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Abstract 

Here we report an in situ UV-Visible spectroscopy study of O2 and H2 adsorption on small 

gold nanoparticles supported on SiO2, Al2O3, ZrO2, ZnO, and TiO2 P-25 at high temperature 

which provides insights into gold adsorption and active sites. In situ gold surface plasmon 

resonance peak shifts from alternating and consecutive adsorption of O2 to H2 were correlated to 

relative charge transfer from/to gold via a Drude-Lorentz model considering contributions from 

free electrons and interband transitions. A novel methodology matching the relative charge 

transfer (from O2 and H2 adsorption at 398 K and flowing conditions) with Au surface site 

statistics derived from a truncated octahedron geometric model was used to provide strong in situ 

experimental and spectroscopic evidence for adsorption of O2 and H2 at the gold-support 

perimeter, which agrees with prior hypotheses for active site location from reactivity and 

theoretical studies. The prepared catalysts were also evaluated for CO oxidation at 398 K. The 

resulting TOFs normalized per different surface site location indicated that conversion rates were 
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not limited by the density of sites at the gold-support perimeter, but by the total gold surface 

sites, which were also further differentiated by the reducibility of the catalyst support.  

 

Keywords: In Situ UV-Vis Spectroscopy; Gold Catalyst; Surface Plasmon Resonance; Oxygen 

Adsorption; Hydrogen Adsorption; Site location; Active site; Oxidation; Hydrogenation 

1. Introduction 

For a long time, gold has attracted the interest of mankind as a valuable metal for use as 

jewelry and commodity money because of its relatively rareness, malleability, and apparent 

chemical inertness. Discoveries around the 1980s by Haruta, Hutchings, and others, however, 

showed that highly dispersed gold is active as a catalyst for several reactions including olefin 

hydrogenation [1], acetylene hydrochlorination [2], CO [3], olefin [4], and alcohol oxidation [5]. 

These findings open new possibilities in heterogeneous catalysis, in particular, for highly 

dispersed gold nanoparticles (NPs) [6]. Among these reactions, oxidation on gold catalysts has 

been perhaps the most studied for its environmental and industrial relevance in the selective 

conversion of CO and alcohols and production of propylene oxide and hydrogen peroxide at mild 

conditions [6]. Due to its optical properties, gold has also found use as a plasmonic sensor in 

biomedical applications for the determination of kinetics of adsorption of biocompatible 

chemicals [7] and more recently as a plasmonic catalyst [8]. These applications exploit gold 

nanoparticles ability to absorb or scatter light in the visible spectrum resulting in strong 

electromagnetic fields around the nanoparticle [9].   

In heterogeneous catalysis, in situ and operando spectroscopic characterizations are required 

to probe catalysts adsorbed species and active sites at relevant reaction conditions of 

temperature, pressure, and reactants partial pressures [10]. In combination with kinetic methods, 

they can be also used to evaluate the kinetic relevance of such surface species in a catalytic cycle 

[11, 12]. For example, in CO oxidation by gold catalysts, in situ spectroscopic studies have 

provided a better understanding of intermediate adsorbed species, support oxygen vacancies, 

gold particle size and oxidation state via Fourier transform infrared (FTIR) [13-15], Raman [15], 

UV-visible [15], and X-ray absorption spectroscopies (XANES, EXAFS) [16, 17]. 

Complementary computational and kinetic studies have also helped elucidate the intricacies of 

CO oxidation mechanism on gold catalysts [6, 13] involving dual active sites (Au and Au-
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support interface neighboring sites) or single Au sites only. On Au/TiO2 catalysts, for example, 

oxygen active species have been hypothesized to be present along the perimeter of the Au-TiO2 

interface which react with adsorbed CO in a rate controlling step to form CO2.  

In oxidation and hydrogenation reactions, determining adsorption sites of reactants such as O2 

and H2 can help guide the design of more active catalysts. In the case of O2 adsorption on gold 

catalysts, the coverage of such adsorbed O2 species has been probed with TAP (temporal 

analysis of products) technique [18, 19]. Other methods such as temperature programmed 

reduction/oxidation (TPR/TPO) or titration via alternate O2/CO pulses, but they are limited to 

reducible supports [20]. The exchange of surface O2 via 18O/16O isotopic exchange on Au/CeO2 

has also been reported, but it requires expensive labeled O2 [20]. XANES has been also reported 

to evidence adsorption of O2 species on Au/TiO2 [16] and Au/Al2O3 [17] during exposure to O2 

and on Au/TiO2 and Au/TS-1 during in situ transients of propane oxidation with H2 and O2 [21-

23]. The latter report demonstrated a correlation between Au L3 XANES whiteline and shifts in 

the gold plasmon resonance peak as tracked by UV-Vis spectroscopy. These results implied that 

UV-Vis spectroscopy could be used as a more accessible technique to sense and yield 

information on species adsorbed on supported polycrystalline gold catalysts. A few reports can 

be found on the use of plasmon techniques to sense O2 and H2 adsorption on gold but mainly on 

thin films of Au-YSZ (Yttria-stabilized zirconia) [24], Au-CeO2 [25], Au-SiO2 [26], Au-TiO2 

[27], and Au-ZrO2 [27]; and on powder Au/TiO2 [28, 29]. Recently, the method was exploited to 

indirectly study heterogeneous catalysts via in situ transmission UV-Vis spectroscopy of thin 

catalyst coatings deposited over a glass substrate covered with nanofabricated gold disks [30, 

31]. Application examples of this method include monitoring adsorbate coverage during CO and 

H2 oxidation on Pt nanoparticles [30], NOx storage kinetics on Pt/BaO [30], oxidation/reduction 

[31] and H2 uptake/release in Pd nanoparticles [32]. With the exception of UV-Vis 

measurements on powder catalysts, all other applications are of limited access, relative 

expensive, complex, or performed on nanofabricated model thin films. Despite these reports, the 

application of UV-Vis spectroscopy and gold plasmon resonance to powder catalysts to sense 

changes in properties relevant to gold catalysis, for example, due to adsorption/desorption of 

surface species and support properties, has been rarely exploited [21-23, 28, 29]. 

In this work, we focused on the development of a simple and relatively sensitive in situ gold 

plasmon UV-Vis spectroscopic methodology to characterize O2 and H2 adsorption on gold 
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nanoparticles supported on a variety of materials including SiO2, Al2O3, ZrO2, ZnO, and TiO2 to 

gain insights into O2 and H2 adsorption on surface gold sites. These catalysts were prepared by a 

deposition-precipitation (DP) method using ammonia as the base titrant rather than the more 

common sodium hydroxide to avoid sample contamination with Na. SiO2, Al2O3, ZrO2, ZnO, 

and TiO2 materials were chosen because: 1) they are ubiquitous as catalyst supports; 2) they 

were available in a relatively narrow surface area range ~15-70 m2/g; and 3) they resulted in 

samples with gold nanoparticles in the 5-10 nm range and pronounced gold plasmon features. It 

will be shown that in situ changes of the gold plasmon resonance peak in flowing O2 or H2 at 

high temperature (398 K) can be correlated with adsorption at the metal-support perimeter of the 

studied gold catalysts. A preliminary evaluation of the catalysts at 398 K in the oxidation of CO 

will also indicate that at this high temperature, CO conversion rate is not limited by the 

availability of gold sites at the gold-support interface, but by the overall Au surface atoms. These 

results highlight the utility of the methodology to study gas adsorption on specific surface sites 

and its potential for application to in situ/operando spectroscopic and spectrokinetic studies of 

reactions catalyzed by gold catalysts. 

2. Experimental section 

2.1.Catalysts preparation 

Five different Au catalysts with a nominal metal loading of 1 wt% were prepared by the 

deposition-precipitation (DP) method using ammonia as the base titrant and commercial metal 

oxides of intermediate surface area (~15-70 m2/g): SiO2 (Grace, Davisil XWP 1000A), Al2O3 

(Norpro, SA31132), ZnO (Strem Chemicals, 30-1405), (monoclinic) ZrO2 (Alfa Aesar, 43814), 

and TiO2 (P25, Aldrich, 718467). In a typical preparation, 1 g of the support was dispersed in 20 

cm3 of water (Fisher Chemical, HPLC) under stirring (MS-H-Pro Plus hotplate-stirrer, Scilogex). 

