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Introduction
Heterogeneous photocatalysis has become an important and promising approach for 

durable solutions for environment [1-3], renewable energy [4-6], and green chemistry [5,7]. 
Wide and serious applications of photocatalysis in these fields are mainly based on the design 
of new materials with high performance. Significant work has been performed to improve 
photocatalytic systems, particularly those operating under visible light, based on either solid 
oxides or non-oxides. However, quantitative comparison of these systems and advances 
in fundamental understanding of the photocatalysis reaction are, unfortunately, very 
challenging due to the absence of standardization in both the measurement and the recording 
of heterogeneous photocatalysis activity data [8]. The development of common measurement 
protocols is definitely critical for advancing and expanding the field of heterogeneous 
photocatalysis.

Turnover frequency (TOF) and quantum yield (QY) are often used as standard parameters 
in thermal catalysis and photochemistry [9-11]. However, there are specific problems for their 
use in heterogeneous photocatalysis [12,13]:

A. TOF is defined as the number of molecules converted per active site per time unit. 
Indeed, the number of active sites is a very limited value for most systems, as not only 
the definition of what an active site is, but also the number of active sites are ill-defined.

B. QY is defined as the number of molecules undergoing an event (conversion of reactants 
or formation of products) relative to the number of energy quanta absorbed by the 
reactant(s) or by the photocatalyst. The number of photons absorbed by heterogeneous 
photocatalysts is experimentally difficult to access, owing to reflection, scattering and 
internal shading effect.

Consequently, the QY values are frequently rough approximates. The term “apparent 
quantum yield” (AQY) is probably used too often in heterogeneous photocatalysis. It is defined 
as the relative number of molecules converted to the total number of “incident” photons on 
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Abstract
Operando IR spectroscopy and steady state transient isotopic exchange (SSITKA) are used to highlight 
the internal shading effect and surface sites heterogeneity in heterogeneous photocatalysis. Different 
TiO2-P25 samples are prepared in different shapes and tested under the same experimental conditions. 
These samples show different kinetics (SSITKA cross points) for the surface species (formate) and gas 
phase products during 12CH3OH/13CH3OH photo-oxidation. The difference is assigned to the shading effect 
and is negligible when the photocatalyst layer is lower than 10μm (for I0 = 12mW/cm2 at λirr = 366nm). 
Therefore, a homogeneous irradiation of the photocatalyst bed is achieved on TiO2 thin film. In the second 
part of this work we show that the difference between SSITKA cross points for the surface and gas phase 
species may also result from surface sites heterogeneity. In this work we demonstrate that the reaction 
rate (per gram per unit time) often used in the photocatalysis community, has no meaning on its own in 
heterogeneous photocatalysis under soft irradiation for a relatively thick layer (>30μm). In other hand, 
including the irradiated surface in the calculation of the reaction rate seems more representative than the 
mass of the photocatalyst, for comparing efficiencies of heterogeneous photocatalysts for a given reaction.
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the reactor walls, for sometimes ill-defined reactor geometry and 
for a large spectral irradiation window (polychromatic radiation).

In this work, operando-IR spectroscopy is used to demonstrate 
how the shading effect and the sites heterogeneity on the 
photocatalyst surface can alter the TOF and QY values determined 
in heterogeneous photocatalysis. For this purpose, several 
experiments of methanol photooxidation on TiO2 photocatalysts 
were carried out under the same experimental conditions of 
irradiation, temperature, flow and reactor geometry, while 
changing the sample geometry. Different Steady State Isotopic 
Transient Kinetic Analyzes (SSITKA) experiments have been 
performed. These experiments provide a correlation between the 
surface species and the gas phase products showing how the shape 
and the nature of the photocatalysts can lead to wrong conclusions. 
This work is a strong basis for a future determination of TOF in 
heterogeneous photocatalysis using operando IR spectroscopy 
with the SSITKA approach.

Experimental Section
The photocatalytic oxidation of methanol was performed using 

the operando IR reactor described elsewhere [14]. Hierarchical 
TiO2 (TiO2-L) has been synthesized and characterized as described 
by [15]. The seeding of natural Luffa sponge (used as a biotemplate) 
with anatase TiO2 was accomplished by a 24h hydrothermal 
synthesis at 373K, under autogeneous pressure. A synthesis mixture 
with the following composition 10Ti(OEt)4:45C2H5OH:45H2O 
(vol%) was used. The pre-cursor solution was stirred with Luffa 
sponge at room temperature (RT) for 1h. Then, 100mL of the 
solution (together with 500mg of Luffa sponge) was poured into 
Teflon-lined stainless-steel autoclaves. After the synthesis, the Luffa 
sponges were removed from the autoclaves, thoroughly cleaned 
(in order to remove the excess of TiO2 seeds loosely bound on the 
substrate) with ethanol and water and dried overnight at 323K. 
After rinsing, the composite (TiO2/Luffa) was calcined under air, 
with a 5h ramp to 773K and a 5h dwell time.

