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ABSTRACT  

Spectroscopic methods enabling real-time monitoring of dynamic surface processes are a 

prerequisite for identifying how a catalyst triggers a chemical reaction. We present an in situ 

photoluminescence spectroscopy approach for probing the thermo-catalytic 2-propanol oxidation 

over mesostructured Co3O4 nanowires. Under oxidative conditions, a distinct blue emission at 

~420 nm is detected that increases with temperature up to 280 °C, with an intermediate maximum 

at 150 °C. Catalytic data gained under comparable conditions show that this course of 

photoluminescence intensity precisely follows the conversion of 2-propanol and the production of 

acetone. The blue emission is assigned to the radiative recombination of unbound acetone 

molecules, the n  π* transition of which is selectively excited by a wavelength of 270 nm. These 

findings open a pathway for studying thermo-catalytic processes via in situ photoluminescence 

spectroscopy thereby gaining information about the performance of the catalyst and the formation 

of intermediate products. 
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MAIN TEXT  

To develop and optimize suitable and effective catalytic materials, it is highly beneficial to 

understand catalytic processes as completely as possible. This includes knowledge of active 

surface sites and occurring reaction/intermediate products as well as an understanding of the 

underlying reaction mechanism for being able to design a catalyst with optimal activity and 

selectivity.1–4 However, since the surface of a working catalyst is exposed to permanent changes 

depending on adsorbates or the surrounding reaction conditions, these informations can only be 

obtained by in situ methods.1,4–8  

 

For the examination of heterogeneous gas phase catalysis over metal oxides, optical spectroscopy, 

including Raman, infrared (IR), or UV/Vis absorption measurements, is an established 

methodology.7,9–16 The combination of optical methods enables access to electronic and structural 

information about the working catalyst and its surface as well as the chemical reaction, the latter, 

e.g., via vibrational signatures of reaction products or intermediates.15 Using photons that in 

contrast to electrons and ions do not require any special vacuum conditions as a probe and as a 

detection signal, molecules and the catalyst bulk can be examined barely influencing the catalytic 

process.9,15,17  

 

An optical spectroscopy tool, which has so far hardly been used for in situ investigations of 

catalytic gas phase processes (only a few studies on photocatalysis exist18,19) is photoluminescence 

(PL) spectroscopy. With PL spectroscopy, electronic transitions of metal oxide catalysts,20,21 active 

surface sites22,23 or molecules at the metal oxide gas phase interface24,25 can be excited and 

detected. PL spectroscopy shows a high sensitivity to smallest concentrations, even for fluorescent 
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molecules with low quantum yields.9 For acetone molecules (PL quantum yield ~0.12%) a 

detection limit of 65 ppm was determined in an air gas flow.26 By using specific excitation 

wavelengths reaction products as well as the catalyst itself including its active surface centers can 

be selectively excited and their signals seperately detected.22 In this way, a specific sub-component 

of a catalytic process can be monitored with high sensitivity and quite locally at the catalyst surface 

without affecting the catalytic process. 

 

In this work we report on a study of thermo-catalytic gas phase 2-propanol oxidation to acetone 

over mesostructured Co3O4 nanowires using in situ PL spectroscopy. The 2-propanol oxidation is 

an established standard reaction for determining the performance of catalysts and CoxFe3-xO4 

nanostructures have recently shown their suitability as an effective catalyst for the formation of 

acetone with high activity and selectivity.27–29 We demonstrate that a blue emission is observable 

under UV irradiation with rising temperature in a 2-propanol/O2/N2 gas flow. By performing 

additional catalytic tests with gas chromatography under comparable thermo-catalytic conditions, 

we show that this blue PL signal follows the conversion of 2-propanol to acetone precisely. A 

model describing the underlying mechanism is presented.   
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Figure 1. (a) Optical measurement setup for in situ photoluminescence investigations of the gas 

phase 2-propanol oxidation. (b) Top: Emission spectrum of Co3O4 nanowires during temperature 

programmed oxidation (TPO) for surface activation at temperatures of 50 °C and 280 °C in an 

O2/N2 gas flow. Bottom: Emission spectrum of Co3O4 nanowires during 2-propanol oxidation at 

temperatures of 50 °C and 280 °C in a 2-propanol/O2/N2 gas flow after TPO. All spectra were 

detected under UV excitation (λexc = 270 nm, ρ = 7 μJ/cm2).  