To this stirred slurry, 2.5 wt% NH4OH (prepared from 14.8 N NH4OH, Fisher, A669-212) was 

added dropwise to reach a pH of 9.5 monitored with a DrDAQ pH measuring kit (Pico 

Technology). After 5 min, about 20 mg of HAuCl4.3H2O (Alfa Aesar, 36400) dissolved in 8 

cm3 of water was added dropwise concurrently with 2.5 wt% NH4OH until the pH was 9.5. In 

this preparation, NH4OH was used as a base titrant (instead of the usual NaOH employed in DP) 

to ensure that all gold was deposited on all supports (including SiO2) and to avoid catalyst 

contamination by Na. The solution was then stirred continuously for 1 h after which it was 
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filtered, washed with abundant water, and dried in vacuum for 12 h at room temperature. The 

catalysts were treated in static air at 393 K for 2 h (5 K/min) and 673 K for 4 h (4.5 K/min) in a 

Thermolyne 48000 muffle furnace (Barnstead International). Finally, the calcined catalysts were 

stored in dark vials and in sealed plastic bags to minimize light and moisture exposure.  For 

comparison with these catalysts, experiments were also performed with an AUROliteTM Au(1 

wt%)/TiO2 (Strem chemicals, 79-0165). 

2.2.Catalysts characterization 

Fresh and used catalysts were characterized by transmission electron microscopy (TEM) 

using a FEI Tecnai F20 XT microscope operating at a voltage of 200 kV. The TEM samples 

were prepared by dispersing the catalysts in ethanol and sonicating the solution for about 10 min.  

A drop of the dispersed catalyst was then suspended on a 400-mesh copper grid containing ultra-

thin carbon film on a lacey carbon support film (P/N 01824, Ted Pella Inc.). Particle size and 

distribution were calculated for about 50-100 particles from TEM images as counted and 

analyzed by ImageJ software (https://imagej.nih.gov/ij/). Catalysts and supports were also 

characterized by N2 physisorption, X-ray diffraction, and SEM-EDX (Tables S1-S2, Figures S1-

S7). 

2.3.In situ (UV-Vis) gold surface plasmon resonance during O2/He/H2 cycles 

For the in situ gold plasmon resonance experiments, the catalyst samples were placed in a 

modified high temperature in situ/operando diffuse reflectance Harrick reaction cell [33]. 

Originally designed for bench top scanning spectrometers, the cell was modified to enable faster 

transfer of gases and faster acquisition of in situ UV-Vis spectra. A thorough description of the 

modifications to the cell (including 3D pdf models and blueprints), its thermal analysis, and its 

flow dynamics have been reported recently [33]. The UV-Vis light contacting the catalyst 

originates from a preconfigured dual UV-Vis lamp set up that includes an SL3 Deuterium lamp 

and an SL1-filter halogen lamp (Stellar Net) through a 600 µm core diameter high-temperature 

fiber optics probe (Avantes) and which gets reflected back to a Black-comet SR concave grating 

spectrometer equipped with a CCD detector (Model C, Stellar Net) for analysis. The spectra 

(1300 ms integration time, 1 scan) were collected over the 230-1080 nm range to enable the 

characterization of small changes to the gold plasmon resonance peak in real time and in situ on 
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exposure to different gas atmospheres. To avoid deuterium spikes around 485 nm originating 

from the lamp, a U-330 filter was used. Prior to the in situ experiments, a given amount of the 

freshly calcined catalysts (Table S2) was loaded to the in situ cell sample cup (~0.15 cm3) where 

it was reduced for 30 min at 473 K with pure H2 at a flow rate of 45 cm3/min. After reduction, 

the cell was flushed with helium (45 cm3/min) and the temperature of the sample was brought 

down to 398 K (5 K/min). The catalyst sample was then exposed to O2 (Matheson, UHP, 

99.98%) for 30 min at a flow rate of 45 cm3/min, flushed with helium (Matheson, UHP, 

99.999%) for about 15-20 min to purge the lines and cell, and exposed to H2 for 30 min (45 

cm3/min; Matheson, UHP, 99.999%). This O2/He/H2 sequence was repeated several times over 5 

h for all the 6 catalysts to ensure the reproducibility of the results. The He purge after O2 or H2 

contact is used to avoid possible artifacts by the presence of gas phase or weakly adsorbed 

adsorbates. All gas cylinders are provided with moisture (Matheson, 450B series, type 451: for 

all gases), oxygen (Perkin Elmer, P/N N9301179: for He, H2, and CO), and hydrocarbon 

(Matheson, 450B series, type 454: for He, H2, and O2) traps. The collected UV-Vis spectra were 

referenced to BaSO4 (Sigma Aldrich, P/N 243353) at ambient conditions. It is worth noting that 

the Au plasmon band has been previously studied in different gas atmospheres for Au/YSZ, 

Au/TiO2, and Au/CeO2 thin films in transmission mode [25, 34]. Here, diffuse reflectance of 

powder catalysts was used because: 1) it does not require sample preparation; 2) it closely 

resembles a fixed bed reactor commonly used in heterogeneous catalysis and 3) it has the 

potential for use in in situ/operando spectroscopic studies.   

Lastly, to minimize arbitrary reading errors, the Au plasmon maximum peak positions were 

automatically determined over the entire duration of the experiments with a homemade Python 

(www.python.org) computer program by fitting the data ~100 nm around the Au plasmon peak 

to a polynomial of order 6. The Python program used the minimize_scalar and polyfit fitting 

functions available in the NumPy package (www.numpy.org). This procedure resulted in less 

noisy data when compared to one based on the data’s first derivative.  

2.4. CO oxidation activity tests 

The gold catalysts were also tested for CO oxidation in the modified in situ/operando diffuse 

reflectance UV-Vis reaction cell. A total gas flow rate of 60 cm3/min (1 kPa CO, 2 kPa O2, He 

balance) at 398 K and 101 kPa total pressure were employed so that a stoichiometric excess of 
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O2 was present. CO conversion was measured online by means of an Omnistar GSD 320 O mass 

spectrometer (MS, Pfeiffer Vacuum) using calibrated gas signals. Conversions were corrected 

for any CO2 present in the gas mixture by subtracting baseline signals in a reactor bypass run. 

CO oxidation conducted on SiO2 sand (Sigma-Aldrich, P/N 84878) showed negligible 

conversion demonstrating the inertness of the reaction cell at the studied conditions. 

 

3. Results and discussion  

3.1.Catalyst synthesis and characterization 

We employed gold nanoparticles deposited on a variety of supports of intermediate surface 

areas (ZnO, ZrO2, Al2O3, TiO2, and SiO2, ~15-70 m2/g), prepared with the same ammonia 

deposition-precipitation (NH3-DP) method which resulted in similar gold loadings (~1 wt%) and 

close average gold particle diameter (d) in the 5-10 nm, while minimizing surface contamination 

with undesirable Na ion, and resulting in samples with pronounced gold plasmon features. The 

NH3-DP method was also tried with a CeO2 support but failed to produce a catalyst with 

adequate plasmon characteristics. It is worth noting that the NH3-DP synthesis method employed 

in this work carries the risk of forming fulminating gold which is a shock-sensitive and explosive 

material [35]. We have used this synthesis method for ~1 wt% Au deposition on silicates, 

titanosilicates, and now on several oxidic supports (SiO2, Al2O3, ZrO2, ZnO, and TiO2) without 

any safety incidents [6, 23, 36, 37]. 