A macrotubular TiO2 shape with macrochannels was obtained 
after removal of the natural organic support (replica of Luffa 
fibers). Then, TiO2-L samples were characterized using X-ray 
diffraction (XRD), N2 sorption, and ultraviolet-visible light (UV-
vis) spectroscopy [16]. As a comparison, photooxidation was also 
performed on a commercial TiO2 from Evonik-Degussa (TiO2-P25). 
Photocatalysts were pressed into self-supported wafers (Ø = 16mm, 
m = 10mg/cm2; thickness = 60µm (measured by Micromaster-IP54 
and SEM)) or deposited as thin film (<10µm) on a KBr window (for 
a SSITKA experiment). The IR reactor-cell was connected to gas 
lines with gas mixing devices and mass flow controllers. Two gas 
mixtures can be prepared and sent independently to the reactor 
cell. Exhaust gases (reactants and/or reaction products) can be 
analyzed by a Quadrupole Mass Spectrometer (Pfeiffer Omnistar 
GSD 301), while complementary information on the gas phase can 
be gained by IR spectroscopy with a gas micro-cell.

IR spectra (64 scans per spectrum) of the catalyst under working 
conditions were collected at a time resolution of 1 spectrum each 

2 minutes with a Thermo Scientific Nicolet 6700 spectrometer, 
equipped with a MCT detector. A greater temporal resolution has 
been used for SSITKA experiments: 10 scans per spectrum and 1 
spectrum collected each 5.4 seconds. All IR spectra are displayed as 
absorbance. For this specific study, the system was equipped with 
two saturators in the same thermostatic bath in order to obtain 
similar temperatures. A fixed concentration of vaporized methanol, 
either in its natural form or 99.0% 13CH3OH enriched (Cambridge 
Isotope Laboratories) was sent, via a two ways valve, under the flow 
conditions: 1200ppm methanol, 20% oxygen in Argon at 60,000h-1 
constant gas hourly space velocity.

In order to calculate the methanol conversion, a calibration 
curve was drawn to establish the linear relationship between 
the concentration of methanol and the MS signal intensity or IR 
band intensity (at m/z = 29 and 1038-1026cm-1 respectively), for 
12CH316OH. The reaction was studied at 301K. The irradiation was 
applied with a Xe-Hg lamp (LC8 Spot Light Hamamatsu, L10852, 
200W) and UV-light guide (A10014-50-0110) mounted at the 
entrance of the operando IR cell. Details of the setup were previously 
reported  [16]. A monochromatic 365nm band pass filter was used. 
The variation of the irradiated surface has been carried out using 
metallic masks with different opening diameters. The photocatalyst 
samples were activated at 473K (5K/min) for 1h under synthetic 
air and polychromatic UV irradiation and then cooled down to 301K 
(5K/min) before each experiment. The characteristic IR bands 
used to quantify the gas phase and adsorbed species before and 
during natural and labeled methanol photooxidation reactions by 
FTIR were taken from our previous work [17]. The thickness of the 
photocatalyst pellets/layer has been determined using scanning 
electron microscopy (SEM).

Result and Discussion

Internal shading effect in heterogeneous photocatalysis
In order to highlight the shading effect of TiO2 nanoparticles, 

different SSITKA experiments were performed on different shapes 
of TiO2-P25 photocatalyst. SSITKA is a methodology for obtaining 
transient conditions while remaining under the required chemical 
and/or kinetic steady state environment for a given reaction. It 
has already been used to elucidate the mechanism of a catalytic 
reaction, and sometimes to determine some thermodynamic 
parameters such as the activation energy [16,18-20].