 

Well-ordered mesostructured Co3O4 with nanowire morphology were synthesized via the 

nanocasting method as described previously.30,31 The structural and textural characterization were 

conducted by high-resolution transmission electron microscopy (HR-TEM), X-ray diffraction 

(XRD), nitrogen physisorption and Raman measurements and the results are presented in Figure 

S1 (details are provided in the Supporting Information). To examine the emission behavior of 

Co3O4 nanowires in situ during thermo-catalytic oxidation, a reaction chamber with optical access 

is used and operated at temperatures of up to 280 °C (Figure 1a). A pulsed frequency-tripled fs-



 6 

Ti:sapphire laser (λexc = 270 nm) serves as excitation source and is focused on the nanowire 

powder’s surface in the catalyst bed via a mirror-lens system. For catalytic PL-tests, the system is 

supplied with reaction educts by a 2-propanol/O2/N2 gas stream flowing over the catalyst.  

 

Removal of pre-adsorbed species (e.g., water, carbon dioxide, oxygen) or disturbing reaction 

products occurring during the catalytic reaction (e.g., acetate species) from the surface is 

indispensable for heterogeneous catalysis to get access to the oxide surface and free active sites.27 

Temperature-programmed oxidation (TPO) in an O2/N2 gas flow is therefore carried out before 

each catalytic PL-test. Its effect on the emission behavior of Co3O4 nanowires can be seen in Figure 

1b (upper panel). Under UV excitation in an O2/N2 gas flow, Co3O4 nanowires show a broad 

emission band between 350 nm and 700 nm with a maximum in the green spectral range 

(~500 nm). During the TPO step with temperatures of up to 280 °C, the emission decreases 

continuously and can no longer be detected above a temperature of ~200 °C (Figure S2). A broad 

green emission was observed in studies of metal oxides such as Al2O3 or CoxFe3-xO4 as well and 

assigned to OH groups bound to the catalyst’s surface.24,32,33 TPO experiments in a gas phase 

reactor coupled with a micro gas chromatograph show water formation upon heating in the gas 

flow and thereby verify a decrease in surface coverage with water/OH groups up to a temperature 

of ~200 °C (Figure S2). Above this temperature the water content in the gas flow hardly changes. 

If Co3O4 nanowires are exposed again to a humid room atmosphere after TPO, the broad green 

emission is restored, which in turn confirms the adsorbate character of the emission source 

(Figure S3).  
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Immediately after TPO, the Co3O4 nanowires are examined under thermo-catalytic conditions 

(Figure 1b, lower panel) without exposure to the atmosphere in between. In a 2-propanol enriched 

O2/N2 gas flow, a new blue emission occurs with a maximum at ~420 nm, which, in contrast to the 

green emission associated with OH groups, increases with temperature. The presence of 2-

propanol in the gas flow is a prerequisite for the detection of this blue emission; after TPO no 

emission is visible in a pure O2/N2 gas flow (Figure S4). To determine the cause of the blue 

emission in more detail, a combination of temperature-dependent in situ PL measurements and 

catalytic tests in the gas phase is carried out (Figure 2). 
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Figure 2. (a) Conversion of 2-propanol and O2 over Co3O4 nanowires and (b) the resulting yields 

of acetone and CO2 at temperatures of 50 °C up to 280 °C under a constant 2-propanol/O2/N2 gas 

flow. (c) PL spectra of Co3O4 nanowires under UV excitation ((λexc = 270 nm, ρ = 7 μJ/cm2) and 

a constant 2-propanol/O2/N2 gas flow at temperatures of 50 °C up to 280 °C. (d) Corresponding 

temperature course of the integrated PL intensity.  

 

The catalytic tests are conducted in a setup containing a quartz reactor, the reactor outlet 

composition is examined using a micro gas chromatograph (see Supporting Information). The 

conversion of 2-propanol exhibits a first low-temperature maximum at around 150 °C (~ 60%), 
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which is typical for cobalt oxide or cobalt-iron oxides27–29 and reaches nearly 85% at high 

temperatures of 280 °C. In the low-temperature regime, the conversion of 2-propanol can be 

described by (oxidative) dehydrogenation with acetone as the only reaction product 

(Figure 2b).27-29 With increasing temperature, total oxidation of 2-propanol or acetone29 becomes 

possible (as well as the oxidation of further compounds, i.e. carbonaceous deposits34), resulting in 

additional formation of CO2 (and H2O). At 280 °C a CO2 yield of 16% is detected, while the 

acetone yield starts to saturate with a value of ~70% at high temperatures. In the PL experiments, 

an increase in the blue emission at 420 nm is observed in a 2-propanol/O2/N2 gas flow with rising 

temperature (Figure 2c, d). Interestingly, in accordance with the conversion of 2-propanol and the 

formation of acetone, the temperature-dependent PL intensity forms an intermediate maximum at 

around 150 °C and continues to increase to the maximum temperature of 280 °C afterward.  Here, 

the blue emission follows the conversion of 2-propanol to acetone/CO2 very precisely (Figure 2a). 