All catalysts were characterized with N2 physisorption, X-ray diffraction, scanning electron 

microscopy-energy dispersive X-ray (SEM-EDX) analysis, transmission electron microscopy 

(TEM), and in situ UV-Vis spectroscopy. The supports and catalysts textural properties and X-

ray diffractograms are reported in Tables S1 and S2 and Figure S1. They show that the supports 

conserved their integrity after the NH3-DP method as only small changes were noticed in the 

textural properties and crystal structure. Except for Au/Al2O3 and Au/SiO2, which showed small 

peaks due to the presence of Au, all other catalysts lacked any noticeable XRD Au signals 

suggesting that Au dispersion was relatively high. SEM-EDX analysis of the prepared gold 

catalysts showed that, except for Al2O3 (on which ~80% of the nominal gold was deposited), the 

NH3-DP method resulted in Au deposition efficiencies of 95-100% on all supports due to 

ammonia surface modification (Figures S2-S7, Table S2). 
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TEM images and Au particle size and distribution of the prepared catalysts are shown in 

Figure 1. It was found that, for all supports, the NH3-DP method enabled gold average particle 

diameters in the range of 5.5-9.2 nm and with a relative close standard deviation (±1.0-2.0 nm) 

increasing in the following order: Au/ZnO (d = 5.5±1.0 nm) < Au/ZrO2 (d = 6.4±1.5 nm) < 

Au/Al2O3 (d = 7.6±1.2 nm) < Au/TiO2 (d = 7.8±1.6 nm) < Au/SiO2 (d = 9.2±2.0 nm). TEM 

images of used gold catalysts shown in Figure S8 also indicate that the average Au particle size 

only suffers minimum changes after exposure to flowing O2 and H2 at reaction conditions for the 

duration of the experiments; therefore, for simplicity, only average particle sizes of the freshly 

calcined catalysts will be used for subsequent discussion.  

The in situ diffuse reflectance UV-Vis spectra of the supported gold catalysts in flowing O2 

and H2 at 398 K in Figure S9 show that the Au plasmon peak is symmetric for Au/SiO2, 

Au/Al2O3, and Au/ZrO2. Such symmetry is characteristic of Au NPs with regular morphology 

and with a relatively narrow size distribution in agreement with the results in Figure 1 [38]. In 

the case of Au/ZnO and Au/TiO2 the Au plasmon band appeared slightly broadened to higher 

wavelengths. This could be assigned to a stronger interaction between Au NPs and reducible 

supports. A small broadening of the Au plasmon band during exposure to O2 appears to be 

related to charge transfer to gold and a slight flattening of the gold NPs as proposed by 

Borensztein et al. [28] Lastly, Figure S10 shows TiO2 P25, an example of a support, under 

similar in situ UV-Vis in O2 and H2 environments as that for the gold catalysts confirming the 

absence of any support spectral shifts in the Au plasmon region.  It is worth noting that the Au 

particle size obtained in the prepared catalysts via ammonia-DP is relatively larger than those 

prepared by the more common DP method using NaOH as the basic titrant. However, these 

larger Au NP sizes are not unusual and have been previously reported with the NH3-DP synthesis 

method and on SiO2 yielding Au NPs in the 2-16 nm range, whose final size value depended on 

the synthesis pH, temperature, and reaction time [39, 40]. At present, it is unclear why the NH3-

DP method leads to larger nanoparticles in Au/TiO2 vs the Au/TiO2 (commercial), but a possible 

reason may be the different preparation conditions: NH3-DP at pH=9 vs NaOH-DP at pH~7 

(Haruta’s original DP method [4]) which was more likely used for the commercial Au/TiO2 

sample. These two experimental conditions can result in different Au species and Na and Cl 

content on the prepared sample, which are known to affect particle size growth and sintering [6, 

41]. 
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Figure 1. TEM images of calcined Au catalysts: Au/SiO2, b) Au/Al2O3, c) Au/ZrO2, d) Au/ZnO,  

e) Au/TiO2, and f) Au/TiO2 (commercial). Approximately 50-100 particles were counted to 

obtain the particle size distributions. 

 

The TEM images in Figure 1 show that Au NPs are quasi spherical. Because of the average 

diameter of the Au NPs in the 5.5-9 nm range, they are more likely to be described reasonably 

well by a truncated octahedron. Such structure has been previously reported from high resolution 

TEM characterization on Au/TiO2 (d=1.5-4.8 nm) [42] and Au/Fe2O3 (d=2.2-3.5 nm) [43], 

however, the truncated cuboctahedron has also been observed for Au/TiO2 (d~2-4 nm) [44] and 

Au/Al2O3 (d~2-4 nm) [44] catalysts. More recent ETEM studies on Au/TiO2 (d=3-4 nm) [45] 

and Au/CeO2 (d~3-4 nm) [46] in O2 and CO atmospheres also reported structures that resemble a 

truncated octahedral geometry. Based on DFT calculations, this geometry has been found to be 

the most energetically favored for Au NPs above 2-3 nm diameters [47], whereas the 

cuboctahedron structure was found to be the most stable for Au NPs below 1 nm [48]. Overall, 
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the Au NPs of the catalysts in this work can thus be fairly modeled as a truncated octahedron for 

Au site statistics purposes, which will be discussed in the following sections, whereas a truncated 

cuboctahedron geometry will be used for comparison. 

3.2.Relationship between surface plasmon resonance peak position changes and relative 

charge transfer to/from Au nanoparticles 

In order to relate gas adsorption to Au surface sites, the change in the Au plasmon peak 

position needs to be related to physicochemical changes during adsorption. Here, we relate Au 

plasmon peak shifts to changes in charge transfer to/from Au nanoparticles occurring during gas 

adsorption. In order to do so, we chose a simple model that is able to explain moderately well the 

optical properties of supported Au nanoparticles in the proximity of the plasmon peak. In diffuse 

reflectance measurements such as those in the present study, the Shuster-Kubelka-Munk theory 

relates the absolute reflectance (R∞) to the ratio of absorption (K) and scattering (S) coefficients 

via the commonly called Kubelka-Munk function in Eq. 1 [49]: 

 = 1 − 
2  = 

  Eq.

 

1 

 

Where  is taken as the ratio of the light intensity reflected from the catalyst sample to that 

of BaSO4, the white reference. In the present experiments, the catalyst sieved particle sizes were 

within 38-75 μm. At these conditions, the scattering coefficient (S) (dominated by support 

scattering because of the significantly larger support grain vs Au NPs size) is considered to be 

independent of wavelength, thus the Kubelka-Munk function is primarily a function of the 

absorption coefficient K [28, 49, 50]. Since the visible range absorption from the oxide supports 

is significantly smaller than that for Au nanoparticles, the main contributions to K arise from Au 

nanoparticles absorption,  = 2, where  is the number of Au nanoparticles per unit 

volume and  is the absorption cross-section [28, 51]. If we take a model of absorption by 

small nanospheroids with semi-axes a, b, and c and an average particle radius much smaller than 

the photon wavelength (r << λ), then  can be given as a function of the dielectric function of 

the nanospheroids,  =  + , by Eq. 2 [9, 51]:   

 = 2/
  Eq.

 

2 
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Where,  is the dielectric function of the surrounding medium; for a supported Au 

nanoparticle,  it is taken approximately as an averaged dielectric function between the gas 

environment and that of the support material [9] and  is the polarizability of the Au 

nanoparticle given by Eq. 3 [51]: 

 = 4
3   −  +  −  Eq.

 

3 

 

Solving Eqs. 2 and 3 gives: 

 = 24 /


 + 1 −  +  Eq.

 

4 

 

Where  and  are the real and imaginary parts of the dielectric function of the Au 

nanoparticle, and  is a nanoparticle geometrical factor (e.g., for a sphere  =  =  and  =
1/3). 