Here, SSITKA studies of 12CH3OH/13CH3OH were performed on 
three TiO2-P25 samples under the same experimental conditions of 
temperature (301K), irradiation (I0 ≈ 15mW/cm2; λ= 366nm) and 
gas flow (20cm3/min). The photocatalyst surfaces were monitored 
by transmission FTIR. After UV irradiation of TiO2-P25 pellet 
saturated with 12CH3OH, new bands appeared, assigned to formate 
species adsorbed on the catalyst surface (Figure 1). The bands 
located at 1571, 1378, 1362, 1110, and 1023cm-1 are assigned 
to nas(COO), δ(CH), ns(COO) of formate species, ν(OC) (linear) of 
methoxy and methanol physisorbed, respectively [17]. A shift of 
these bands to lower wavenumbers (except for δ(CH)) was observed 
when 13CH3OH was used. The kinetic analysis of the formate and 
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methoxy 12C/13C-exchanges were performed using the integration 
of the nas(COO) and ν(OC) bands of formate and methoxy species, 

respectively. The gas phase products were analyzed with on line MS 
and gas-FTIR.

Figure 1: IR spectra of TiO2 pellet (10mg/cm2) during the photooxidation of 12CH3OH and 13CH3OH (methanol 
concentration = 1200ppm, flow = 20 cm3/min; 301K; λ = 366nm; I0 = 15mW/cm2).

Starting from the chemical steady state (t = 0), the reaction flow 
was switched from natural to 13C-labeled methanol. Consequently, 
the bands of adsorbed 13C-methoxy (1088cm-1) and 13C-formates 
(1342 and 1528cm-1) species progressively replaced those of the 
unlabeled species (Figure S1), giving rise to several isosbestic 
points. Figure 2 shows the time evolution of the adsorbed 
species on TiO2-P25 samples studied under different shapes: a) 
self-supported pellet (20mg, 16mm of diameter and 60mm of 
thickness); b) TiO2 supported on the center of a 16mm stainless 

steel grid (sample diameter: 6mm; 65mm of thickness); c) thin film 
of TiO2 powder deposited on a KBr window (16mm of diameter; 
<10mm of thickness). The methanol concentrations were adapted 
to the mass of the photocatalyst used (1200; 500 and 500ppm, 
respectively), to work at a constant contact time and in order to 
obtain a similar selectivity. The evolution of the gas phase products 
was monitored using the characteristic m/z signals of the products 
(29/33 for 12CH3OH/13CH3OH; 44/45 for 12CO2/13CO2; and 60/62 for 
12CH3

12CHO/13CH3
13CHO).

Figure S1: IR spectra of TiO2-P25 during a SSITKA experiment for which an initial flow of 1200ppm of 12CH3OH, 
20% of oxygen diluted in Ar (total flow=20cm3 min-1) was switched to a similar but labeled (13CH3OH) flow (the 
spectrum recorded at t = 0 was used as background).
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Figure 2: Evolution of adsorbed species on TiO2 surface and in gas phase during methanol photooxidation 
versus time of the 12CH3OH/13CH3OH SSITKA experiment (t=0 min corresponds to the 13CH3OH/CH3OH ex-
change). A: 20mg of self-supported TiO2 pellet (16mm of diameter and 60mm of thickness), methanol concentra-
tion = 1200ppm; B: 5mg TiO2 supported on a INOX grid (6mm sample diameter; 65mm of thickness), methanol 
concentration = 500ppm; C: TiO2 thin film deposited on a KBr window (16mm; <10 mm of thickness), methanol 
concentration = 500ppm.

Figure 2 shows that similar crossing points were observed at t 
≈ 3.0±0.3min and t ≈ 16±2min for adsorbed methoxy and formate 
species, respectively, when TiO2-P25 was tested as a self-supported 
pellet or as deposited powders on a stainless steel grid support. The 
online analyses of the exhaust gases showed similar crossing points 
(at t ≈ 3.7±0.7min) for methanol, carbon dioxide, and methylformate. 

Methoxy species were thus in good correlation with gas products. 
This was not the case with formate species. Only a small amount 
of the formate species were involved in methanol photooxidation. 
These results may lead to a very confusing conclusion, that formate 
species are not the main intermediate.

Figure 3: Infrared (IR) spectra of (A) TiO2-L and (B) TiO2-P25 after 60min of UV irradiation during methanol pho-
tooxidation. (Conditions: 1200ppm of methanol in synthetic air; flow = 25cm3/min; T = 301K; I0(366) ≈ 15mW/
cm2; λ = 366nm)
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In a recent work, we demonstrated that formate species are 
intermediates in the two photooxidation reactions of methanol 
into carbon dioxide and into methylformate [17]. Two possibilities 
may explain such apparent contradiction: i) the shading effect of 
TiO2 particles and the photocatalyst site’s activity depending on the 
location of the sites, either near the wafer surface or in the bulk 
(inhomogeneous irradiation with the depth of the catalyst in the 
catalyst bed) and/or ii) the presence on TiO2 surface of different 
surface sites with different activity Figure 3. A SSITKA experiment 
on a thin film of TiO2-P25 (thickness <10mm, deposited on a KBr 
window) has been performed to exclude or not the internal shading. 
In that case, a good correlation between the formate species and 
gas phase products was observed with similar crossing points at 
around 0.8±0.2min. This confirms the internal shading as one of 
the most important obstacles to mechanism description and QY 
determination.

