarges the band integral, and increases the stretching frequency [63]. These “CO islands” can 
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more easily form on larger Pt particles that possess larger terraces, hence the stronger 2079 

cm-1 band seen during methanol dehydrogenation on the commercial catalyst. 

The small high frequency shoulders seen above 2100 cm-1 on R300 and R500 are 

attributed to adsorbed CO on slightly oxidized Pt sites (Ptδ+) either from proximity to residual 

surface Cl (from the H2PtCl6 precursor) or isolation as single Pt atoms. After deliberately dosing 

R700, which contained no Cl according to XPS (Table 1), with 5 wt. % HCl, the high frequency 

shoulder appeared during methanol dehydrogenation (Figure S4). This suggests that some Pt 

sites were partially oxidized, leading to decreased π-back bonding to adsorbed CO, a stronger 

C≡O bond, and a higher stretching frequency. We believe that the 30 cm-1 shift of the entire COL 

peak, also observed in a previous study [64], was due to an electron withdrawing effect due to 

adsorbed Cl near Pt sites. Another contributing factor may be CO bonded to Pt single atoms as 

noted by other studies [47,66]. These atoms may possess decreased electron density due to 

direct electron exchange with the support [66]. The extent of π-back bonding to CO would be 

reduced, justifying the presence of a high frequency shoulder of the COL stretching band. 

However, the significance of the contribution of this latter species to the high frequency COL 

stretching band remains to be quantified. 

 

Pt particle size effects on dehydrogenation activity 

The metal particle size of a supported catalyst correlates directly with the speciation of 

metal sites on the surface. Large metal particles have more highly coordinated terrace sites 

compared to the larger abundancy of edges, corners, and kinks on small metal particles. These 
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different sites are expected to exhibit different reactivity due to differences in their electronic 

structures and sterics of adsorbed species [68]. The R300, R500, and R700 samples had average 

Pt particle sizes of 1.0, 1.1, and 1.3 nm, respectively, with different overall size distributions. 

Comparing these to the commercially obtained Pt/γ-Al2O3 catalyst with an average Pt particle 

size of 4.6 nm and a wide size distribution was an efficient way to study the reactivity of metal 

sites with different coordination. 

The present IR spectra of adsorbed CO formed by methanol dehydrogenation give 

insight into the reactivity of active sites (Figures 2 and 3). The prominent C≡O stretching modes 

for all catalysts with Pt particle sizes as small as 0.5 nm and as large as 7+ nm (Table 1) showed 

that methanol dehydrogenation may proceed on a variety of metal sites. However, 

corroborating trends between Pt particle size and certain features of the COL band imply that 

highly coordinated Pt sites are preferred for dehydrogenation. For instance, larger COL band 

integrals (i.e., higher conversions) were observed on catalysts with larger Pt particles at lower 

temperatures (Figure 4b). However, the differences in ν(C≡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 between R700 and 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. 
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Inter-adsorbate 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) crystals [69,70]. In general, the distribution of CO across the surface, and therefore 

the nature of adsorbed CO bands, is coverage-dependent. For instance, Krebs and Lüth 

observed an initial COL band centered at 2068 cm-1 while probing extremely low CO coverages 

on Pt(111) [42]. Upon achieving 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 (2079 

– 2095 cm-1), which remained unchanged when the CO exposure was increased further. 

Because this band appeared independently, as opposed to a steady shift of the initial band, it 

was assigned to the COL stretching mode of adsorbed CO involved in dipole-dipole coupling. 

The uniformity of site on the Pt(111) single crystal supports the interpretation that this was 

indeed a coverage effect rather than a kinetic effect due to preferential CO formation on a 

specific type of site. The same coupling phenomenon seen on Pt single crystals can also occur 

on Pt nanoparticles.  

While increasing CO coverage leads to observable dipole-dipole coupling, it also results 

in repulsion between species that are directly adjacent [72,73]. Repulsion 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 Å apart) is ~0.05 eV [74]. This results in a lower activation 

energy for desorption and even the reconstruction or division of large metal terraces and 

particles [75-79]. This could explain the decreased COL band integral observed for R700 and the 

Pt/γ-Al2O3 commercial catalyst at higher temperatures (Figures 3 and 4). Because the decrease 
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in the 2079 cm-1 band for the commercial catalyst was not matched to an observable increase 

in the band around 2050 cm-1, we attribute the smaller COL integrals to desorption rather than 

migration of adsorbed CO to metal sites of lower coordination.  