Since both free (intraband) and bound (interband) electrons contribute to the dielectric 

function, intraband () and interband () contributions are accounted for by a Drude-Lorentz 

model with one interband transition (e.g., the fundamental oscillator) [51]. Such model has been 

shown to fit moderately well the experimentally determined Au dielectric function () at 

wavelengths above 500 nm [52]. Thus, the dielectric function wan be represented by Eqs 5-7: 

 =  +  Eq. 5 
 

 =  − 
 +  Eq. 6 

 

 = 
 −  +  Eq. 7 

 

Where  is an offset constant when working at wavelengths longer than the resonance 

wavelength [52],  is the impinging wave frequency ( = 2 ⁄ ),  is the plasma frequency 

of the bulk Au ( =  ⁄ ;  is the conduction electron density,  and  are the charge 

and mass of the electron, respectively, and  is the permittivity of vacuum),  is the oscillation 

frequency of a bound electron under an electric field, and  and  are damping constants for 

free and bound electrons, respectively. For  near  ≈  and for  ≫  [51, 53] then: 
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 =  −   Eq. 8  

 =   Eq. 9  

Where, 

 = 1 − 1
2

 − 
 −  + /2 Eq.10 

 

 = 1 + 1
4


 −  + /2 Eq.11 

 

Thus, the plasmon peak position can be found from the maximum of , which from 

Eqs. 2 and 3 occurs when: 

 +  −  = 0 Eq.12 
 

If charge transfer occurs on Au from gas adsorption and is reflected as a change in the 

conduction electron density (), the shifted plasmon frequency position is obtained by 

replacing  with  +  in the expression for  and along with Eqs. 5-12 results in [53-55]: 

Δ
 =    − 1 Eq. 13 

 

Where / is the relative change in charge transfer on Au,  is the wavelength at 

which maximum absorption occurs corresponding to the initial reference charge density , and  

is the shifted wavelength maximum after charge transfer. 

3.3.In situ Au surface plasmon resonance during O2, He, and H2 exposure 

Resonant oscillations occur on a metal surface typically due to interaction with visible light. 

These localized oscillations near metal nanoparticles (NPs), known as localized surface plasmon 

resonance [31], result in a strongly enhanced electromagnetic field around the nanoparticle and 

which for Au NPs manifest themselves as a broad band that falls in the visible region of the 

electromagnetic spectrum. The peak position of the Au plasmon band is sensitive to changes at 

the boundary of the metal nanoparticle and its surrounding medium [9], which makes it an 
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efficient tool for obtaining information on physicochemical properties around the gold NPs. 

Here, the changes in Au plasmon peak position of supported gold nanoparticles were monitored 

in real time with a modified in situ diffuse reflectance UV-Vis spectroscopic cell under oxidizing 

and reducing conditions [33]. 

The in situ diffuse reflectance UV-Vis spectra of the catalysts were measured in flowing O2 

and H2 atmospheres at 398 K. Figure 2 shows a typical pseudo-absorbance vs wavelength 

spectra for the Au/TiO2 catalyst. A peak centered around 570 nm and generally broad between 

500 and 650 nm corresponded to Au plasmon. When the catalyst was exposed to O2 the peak 

position was centered around 575 nm, whereas in H2, the Au plasmon position shifted to about 

565 nm. This blue shift can be explained as a result of charge transfer from hydrogen to Au [56]. 

Such shift is expected from an increase in the conduction electron density as noted from analysis 

of Eq. 13 [9, 54]. 

Eq. 13 is a simplified view of the Au plasmon phenomenon as it only reflects properties over 

a limited range of experimental conditions in the proximity of the Au plasmon peak; 

nevertheless, it still describes in a relatively simple manner the relationship between the Au 

plasmon peak position and charge transfer () sufficient enough to capture adsorption events as 

a result of titration of O2 with H2 or H2 with O2. The observed increase in the energy of the peak 

position (blue shift) upon O2 titration with H2 is in concordance with experimental and modelling 

results of the plasmon process on gold catalysts when exposed to reducing environments 

showing the preponderance of electron charge transfer to or from the gold nanoparticles [28, 56]. 

These effects are also evident from DFT calculations showing a weakening of the O-O bond 

during O2 adsorption on Au/TiO2(101) as a result of charge transfer from Au to O2 antibonding 

orbitals [57], and from theoretical calculations which showed electrochemical charge transfer 

from Au NPs to diffusing oxygen ions in a Au-YSZ thin film [24]. In the case of H2 adsorption 

on Au, theoretical [58] and experimental evidence via Au plasmon on Au/YSZ nanocomposites 

[34] and Au/Pt nanoparticles embedded in ZnO and TiO2 [56] showed that adsorbed H2 transfers 

charge to Au, resulting in a blue shift (lower wavelength or higher energy) as seen in Figures 2 

and 3. In summary, the Au plasmon peak position is sensitive to adsorption of oxidizing or 

reducing molecules as manifested by peak shifts determined in the studied catalysts to be 

primarily due to charge transfer events. This phenomenon is exploited here to track the 



 14

adsorption of O2 or H2 on gold catalysts at reaction conditions from Au plasmon peak position 

shifts as measured via in situ UV-Vis spectroscopy.   

 

Figure 2. Typical in situ diffuse reflectance UV-Vis spectra of Au/TiO2 catalyst upon exposure 

to flowing H2 and O2 at 398 K. Numbers indicate the measurement sequence. He was used to 

flush gases in between H2 and O2 cycles, spectra in He were slightly smaller to those of the prior 

gas and not shown for simplicity (Au plasmon peak positions in O2, H2, and He are shown in 

Table S3). The inset shows more clearly the peak maximum for the different traces obtained via 

an automated procedure (by fitting the data around the maximum to a polynomial function of 

order 6). 

 

Figure 3 shows the change in Au plasmon peak position on all gold catalysts (Au/SiO2, 

Au/Al2O3, Au/ZrO2, Au/ZnO, Au/TiO2, and Au/TiO2-commercial) as a function of exposure 

time to alternating O2, He, H2, and He gases for 5 h (average and standard deviation of Au 

plasmon peaks is presented in Table S3). Several qualitative observations can be made:  

1) The shift of the Au plasmon peak between oxidizing and reducing atmospheres or vice 

versa was completely reversible and reproducible, indicating minimum irreversible 

changes to catalyst properties and gold average particle size as a result of gas exposure 
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[59]. This is evidenced by the similarity between average particle sizes of fresh and used 

catalysts (Figure S8). 

2) For all catalysts, the Au plasmon peak position shifted towards higher wavelengths (lower 

energies) on exposure to O2, decreased slightly in He flow as a result of partial desorption 

of adsorbed O2, and decreased significantly on exposure to H2 (the opposite was also true 

when switching from H2 to O2 gas). The relative change in Au plasmon peak position (∆λ) 

in going from either O2 to H2 or H2 to O2 exposure was almost identical and increased in 

the following order: ∆λ  Au/SiO2 ~ 2 nm < Au/Al2O3 ~ 4 nm < Au/ZrO2 ~ 6 nm < 

Au/TiO2 ~ 9 nm < Au/ZnO ~ 11 nm > Au/TiO2-commercial ~ 23 nm. 

 

 

Figure 3. Supported gold catalysts characterization by Au plasmon peak position changes as 

determined from in situ UV-Vis spectroscopy after catalysts exposure to alternating flowing H2 

and O2 at 398 K. 
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The observed Au plasmon peak shifts when catalysts were exposed to O2 or H2 are ascribed to 

O2 and H2 adsorption, respectively. When O2 or H2 exposed catalysts were subsequently treated 

with H2 or O2, respectively, they initially react to form water until the former adsorbed gas is 

fully consumed, this is expected since gold nanoparticles are well known H2 oxidation catalysts. 