Further work should be performed in order to validate a 
possible quantitative relationship between the time to the crossing 
points of the 12C/13C of formates and the pellet thickness of 
TiO2-P25 or the irradiation intensity. The approach used here is 
also very promising for determination of TOF in heterogeneous 
photocatalysis under ideal conditions (homogeneous irradiation of 
the photocatalyst bed). To reach this goal, the relationship between 
isotopic exchange kinetics and TOF must be established with a 

quantification of the real active sites.

Surface sites heterogeneity of photocatalysts
The number of accessible active sites is the most important 

parameter for calculating TOF values in heterogeneous 
photocatalysis. Here, the heterogeneity of the photocatalyst surface 
sites is the limiting step. In such a case, the traditional methods for 
the determination of active sites, such as reactive chemisorption, 
are no more possible. Spectroscopic analysis of the photocatalyst 
surfaces during the reaction (under operando condition) is very 
useful, giving information about the activity of the surface sites.

In this part, the heterogeneity of site activities on photocatalyst 
surfaces is highlighted using the same methodology (operando-
IR & SSITKA). Two different TiO2 photocatalysts (TiO2-P25 and 
TiO2-L) were tested under similar conditions. The photocatalysts 
were prepared as thin pellet (60mm) in order to obtain a high 
precision on their thickness and mass. The internal shading was, 
therefore, similar and did not preclude the comparison between 
both photocatalysts.

The characteristics of TiO2 photocatalysts and their activity 
in methanol photooxidation are summarized in Table 1. Despite a 
higher surface area for TiO2-L in comparison with that of TiO2-P25 
(1.6 times higher), the methanol conversion rate was 1.5 times 
lower, with a CO2-selectivity 1.4 times higher.

Table 1: Characteristics of TiO2-L and TiO2-P25 Photocatalysts used in this Work and their photocatalytic activity in the 
photooxidation of 1200ppm of methanol (conditions: TiO2 pellet (~20mg; thickness ~ 60mm;  20% O2/Ar vol %; flow = 

25cm3/ min; T= 301K; I0(366) ~10mW/cm2; λ = 366nm).

Photocatalyst Crystallinity Morphology SBET 
(m2/g)

Vmeso 
(cm3/g) RMeOH (ml.g-1cat.min-1) CO2-selectivity

TiO2-L Anatase (>95%) Tubular Macrofibers 90 0.14 0.8 0.57

TiO2-P25 Anatase (80%), Rutile 
(20%)

Agglomerated 
powders 55 -- 1.2 0.4

Figure S2: Evolution CO2 (A) and methylformate (B) in gas phase during methanol photooxidation on TiO2-P25 
and TiO2-L, versus time of the 12CH3OH/13CH3OH SSITKA experiment (t=0min correspond to the 13CH3OH/CH3OH 
exchange). (Conditions: 1200ppm of methanol in synthetic air; flow = 25cm3/min; T=301K; I0(366) ≈ 10mW/cm2; 
λ = 366nm.)
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Operando IR in the photocatalytic reactor shed more light on 
these results. Different vibration bands for bidentate formates on 
TiO2-L (maxima at 1600, 1373, and 1356cm-1) and on TiO2-P25 
(maxima at 1570, 1379, 1362cm-1) were observed, probably 
because of a difference in the nature of the adsorption sites. In 
addition, the IR intensity of these bands was much higher on 
TiO2-L than on TiO2-P25. This may be explained by the higher 
specific surface of TiO2-L, leading to a greater formation of formate 
intermediates. In such a case, the methanol conversion rate would 
have been higher for TiO2-L, which was not the case. Hence, this 
difference was probably due to a stronger adsorption of bidentate 

formate species on TiO2-L than on TiO2-P25, thus reducing their 
transformation rate (Figure S2).