However, a flattening of the PL intensity above 250 °C, as in the case of the acetone yield 

(Figure 2b), cannot be detected. 

 

We assign the blue emission to the optical excitation and radiative recombination of acetone 

molecules. The optical properties of ketones, such as acetone, are determined by its carbonyl group 

owning an active optical n  π* transition between neutral, unbound n orbitals localized at the O-

atoms and the non-binding π* orbitals.35,36 The process of an electron that is raised from the n to 

the π* level with an antiparallel spin alignment of the resulting unpaired electrons is a singlet 

transition S0 → S1 (Scheme 1) leading to an absorption band between 220 nm and 320 nm with a 

maximum at around 270 - 280 nm.35 This absorption band was also demonstrated by control 

experiments with acetone in the liquid phase (Figure S5). Compared to acetone, 2-propanol shows 



 10 

hardly any absorption in this spectral range, which makes a direct excitation of 2-propanol 

unlikely. Consequently, acetone can be effectively and selectively excited by a wavelength of 270 

nm used in this work.  

 

After optical excitation, a radiative recombination occurs either in the form of phosphorescence 

(transfer to the triplet state T1 and subsequently radiative recombination to S0) or by fluorescence 

(S1 → S0).
36,37 The S1 → S0 transition results in a broad emission for acetone between 300 and 

550 nm with a maximum at 400 - 420 nm.35,38–40 The large width and the strong Stokes shift (~1.5 

- 1.7 eV) of the fluorescence are caused by a fast multi-step vibrational relaxation process of the 

excited molecule due to the collision with other gas phase molecules.35,36,41 These collisions induce 

the acetone molecule to relax within the excited electronic state to lower vibrational states and thus 

lead to the population of lower-energy S1 states. The excited molecule can radiatively recombine 

from each of these energy levels to S0 or relax further to lower-energy S1 states after another 

collision (or cross to the triplet state) leading to an emission broadening and a shift towards lower 

energies. Comparative measurements in an acetone/O2/N2 gas flow at room temperature also show 

the same broad blue emission at 420 nm as in the catalytic PL-tests at high temperatures 

(Figure S6). 

 

In Figure 2b and d it was demonstrated that the acetone-related PL intensity and the acetone yield 

show a slightly different behavior at high temperatures (260 °C - 280 °C). The measured acetone 

yield starts to saturate above 250 °C, while in the PL investigations an intensity increase can be 

observed even at high temperatures. As a possible explanation of this discrepancy, one needs to 

consider that in the PL study reaction products are studied near the catalyst surface (as the 
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maximum pulse fluence is on the powder surface in the laser focus), whereas the acetone yield 

measurements have been performed at the reactor outlet. By examining the formation of acetone 

by PL spectroscopy directly at the surface after the catalytic process, a further conversion of 

acetone through oxidation can be avoided. This suggests that a possible cause of the drop in the 

acetone yield observed at temperatures close to 280 °C in Figure 2b is the further oxidation of 

acetone to H2O and CO2. However, it should be mentioned that the use of a reactor for the catalytic 

tests with a gas flow through the bed can lead to slight differences in the catalytic behavior 

compared to the reactor chamber for PL measurements with a gas flow over the bed. 

 

The decisive prerequisite for the excitation of acetone and the observation of the blue acetone 

emission is the presence of n orbitals due to unbound electron pairs of the O-atom. Consequently, 

the observed emission at around 420 nm cannot occur if the molecule is still chemically bounded 

to the catalyst’s surface. Therefore, we present the following model for the occurrence of the blue 

acetone emission during 2-propanol oxidation over Co3O4 (Scheme 1).  
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Scheme 1. Model describing the absorption and emission process of acetone molecules via the 

n  π* transition of the carbonyl group in the 2-propanol oxidation over Co3O4 nanowires. 