It is widely recognized that clean gold surfaces are not favorable for O2 adsorption, but that the 

presence of coordinatively unsaturated sites due to special gold geometry, the presence of a 

metal-gold interface as that present in supported catalysts, or the presence of coadsorbates 

significantly favors O2 or H2 adsorption [60, 61]. O2 chemisorption on Au nanoparticles has been 

reported for Au/TiO2 and Au/Al2O3 exposed to O2 as followed by in situ Au L3 XANES. In 

these reports, the formation of Au-O species was inferred by an increase in the intensity of the 

XANES white line due to the decrease of the electron count in the d orbital of Au as they 

transferred to the 2π* orbital of O2 [17, 22, 23]. This charge transfer from Au to O2 was also 

evidenced by in situ XANES and a red shift of the Au plasmon by in situ UV-Vis spectroscopy 

during propane partial oxidation on Au/TiO2 and Au/TS-1 [22, 23]. While Au plasmon position 

appears to be quite sensitive to charge transfer due to O2 chemisorption, the nature of the Au-O 

adsorbed species is still unclear because XANES and UV-Vis spectroscopies cannot discriminate 

among O2, O−, O2
−, O2-, hydroxyls, or hydroperoxo species which could form on Au or at the 

Au-support perimeter during O2 chemisorption or after reaction with H2 [22, 23]. Further 

experiments, for example, based on in situ EPR [36] or kinetic measurements for O2 reaction 

order dependence [62] followed by in situ Au plasmon during oxidation reactions could also 

provide more clarity on the nature of these species. 

Upon exposure to O2, there is the possibility that Au in the catalysts of Figure 3 become 

oxidized. However, this is less unlikely on these catalysts because of the relatively large Au NPs 

sizes which are more difficult to oxidize than Au NPs smaller than 3 nm [28, 63]. This is 

supported by previous in situ Au L3 XANES and UV-Vis spectroscopic characterization of 

Au/TiO2 and Au/TS-1 during propane oxidation with H2 and O2 [21-23] which showed that Au 

remained in a metallic state upon O2 adsorption. Similar findings were also reported by 

Bokhoven et al. from in situ Au L3 XANES on Au/TiO2 and Au/Al2O3 (d~1-3 nm Au NPs) 

when exposed to CO/O2 mixtures [16, 17]. Theoretical modelling of metal and support effects on 

Au/TiO2 exposed to O2 by Borensztein et al. [28] considered the formation of a Au NP oxide 

overlayer and adsorption of O2 on TiO2 support. These authors predicted changes to the Au 
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plasmon peak as a result of a reduction of the metallic Au NP volume (lower intensity), 

flattening of the Au NP (red shift), presence of a dielectric oxide layer (red shift and damping of 

the Au plasmon), and changes to the dielectric function of the support (lower intensity). 

However, these effects on the Au plasmon peak could not fit the experimental observations, 

which were better explained by charge transfer between Au and O2 and a small flattening of the 

Au NPs rather than by a change in the oxidation state of Au or O2 adsorption on TiO2. The 

relatively small Au plasmon peak changes observed for the gold catalysts on this work upon 

exposure to O2 (Figure S9), further suggest that O2 species predominantly adsorb on Au or its 

vicinity, but not as an overlayer oxide, and that Au is more likely to be in a metallic state. 

Additionally, any effect on the Au plasmon peak due to adsorption of O2 or H2 on the supports 

reported here (Figure S10), which are less reducible than TiO2, should be negligible. 

3.4.Consequences of O2/H2 adsorption on gold surface plasmon peak position and 

assessment of gas adsorption sites on gold catalysts 

Figure 3 showed that the Au plasmon position is sensitive to switches in the gas environment 

from O2 to H2 (and vice versa) and that it shifts to lower wavelengths due to charge transfer from 

H2 to Au as a result of reaction of adsorbed O2 with H2 and adsorption of H2. This process 

resembles a method reported by Benson and Boudart for Pt catalysts which titrates adsorbed O2 

with H2 [64], and is typically used for estimation of noble metal dispersion in supported catalysts. 

On gold catalysts, O2 titration with H2 was used for the estimation of gold dispersion on 

Au/Al2O3. However, the method proved to be difficult due to the relatively small amounts of O2 

chemisorbed (<15 μmol/g) that need to be detected, the high dependence on catalyst pretreatment 

and titration temperature, and the requirements of relatively large amounts of catalyst (0.25-1.0 

g) and high reduction pretreatment temperature (>673 K) [65]. This report showed a close 

agreement between Au particle diameters measured by O2 titration with H2 and by TEM, which 

would seem reasonable if O2 adsorbed on all surface atoms; however, it is likely that the above 

complications made this chemisorption method report unreliable as O2 adsorption on gold 

catalysts is expected to occur in only a fraction of the Au surface atoms (e.g., at 

undercoordinated Au sites). In this section, Au plasmon peak position changes will be used to 

probe such expectations for O2 and H2 adsorption on gold catalysts.  
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The largest changes in Au plasmon peak position in Figure 3 from O2 to H2 (or from H2 to 

O2) gas switches on the studied Au catalysts were found for Au/ZnO (∆λ = 11 nm, −/
=4.2%, d = 5.5 nm) and Au/TiO2 (∆λ = 9 nm, −/=2.9%, d = 7.8 nm) supported catalysts. 

This is in line with prior reports indicating that oxygen adsorption is more favorable on gold or at 

the gold-support perimeter of reducible supports [18-20]. The larger shift for Au/ZnO with 

respect to Au/TiO2 (both supports are reducible) would at first be unexpected as TiO2 is a more 

reducible support than ZnO. However, these results are consistent with a larger adsorption of O2 

or H2 (i.e., charge transfer) on the Au/ZnO catalyst. This points to a larger gold surface or gold-

support perimeter on Au/ZnO than that on Au/TiO2 that is available for O2 or H2 adsorption as a 

result of a smaller average Au NP size on Au/ZnO (d ≈ 5.5 nm) vs that on Au/TiO2 (d ≈ 7.8 nm). 

This explanation was further confirmed by testing a Au/TiO2-commercial (d ≈ 3.3 nm) with 

smaller particle size, which resulted in a significantly larger Au plasmon peak shift of ∆λ = 23 

nm (−/=7.8%,) than the Au/TiO2 (∆λ = 9 nm, d ≈ 7.8 nm), confirming a higher gas 

adsorption on the commercial catalyst because of its larger Au surface sites density including 

those at the Au-TiO2 metal-support perimeter. This result clearly shows that the Au plasmon 

peak changes are sensitive to differences in O2 and H2 adsorption even in similar supported 

catalysts.  

Up to now there is no in situ/operando spectroscopic reports on O2 or H2 adsorption site 

location on gold catalysts. Generally, this has been inferred from activity studies of gold 

catalysts, because specific gold sites (e.g., at the metal-support perimeter) have been typically 

linked to activation of reactants in various oxidation reactions and thus to high catalytic activity. 

Of great interest is the hypothesis that gold sites at the metal-support perimeter are involved in 

oxidation and other reactions as suggested by Haruta more than 20 years ago [66] and evidenced 

from catalytic reactivity and theoretical calculations [6]. In CO oxidation, for instance, Yates and 

co-workers [14] and Chandler and co-workers [13] (based on DFT calculations on Au/TiO2) 

surmised that CO oxidation occurs at the Au-TiO2 perimeter. Similarly, Behm and co-workers 

(based on TAP reactor measurements) also offered kinetic evidenced for the catalytic relevance 

of the Au-support perimeter for CO oxidation [19]. In the water gas shift reaction, Ribeiro and 

co-workers also offered kinetic evidence for the importance of gold undercoordinated (corner) 

atoms at the gold-support interface [67]. Based on all these prior works, it is reasonable to expect 

that gold-support perimeter sites play a significant role for oxygen adsorption in reactions such 
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as CO oxidation. In summary, if the adsorption of O2 (or H2) on Au catalysts occurs 

predominantly on the same type of Au sites, namely Au-support perimeter, then, altogether these 

results and theoretical calculations predict a correlation between the relative charge transfer 

change which can be estimated here from ∆N/N in Eq. 13 as a result of O2 (or H2) adsorption on 

Au surface sites and the fraction of Au-support perimeter sites (which can be estimated from 

geometric models) regardless of the type of support.  

To test the assertion that O2 and H2 adsorption on Au NPs occurs at the Au-support perimeter 

regardless of the nature of the support, we studied: 1) the relative change of electron density, 

ΔN/N, in the gold NPs of various supported gold catalysts resulting from switching flowing O2 to 

a H2 (or H2 to O2) gas environment in combination with 2) Au site statistics for top and perimeter 

sites of various coordination numbers (i.e., corner, edge, face) as a function of Au NP diameter, 

d. These site correlations of top and perimeter Au atoms in a NP for particle diameters in the 1.7-

14 nm range were determined from the geometry of the top slice of a truncated octahedron [68]. 