Time-resolved experiments can provide deeper insight into the most preferred metal 

sites for dehydrogenation and CO binding. When R500 was first exposed to methanol vapor, 

the only peak present in the ν(C≡O) region was located at 2076 cm-1 which aligns with the 

primary COL band of the commercial Pt/γ-Al2O3 (Figure 7). At such a low coverage, this early 

band development matches that in previous studies [42], yet appears to be distinct from the 

primary band observed in the 2046 – 2052 cm-1 range at equilibrium. With this there are two 

possible interpretations. (1) The formation of COL starts on highly coordinated Pt sites. Once 

these sites are occupied, the band at 2047 cm-1 becomes dominant shortly after, indicating that 

subsequently formed CO resides on Pt sites with lower coordination. The largest Pt particles 

seen on R500 were within the 1.5 – 2 nm, ~10% of the size distribution (Table 1), which are still 

capable of establishing small Pt terraces and thus CO islands. (2) Following methanol 

dehydrogenation, adsorbed COL is initially clustered together with a high ν(C≡O) frequency of 

2076 cm-1 (compared the primary 2046 cm-1 frequency that dominates the spectrum shortly 

after) resulting in dipole-dipole 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 

2076 cm-1 shoulder. Since CO islands with pronounced dipole-dipole coupling form more easily 

on larger Pt terraces, it is again suggested that highly coordinated Pt sites are more active 

methanol dehydrogenation.  
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Fewer studies have focused on the specific inter-adsorbate forces between adsorbed CO 

and hydrogen, which is to be expected based on the 4:1 ratio of H*:CO* from complete 

dehydrogenation of methanol. Cheah et al. suggested that repulsion between adjacent CO* and 

H*  is somewhat stronger than that of CO*-CO* [80]. The repulsion energy between CO* and 

H* on adjacent Pt sites (2.77 Å) can be ~0.11 eV on a Pt(111) surface [81], compared to that of 

~0.05 eV for CO*-CO* repulsion [74]. On Pt/γ-Al2O3, the 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 initial 2075 cm-1 band seen during early exposure of 

R500 to methanol vapor (Figure 7a), 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 outwards towards the nanoparticle edges. There it would 

either remain bound or leave the metal surface by associative desorption on lowly coordinated 

Pt [82-85] or reaction with adsorbed oxygen to form H2O. To a small extent, hydrogen could 

spillover onto the γ-Al2O3 support, especially if the support contains defects [86-88]. Any of 

these phenomena would free up sites for methanol conversion and hence CO formation. As the 

Pt 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 desorption, which occurs more 

readily on larger Pt particles as previously discussed, or the WGS reaction [34,89]. 
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Effects of water 

 As a solvent for oxygenates and an essential reagent, water is the by far the most 

abundant component in APR reactors. Consequently, the influence of water on the evolution of 

relevant intermediate species can have a significant impact on dehydrogenation activity [35]. 

This may include 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 Pt/γ-Al2O3 samples as shown by a strong broad O-H 

stretching band at 3000 – 3500 cm-1 and a medium H-O-H scissoring deformation band 

centered at 1646 cm-1 (Figure S5). The Lewis acid sites of γ-Al2O3 have a particularly strong 

affinity to water [90]. At increased temperatures, formation of a boehmite phase with 

decreased acidity is expected unless the alumina is stabilized [90-95].  

The appearance of adsorbed CO stretching bands on hydrated catalyst surfaces suggest 

methanol dehydrogenation still occurs under the presence of co-adsorbed water. A few 

observations from the kinetic experiments (Figure 7) in particular can provide insight to the 

effects of water. First, the increase in integrals of the COL and COB bands appear to be in sync 

and equilibrate at the same time (30 min for small Pt particles and ~1 min for large Pt particles). 