 

Various reaction schemes have been proposed in literature describing the underlying mechanism 

of 2-propanol oxidation and acetone formation over a metal (oxide) surface.42–44 For Co3O4 

systems, the 2-propanol conversion is mostly explained by a dehydroxylation process with 

deprotonation of the alcohol group by a surface oxygen species, whereby an OH group is formed, 

while the remaining alkoxide is adsorbed on an active surface site.27–29 The active surface sites of 

Co3O4 to which 2-propoxide can bind are formed by Co3+ metal cations or Co3+ ensembles, 

respectively.28,29 The subsequent loss of another proton (H+) and the desorption from the surface 

finally leads to the acetone formation. Only after the acetone split-off from the catalyst surface and 

the formation of a carbonyl group with unbound n orbitals, it is possible to optically excite the 

acetone molecule at 270 nm and detect the blue emission at ~420 nm. After desorption, the excited 

acetone molecule can be in the gas phase near the catalyst surface or physisorbed on the catalyst 

surface without a chemical bond. 
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Under working conditions, a catalysts surface including its adsorbates is subject to permanent 

changes, which has an impact on the catalytic reaction and activity. To determine the influence of 

TPO on the catalyst surface, Co3O4 nanowires are examined during the subsequent cooling process 

after a catalytic test has been carried out. For this purpose, the catalyst is heated up to 280 °C in a 

2-propanol/O2/N2 gas flow. This temperature is maintained for 1 hour and afterward the catalyst 

is cooled down to 50 °C (Figure 3). The examination using in situ PL measurements is again 

accompanied by catalytic measurements via gas chromatography under comparable conditions 

(see Supporting Information). 
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Figure 3. (a) and (b) cyclic PL study (1st heating, cooling down and 2nd heating) of the PL emission 

behavior of Co3O4 nanowires under UV excitation (λexc = 270 nm, ρ = 8.6 μJ/cm2) and a constant 

2-propanol/O2/N2 gas flow. The temperature course of the integrated intensity (a) and the 

associated PL spectra (b) are shown. (c) Cyclic study of the 2-propanol oxidation over Co3O4 

nanowires: Temperature-dependent yields of acetone under a constant 2-propanol/O2/N2 gas flow. 

Before the 2nd heating process of the PL and acetone yield investigation, a TPO step is carried out. 

 

During the first heating process, the formation of an intermediate maximum around 150 °C and a 

subsequent increase up to a temperature of 280 °C is demonstrated again for the PL intensity. 

However, during the subsequent cooling process the PL intensity drops steeply, and an 
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intermediate maximum is no longer detected. In fact, nearly no emission signal is observable 

anymore at 150 °C. An analogous temperature-dependent course is obtained during cooling when 

the acetone yield in the gas flow is determined, with complete deactivation of the catalyst below 

150 °C (Figure 3c). The cause of the catalyst deactivation and the decrease in acetone formation 

is assumed to be the presence of adsorbates such as highly stable and strongly bound acetate or 

carbonaceous species on the Co3O4 surface.27–29 This leads to a decrease in free active surface sites 

at the catalyst surface. As a result, the formation of acetone decreases and thereby also the intensity 

of the blue emission. 

 

To confirm this hypothesis, a second TPO is carried out to remove disturbing adsorbates and 

reoxidize the surface. The Co3O4 catalyst is therefore annealed under oxidative conditions up to a 

temperature of 280 °C after the cooling step. As a result, the same blue PL signal with a maximum 

at ~420 nm is detected again in the second heating step and the initial course of the PL intensity 

with an intermediate maximum around 150 °C is restored (Figure 3a and b). This can be confirmed 

by catalytic tests via gas chromatography showing the original temperature profile after 

performing a TPO step as well (Figure 3c). Thus, the surface of the Co3O4 nanowires catalyst can 

be successfully freed from adsorbates by performing an additional TPO step, thereby reactivating 

the catalyst. 

 

In summary, we developed an in situ photoluminescence method to study the thermo-catalytic 

conversion of 2-propanol to acetone over mesostructured Co3O4 nanowires. A pretreatment of the 

catalyst with temperature programmed oxidation enables the catalytic reaction. By choosing a 

discrete excitation with a frequency-tripled Ti:sapphire laser (λexc = 270 nm), acetone molecules 
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are selectively excited separately without interference by adsorbates or intermediate products. It is 

shown that the blue emission of acetone at ~420 nm can be used to monitor the temperature-

dependent conversion of 2-propanol to acetone with an intermediate maximum at 150 °C and a 

further increase up to 280 °C. The steep drop in the PL intensity during the subsequent cooling 

process is explained by the catalyst deactivation due to disturbing byproducts such as acetate or 

carbonaceous species blocking active surface sites. A model is suggested describing the emission 

process of acetone during 2-propanol oxidation. The occurrence of the blue emission is assigned 

to the π* → n transition of the carbonyl O-atom under the participation of unbound electrons. To 

the best of our knowledge, this is the first investigation of a thermo-catalytic process using in situ 

PL spectroscopy. With this new method, dynamic processes can be examined in real time and in 

direct proximity to the surface of heterogeneous catalyst systems. Due to the use of distinct 

excitation wavelengths, reaction products can be selectively excited and detected with high 

sensitivity. 
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