For comparison, the site statistics of a truncated cuboctahedron were also evaluated [67]. A 

detailed description of the Au sites, count, and formulas is given in Tables S4-S7 and Figure 

S11. Despite the limited number of catalysts studied in this work, the observed relationship 

between the average particle diameter (d) and gold atom sites allowed us to assess the site 

location for adsorption of O2 and H2 on the studied gold catalysts. More specifically, it is 

expected that experimental in situ UV-Vis spectroscopic data for the tested catalysts’ electron 

charge change, ΔN/N, would track with specific sites and therefore allow us to determine the 

location of O2 and H2 adsorption on the supported gold catalysts.  

Figure 4 presents a plot of Au particle diameter for the studied catalysts alongside with 1) Au 

site dispersion (D) statistics of top and perimeter (corner, edge, face) atoms based on truncated 

octahedron (solid lines) and cuboctahedron (dashed lines) Au nanoparticle models and 2) relative 

charge transfer (CT) change (ΔN/N) calculated from in situ Au plasmon peak position changes in 

going from flowing O2 to H2 (or H2 to O2) (solid squares) or after flushing with He (empty 

squares) at 398 K. Since the Au plasmon peak change was almost identical in Figure 3 in going 

from O2 to H2 or from H2 to O2, only the former changes were plotted in Figure 4. It is clear 

from Figure 4 that a trend exists between the CT (due to H2 or O2 adsorption in flow conditions) 

and the dispersion of Au perimeter sites (solid squares). A similar trend, but with slightly lower 

ΔN/N values, is also observed for ΔN/N calculated with Au plasmon peak positions after flushing 
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gas phase H2 or O2 with He (empty squares) to remove loosely adsorbed species. Judging from 

the slightly higher CT change in flowing H2 or O2, it appears that some of the O2 or H2 species 

are weakly adsorbed on undercoordinated (CN = 6, 7) top sites of the Au NP, but which are 

flushed in He flow (Table S3). This indicates that the majority of the O2 or H2 species remains 

strongly adsorbed at the Au-support perimeter. These results clearly indicate that O2 and H2 

species remain strongly adsorbed on undercoordinated Au sites (CN = 5, 6, 7) predominantly 

located at the Au-support perimeter. 

While the site statistics in Figure 4 are based on Au NPs with a truncated octahedron 

geometry (solid lines), it is also clear that the above conclusions are also valid for Au NPs of 

truncated cuboctahedron geometry (dashed lines), that O2 and H2 species adsorb at the Au-

support perimeter. In the case of O2 species adsorption on supported Au nanoparticles, the in situ 

experimental results in Figure 4 agree with prior expectations and theoretical and experimental 

kinetic and reactivity studies that suggested that O2 species adsorb at the boundary region 

between Au and the support metal oxide where they can then be removed with low energy 

barriers via oxidation reactions [6, 13, 14, 19, 69, 70]. These results are remarkable as they 

represent the first in situ UV-Vis spectroscopic evidence at relevant reaction conditions of O2 

and H2 species adsorption at the metal-support perimeter [71]. They confirm, at least at the 

evaluated conditions, the relevance of a small number of Au surface sites (<10%) for O2 and H2 

adsorption and also likely for related oxidation and hydrogenation reactions. They also show a 

close relationship between the same active sites in O2 and H2 adsorption and H2 oxidation with 

O2 on supported gold catalysts. Such synergy is further supported by DFT calculations on 

Au/TiO2 indicating that H2 oxidation with O2 is facilitated by H2 activation on adsorbed O2 [61, 

72] or O2 activation on adsorbed H2 [60] at the Au-support perimeter sites where it is dissociated 

with low activation barriers.  This region, the metal-support perimeter, has thus been invoked as 

the primary reaction zone for H2 oxidation with adsorbed O2 on Au/TiO2 and Au/Al2O3 catalysts 

and these prior assumptions are justified by the present findings [72, 73]. 
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Figure 4. Plot of gold particle diameter (d) vs dispersion (D) and ∆N/N on gold catalysts at 398 

K. D defined as the fraction of surface gold atoms with respect to the total Au atoms in a NP 

(calculated from site statistics for a Au NP with truncated octahedron geometry including atoms 

coordination number [68], see Tables S4-S7), ∆N/N is the fraction of electron density change 

(charge transfer, CT) from Au plasmon shift (Eq. 13, Table S3) in flowing O2 and H2 (blue solid 

squares) or in O2 and H2 but after flushing with He (blue empty squares). For comparison, the 

corresponding site statistics for top surface (0.90d−0.70), perimeter corner and edge (0.90d−1.8), 

and perimeter corner (0.90d−2.9) atoms for a truncated cuboctahedron geometry are also presented 

(dotted line) [67]. 

 

O2 adsorption at the Au-support interface has been widely speculated and evidenced from 

non-spectroscopic methods. This has also been the case for the related H2 adsorption [6, 66, 71]. 

For example, Haruta and co-workers demonstrated via H2-D2 exchange that H2 dissociation 

occurred at the perimeter interface of Au/TiO2(110) surfaces containing Au nanoparticles of 

different sizes and at temperatures between 350-450 K [74]. The relevance of these periphery 
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sites for D2 and H2 adsorption was also supported by recent DFT calculations for Au/TiO2 [61]. 

DFT calculations also showed that O2 adsorption and activation is greatly facilitated by the 

presence of dissociatively adsorbed hydrogen at undercoordinated Au sites [60]. Overall, the in 

situ UV-Vis spectroscopic results in this work supported by prior kinetic and DFT calculations 

clearly evidence H2 and O2 adsorption and their synergy for oxidation reactions at the Au metal-

support perimeter. However, the nature of the surface species and the fundamental surface 

mechanism by which this synergy operates remain unknown as UV-Vis spectroscopic results 

alone cannot discriminate among different adsorbed species (i.e., OH, OOH, O2
-, O-, O2-, etc) 

and their relevance as intermediates in oxidation or hydrogenation reactions; thus, further work is 

granted with in situ/operando spectroscopy, theory and kinetics to further elucidate such 

mechanistic inquiries. Other spectroscopic techniques could be suggested for characterization of 

these adsorbed species, for example, by EPR to probe the possible presence of oxygen radical 

species [75], by FTIR to monitor H2 adsorption [76], trapped H in the support conduction band 

edge, OH or H2O [14, 72], and by AP-XPS to track O species. However, these techniques often 

times require low temperatures and pressures far away from typical catalyzed reaction 

conditions, can result in flawed conclusions as in the case of AP-XPS where X-rays can lead to 

Au oxidation [77], and cannot discriminate the location of the adsorption sites. Clearly, new in 

situ spectroscopic methodologies are needed to gain access to the nature and activity of adsorbed 

species at the gold-support perimeter interface [78]. These challenges of characterizing H2 and 

O2 species adsorbed on Au catalysts further emphasize the novelty and deceiving simplicity of 

the present spectroscopic approach and findings for gold catalysis as it is performed with a 

commonly available and affordable UV-Vis technique, on powder polycrystalline catalysts, at 

reaction conditions, and with the ability to probe the near vicinity of supported gold 

nanoparticles.     