On a dry Pt terrace, the fraction of COB is known to be coverage-dependent [97]. As coverage 

increases, CO species transition from isolation to islands where COB formation begins due to 

dipole-dipole coupling [42]. Yet, COB appears to be present at low CO coverages in all 

experiments with and without water. In addition, the presence of COB is largely amplified on 
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small Pt particles when they are hydrated with H2O (Figure 7b) but not on large, hydrated Pt 

particles (Figure 7d) where islands form more easily on larger terraces. The primary frequency 

even decreased about 10 cm-1 over 5 minutes, suggesting that the extent of dipole-dipole 

coupling decreases due to the instability of CO islands. These points together suggest that the 

majority of adsorbed CO resulting from methanol dehydrogenation intermixes with co-

adsorbed H2O rather than segregating into separate islands. A similar conclusion was reached 

by Kizhakevariam et al. when modeling CO/H2O co-adsorption on Pt electrode interfaces [98]. 

This suggests that changes in the CO stretching bands are dominated by the electronic and 

chemical effects of co-adsorbed H2O and a concomitant reorganization of adsorbed CO on Pt 

sites. 

With co-adsorbed water present, the initial rate of methanol dehydrogenation over 

R500 (Figure 7b) was reduced significantly. It took about 5 min for discernable, yet still weak, 

CO bands to appear while CO formation on the commercial catalyst seemed virtually unaffected 

(Figure 7d). This suggests that the presence of co-adsorbed 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 H2O. It is known 

that H2O has a higher binding energy on Pt sites with lower coordination [99]. 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 CO [50,51]. This would improve the back bonding into the CO 

π* LUMO, thus decreasing the ν(C≡O) frequency. In addition, a decrease in the catalyst acidity 

due to the partial hydration of γ-Al2O3 into boehmite might decrease the Fermi level of 
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supported Pt atoms [100]. This effect increases the availability of electrons near the d-band 

edge. These phenomena simultaneously improves the ability for Pt to back donate into the CO 

π* molecular orbital, thus reducing the C≡O bond strength [101]. This is reflected by a red shift 

of the ν(C≡O) band [51]; more so on R700 and the commercial catalyst which demonstrated 

methanol conversion at low temperatures with (2045 and 2073 cm-1, respectively, at 150 °C) 

and without adsorbed water (2050 and 2081 cm-1, respectively, at 150 °C). This effect, seen 

here under UHV conditions, is further amplified during APR using liquid flow as previously 

witnessed [59,60]. Solvation of adsorbed CO by H2O 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; oxidation via the water-gas 

shift reaction in this case. For adsorbed CO, multiple studies claimed that the red shift of CO 

stretching bands is evidence for the solvation of adsorbed CO [50,51,98]. This is most evident 

on small Pt particles (Figure 7a,b) where solvation by H2O may also contribute to differences in 

the COB band integral on a hydrated catalyst surface. The COB frequency range was about 1730 

– 1880 and 1700 – 1850 cm-1 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 H2O-induced promotion of COB, the active intermediate in the WGS reaction, 

was evident only on small 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. 

 

Conclusion 
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 Renewable hydrogen production via aqueous phase reforming (APR) is initiated by 

alcohol dehydrogenation of cellulosic biomass-derived oxygenates. The catalysis fundamentals 

behind this reaction are isolated by observing methanol conversion on Pt/γ-Al2O3 using infrared 

spectroscopy under high vacuum with and without co-adsorbed H2O. Evolution of the resulting 

CO stretching bands, linear CO (COL) at 1920 – 2140 cm-1 and bridging CO (COB) at 1750 – 1800 

cm-1, 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 complete dehydrogenation of methanol than 

undercoordinated sites.  Larger ν(C≡O) bands were also observed for the catalyst with larger Pt 

particles as low as 50 °C in temperature-programmed experiments. Even on smaller Pt particles, 

methanol appears to dehydrogenate on the metal sites of highest coordination first. The 

presence of water amplifies the presence of COB but impedes the rate of methanol 

dehydrogenation on small Pt particles below 250 °C perhaps due to strongly bound water on 

lowly coordinated Pt, especially 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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