3.5.Implications for catalysis on supported gold catalysts 

The in situ spectroscopic findings in this work that the support-perimeter interface sites in 

gold catalysts are the predominant adsorption location for O2 and H2 species provide needed 

experimental evidence and a methodology to address additional unresolved questions in catalysis 

by supported gold nanoparticles. Of particular interest are questions regarding the contributions 

to catalytic activity by support interactions with Au and adsorbed species. As an example, we 
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consider CO oxidation on gold catalysts, which has been studied extensively, but whose 

mechanism is still a matter of debate. The reasons for this arise from the wide variety of 

conditions tested including differences in: 

a) Reaction conditions: possibly leading to different kinetic dependences, for example, low 

vs high temperature mechanisms [19, 79, 80].  

b) Au particle size and morphology: resulting in different distribution of site coordination, 

for instance, corner [70, 81], surface [79], and perimeter atoms [6, 66, 81], whose role in 

adsorption and catalytic properties may be different. 

c) Support nature: for example, reducible vs nonreducible [18, 82], which can affect the 

presence or absence of oxygen vacancies [69] and bulk defects [83].  

d) Presence or absence of water [13, 84], which can promote catalytic activity by formation 

of active hydroperoxide species or block active sites.  

e) Carbonate poisoning [84-86], which could reduce catalytic performance in an otherwise 

active catalyst.  

f) Presence of impurities, which can lead to detrimental catalytic activity [87].  

With regards to support effects, for example, there are varied hypotheses to explain activity 

differences, perhaps due to the difficulty in decoupling all of the above variables and the lack of 

systematic studies. To highlight these points and the utility of the spectroscopic methodology 

developed in this work, preliminary activity results are presented for CO oxidation with the 

prepared catalysts at the same reaction conditions (temperature of 398 K matching that of the 

spectroscopic study, total pressure of 101 kPa, 1 kPa CO, 2 kPa O2, and He balance, no co-fed 

water), prepared with the same NH3-DP (no residual Na) method, but different support nature 

and average gold particle diameter. If CO conversion rate was only dependent on the amount of 

adsorbed oxygen (i.e., density of Au perimeter sites), and assuming that the resulting adsorbed 

O2 species on all the supports were the same or had similar activity towards CO oxidation, then it 

would be expected that the corresponding turnover frequencies (TOFs) normalized per O2 

species (e.g., perimeter sites as found in this work at 398 K) would be similar for all catalysts.  

 

Figure 5 summarizes CO oxidation TOFs normalized per three types of sites, total Au surface 

sites (TOF-S), total perimeter sites (TOF-P), and only corner sites (TOF-C) at the Au-support 

perimeter as a function of the particle diameter, d. The main findings were:  
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a) The TOFs that varied the least with Au particle size where those normalized per total 

surface Au atoms (TOF-S). 

b) There was a trend for TOFs vs d resulting in two separate correlations depending on the 

support nature, reducible (solid symbols) and non-reducible (filled symbols).  

c) TOFs were higher for gold catalysts with reducible supports than nonreducible supports.  

The similarity of TOF-S (finding a) suggests that at the studied conditions CO oxidation is not 

limited by the availability of O2 species at the periphery, but by the availability of total Au 

surface atoms. Thus, it is likely that CO molecules adsorbed on the gold NP surface limit CO 

oxidation as they need to diffuse to the reaction zone at the perimeter sites where oxygen is 

present [13, 14]. The different correlation for TOF-S for reducible vs non-reducible supports 

(finding b) and the (~one order of magnitude) higher TOF-S for catalysts with reducible supports 

(finding c) adds more nuance to the above observation (finding a). They suggest a likely decrease 

in the number of active sites or active species for nonreducible supports, but without change in 

the mechanism or the rate controlling step. These results agree with prior studies by Fujitani and 

Nakamura for CO oxidation at a similar reaction temperature (400 K) for Au/TiO2 with particle 

sizes in the 1.5-10 nm range, which reported similar TOF-S vs d [79]. It is worth noting that 

Fujitani and Nakamura [79] and Kotobuki et al. [88] also found a similarity of TOF-P at 300 and 

353 K, respectively, which points out at the relevance of perimeter sites, but at lower 

temperatures. The different catalytic performance for catalysts with reducible and non-reducible 

supports is also well known in gold catalysis [78]. Recent work by Saavedra et al. for CO 

oxidation on Au/TiO2 (reducible support) and Au/Al2O3 (nonreducible support) catalysts at low 

temperature (320 K) indicated that the lower activity for the Au/Al2O3 catalyst could be 

attributed to a reduction in the number of active sites as a result of partial carbonate poisoning at 

the Au-Al2O3 perimeter interface [84]. These results shed light into the possible reasons for 

support effects in CO oxidation, but other hypothesis for support effects cannot be ruled out 

including the presence of different gold nanoparticle shapes as a result of a strong interaction 

with support which could introduce new active sites involved in the rate determining step [14, 

82] and differences in Au adsorption properties for O2 [19] and CO [83]. Given the different 

apparent dependencies on oxygen adsorption at the Au-support perimeter and CO adsorbed on 

the Au surface, the results suggest that both oxygen and CO are involved in rate determining 

steps, but limited by the availability of the latter in the reaction zone (Au-support perimeter 
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interface), on Au for reducible and nonreducible supports. This is in agreement with mechanistic 

proposals for CO oxidation on Au/TiO2 and Au/Al2O3 by Saavedra et al. [13, 84] and Green et 

al. [14]. Overall, these results and the use of in situ UV-Vis as a characterization tool for 

assessment of Au site location of adsorbed species provided additional insights into CO 

oxidation catalysis by gold and raised new hypothesis which can be further proved or disproved 

with additional kinetic and in situ spectroscopic experimentation including the UV-vis plasmon 

resonance methodology reported in this work. 

 

 

Figure 5. Correlation between Au site normalized turnover frequency (TOF) vs Au average 

diameter (d). TOF defined as the number of molecules of CO converted per second per total 

number of Au atoms at: 1) the surface (TOF-S; squares, solid lines; dispersion, D = 0.99/d 
0.83); 

2) at the Au-support perimeter (TOF-P; triangles, dashed lines, D = 0.43/d 1.71); and 3) at the 

perimeter corners (TOF-C; circles, dotted lines, D = 0.25/d 2.78). Catalysts with reducible 

supports are identified with empty symbols and nonreducible ones with filled symbols. Each 

catalyst’ results are reported under or above each name (same d). Data collected in in 

situ/operando reaction cell. CO oxidation conditions: 398 K and 101 kPa total pressure (1 kPa 
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CO, 2 kPa O2, balance He). CO conversion varied between ~1-25%. Lines added to guide the 

eye.  

 

In summary, we have prepared Au nanoparticles on various metal oxide supports by means of 

ammonia deposition-precipitation method. During catalyst preparation in aqueous solution, 

ammonia interacts strongly with surface hydroxyl groups in the support to form positively 

charged sites [40]. In the present case, at a pH of 9, the Au precursor (HAuCl4) forms primarily 

Au(OH)4- anionic gold solution species which adsorb preferentially in the ammonia anchor sites 

on the support (Figure 5, steps 1-2) [41]. A heat treatment at high temperature (HT usually >573 

K) in air (i.e., calcination) is typically required to form highly dispersed Au nanoparticles on the 

support (Figure 5, step 3) [6, 41]. After this calcination treatment, some O2 species from air will 

remain adsorbed on the catalyst, which can be removed by treatment in H2 flow at high 

temperature (commonly ~473-573 K) (Figure 5, step 4), preparing the catalyst surface for 

reaction or further treatments. In the present work, Au nanoparticles supported on various metal 

oxides (i.e., SiO2, Al2O3, ZrO2, ZnO, and TiO2) were pretreated in such fashion and then 

submitted to sequential O2-He-H2-He-O2 gas treatments (Figure 5, step 5-7). During these 

exposures to O2 and H2, some O and H containing species form and remain adsorbed on the 

catalyst surface, but whose actual nature (e.g., OH, OOH, O2, O2
-, O-, O2-, etc) is currently 

unknown and thus are noted as Ox and Hy in Figure 5. Upon data analysis of the Au plasmon 

peak position changes, the in situ UV-vis results showed evidence for adsorption of O2 and H2 

derived species at the Au-support perimeter at a relatively high temperature (398 K) during O2 

and H2 flowing conditions and after flushing with He.  

The present application of in situ gold plasmon sensing of adsorbed O2 and H2 to inquire 

about adsorption site location on supported gold catalysts is quite notable since very small 

amounts of adsorbed O2 and H2 cause measurable and reproducible Au plasmon peak position 

shifts in gold catalysts with nanoparticle diameters relevant for catalysis (d 3-9 nm), which 

makes the technique amenable to systematic studies of other properties that can affect O2 and H2 

adsorption such as support morphology, acidity/basicity, and composition including the presence 

of promoters/dopants and mixed metal oxides, among others. Such applications could be even 

expanded to very low gas phase concentrations as demonstrated for sensing of H2 (100-1000 

ppm), CO (20-2000 ppm), or NO2 (2-100 ppm) on thin films of Au/TiO2 [89], Au/YSZ [24, 89], 
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and Au/CeO2 [25, 89]. A methodology relating the dependence of the coordination of Au atoms 

(from site statistics) as a function of particle size with catalytic activity (but not with 

spectroscopic data) was reported for CO oxidation [70] and the water-gas shift reaction [67]. The 

method described here expands the application of site statistics correlations to in situ 

spectroscopic data at relevant reaction conditions demonstrating its utility to understand 

adsorbed species on catalyst active sites in their working state giving unprecedented access to 

adsorption sites location on practical catalysts. Moreover, the in situ gold plasmon technique has 

the potential for widespread use as it can be applied directly to powder catalysts that exhibit 

plasmon resonance (e.g., Au, Ag, Cu) requiring a relatively inexpensive reaction setup and in 

situ reaction cell [33, 90]. 

 
Figure 5. Proposed schematic representation of supported Au nanoparticles prepared by 

deposition-precipitation method with ammonia and their interaction with O2 and H2.  

In a specific example, the catalytic activity of the prepared catalysts in CO oxidation at 398 

K did not correlate with Au-support perimeter interface (as expected if the conversion rate was 

only limited by the density of Au-support perimeter sites, i.e., adsorbed O2 amount), but rather it 

correlated with the total Au surface atoms where CO can adsorb. This activity was also different 

for catalysts prepared with reducible and nonreducible supports. Based on these results and prior 

reports, we hypothesize that support surface properties, including reducibility and acid-base 

properties, can affect the nature and density of active sites and adsorbed species derived from 

reactants and products resulting in more or less active oxidation catalysts. These preliminary 

catalytic results clearly show that more systematic and combined kinetic and in situ 

spectroscopic studies, including the spectroscopic analysis of adsorption sites location, are 
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required to shed light into the controlling mechanisms for oxidation reactions on reducible and 

nonreducible supports, over a wide range of Au NP sizes, and a variety of reaction conditions 

(e.g., low vs high temperature, in presence/absence of co-fed water, etc).  

4. Conclusions 

An in situ UV-vis gold plasmon sensing methodology was developed to investigate O2 and H2 

adsorption properties of supported gold catalysts. The technique was applied at conditions 

relevant to catalysis (e.g., 398 K and flowing O2 and H2) and in combination with Au 

nanoparticle site statistics analysis provided the first in situ UV-Vis spectroscopic evidence for 

adsorption of O2 and H2 at undercoordinated Au sites predominantly located at Au-support 

perimeter sites. The technique is based on monitoring the changes of the Au surface plasmon 

peak position in real time in an in situ/operando diffuse reflectance UV-Vis reaction cell under 

oxidizing (e.g., O2), reducing (e.g., H2), and inert (e.g., He) environments. The Au catalysts were 

prepared by the deposition-precipitation method using ammonia as the base reagent to minimize 

sodium contamination in the catalysts, to prepare catalysts with similar Au content, and 

supported on metal oxides of close surface area including SiO2, Al2O3, ZrO2, ZnO, and TiO2. 

This synthetic methodology allowed us to reduce the number of experimental variables to probe 

the catalysts for O2 and H2 adsorption at relatively high temperature (398 K). A key to the 

development of the methodology was the use of a Drude-Lorentz model for gold nanoparticles 

employed to estimate the relative charge transfer change from/to gold during O2 or H2 adsorption 

and titration with H2 or O2, respectively. This relative charge transfer change, estimated from in 

situ UV-Vis spectroscopic data (i.e., Au plasmon peak position), was used as a proxy of 

adsorbed O2 or H2 species to correlate with gold adsorption sites. It was found that, regardless of 

the support nature, O2 or H2 adsorption at 398 K primarily occurred at Au-support perimeter sites 

thus stressing the important role of particle size in gold catalysis as a possible catalyst design 

parameter.  

The prepared catalysts were evaluated for CO oxidation at 398 K. It was found that CO 

oxidation turnover frequencies showed distinct linear trends for reducible and nonreducible 

supports, which were less dependent on gold particle size when normalized by the total number 

of gold surface atoms. Overall, the plasmon and catalytic activity results provided evidence of 

oxygen species adsorption at the Au-support perimeter and CO or COx intermediate species 
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adsorbed on all surface gold atoms, the latter which seem to control conversion rates on 

reducible and nonreducible supports. These findings raise additional questions regarding CO 

oxidation mechanism and enhancement of catalytic activity at a variety of conditions since 

adsorbed oxygen species do not seem to limit catalytic activity at relatively high temperatures. 

Future work with the Au plasmon technique in combination with kinetic and in situ/operando 

spectroscopies (e.g., IR, Raman) should shed additional light to our understanding of metal-

support effects, particle size, and reactant/product inhibition in CO and other oxidation and 

hydrogenation reactions enabled by gold catalysts. 
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Acronyms 

AP-XPS Ambient pressure X-ray photoelectron spectroscopy 

CCD Charge coupled device 

CN Coordination number 

CT Charge transfer 

DFT Density functional theory 

DP Deposition-precipitation 

EPR Electron paramagnetic resonance 

ETEM Environmental transmission electron microscopy 

EXAFS Extended X-ray absorption fine structure 

HT High temperature 

FTIR Fourier transform infrared 

NP Nanoparticle 

SPR Surface plasmon resonance 

SEM-EDX Scanning electron microscopy - energy dispersive X-ray 

TAP Temporal analysis of products 

TEM Transmission electron microscopy 

TOF Turnover frequency 
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TOF-C Turnover frequency normalized per perimeter corner Au surface atoms 

TOF-P Turnover frequency normalized per total perimeter Au surface atoms 

TOF-S Turnover frequency normalized per total Au surface atoms 

TPR/TPO Temperature programmed reduction/oxidation 

UHP Ultra-high purity 

UV-Vis Ultraviolet-Visible 

XANES X-ray absorption near edge structure 

XRD X-ray diffraction 

YSZ Yttria-stabilized zirconia 

 

Table of Symbols 

a, b, c Nanospheroid semi-axes 

c Speed of light, in vacuum: 299792458 m/s  Absorption cross-section 

d Average metal nanoparticle size (nm) 

D Dispersion  Kubelka-Munk function 

K Absorption coefficient 

L Nanoparticle geometrical factor (e.g., for a sphere a=b=c and L=1/3)  Mass of the electron, 9.10938291 × 10−31 kg 

N Conduction electron density  Number of Au nanoparticles per unit volume  Change in the conduction electron density / Relative change in charge transfer 

r Average particle radius 

S Scattering coefficient   Polarizability 

e  Electron charge, 1.60217657 × 10−19 C  Permittivity of vacuum, 8.854187817 × 10−12 C/Vm  Dielectric function  Real part of the dielectric function  Imaginary part of the dielectric function  Offset constant  Bound (interband) electron contribution to the dielectric function  Free (intraband) electron contribution to the dielectric function 

 Dielectric function of the surrounding medium  Damping constant for bound electrons  Damping constant for free electrons 

λ Photon wavelength (or shifted plasmon wavelength after charge transfer)  Photon wavelength at which plasmon maximum absorption occurs 

(corresponding to the initial reference charge density N) 

∆λ Relative change in plasmon peak position  Impinging wave frequency ( =  ⁄ )  Oscillation frequency of a bound electron under an electric field 
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 Plasma frequency of the bulk metal given by  =  ⁄  

 Reflectance 
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