In the SSITKA experiments using operando FTIR, the crossing 
point for the exchange of formates on TiO2-L was observed 60 
minutes later than on TiO2-P25 (Figure 4). The same kinetics for 
the isotopic exchanges in the gas phase products was observed, 
with a similar crossing point for both photocatalysts, at around 
3±0.3 minutes (Figure S3). In addition to the previous results, this 
experiment shows that an important part of formate species is 
more stable on TiO2-L surface than on TiO2-P25.

Figure 4: Evolution of formate species on TiO2-P25 and TiO2-L surfaces during methanol photooxidation versus 
time of the 12CH3OH/13CH3OH SSITKA experiment (t=0 min corresponds to the 13CH3OH/CH3OH exchange). 
(Conditions: 1200ppm of methanol in synthetic air; flow = 25cm3/min; T = 301K; I0(366) ≈ 15 mW/cm2; λ = 
366nm). (Doted lines correspond to the trend lines of the formate evolution)

Figure S3: (A) Evolution of the IR band of TiOH at 3690cm-1 and of formate species at 1602cm-1 during methanol 
photo-oxidation. (B) Evolution of the formate species IR-band vs Ti (III) OH IR-band during methanol photo-ox-
idation.

On the other hand, a good relationship was observed between 
the TiOH hydroxyl groups (stretches at 3690cm-1), and formate 
species: the increase of the IR band intensities was accompanied 

by a decrease of the IR band intensities for TiOH groups (at 
3690cm-1, Figure S3). These results seem to indicate that formate 
intermediates are stabilized on the sites previously occupied by the 
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hydroxyls, therefore corresponding to coordinatively unsaturated 
surface sites. Therefore, the determination of the number of actives 
sites should take into account the presence of such sites with no or 
low activity. 

Variation of the photocatalyst’s efficiency versus their 
mass under soft irradiance

Self-supported catalysts with relatively thick pellets (>30mm) 
may have constant efficiency whatever the sample mass when 
the irradiation is too soft (intensity<50mW/cm2). Figure 3 
illustrates the variation of the photocatalyst efficiency and the 
reaction selectivity of methanol photooxidation versus irradiation 
intensity for two self supported TiO2-P25 with different mass 
and pellet thickness (Figure 3D). The results demonstrate an 
increase of efficiency with increasing light intensity, still in a 
reasonable proportion with a monochromatic light in comparison 
with a polychromatic irradiation. However, still no effect of the 
photocatalyst mass/thickness is observed. This is due mainly 
to the shading effect highlighted in the previous part (same light 
penetration depth). Therefore, the calculation of the reaction 
rate per unit of photocatalyst mass can lead to confusing results: 

comparing two different photocatalysts with different masses can 
produce an under-estimation of the photocatalytic activity of one 
sample due to the shading effect (Figure 3C). The reaction rate, per 
gram per unit time, has no meaning on its own in heterogeneous 
photocatalysis (mainly measured in the gas phase for self supported 
catalyst) under soft irradiation for a relatively thick layer (>30mm). 
In other words, in the previously cited conditions, it is better not to 
express results versus the mass of the photocatalyst.

Photocatalyst efficiency vs irradiated surface: A possible 
solution

Whereas the mass plays no major effect under soft irradiation 
conditions, the irradiated surface is a very important factor for 
estimating the photocatalyst activity. Figure 4 demonstrates how 
increasing the irradiated surface of the pellet increases methanol 
conversion [18-21]. On the other hand, the selectivity is not 
significantly affected. Therefore, including the irradiated surface 
in the calculation of the reaction rate seems very important, even 
more than the mass of photocatalyst, for comparing efficiencies of 
heterogeneous photocatalysts for a given reaction Figure 5.

Figure 5: Evolution versus the intensity of the monochromatic irradiation at 365nm of methanol conversion 
(A) and CO2-selectivity of the reaction (B) Over self supported TiO2-25 pellets prepared with two different mass 
of photocatalyst. (C) Shows the evolution of the reaction rate (in mmol.g-1.min-1). (D) SEM images of side (i/iii) 
and top (ii/iv) views of self supported TiO2-P25 pellet prepared with 24.96 (i/ii) and 10.00 (iii/iv) mg of powders. 
Condition of the photocatalytique tests: λ=365nm; methanol concentration= 1200ppm; 20% O2/Ar, flow= 25cm3.
min-1.

Conclusion

Operando IR coupled to SSITKA is a very promising approach 
for a fundamental understanding of the photocatalytic reaction. In 
this work, we have used this technique to investigate the internal 
shading effect and surface sites heterogeneity in heterogeneous 
photocatalysis, as key factor parameters for QY and TOF 
determination Figure 6. We have shown that calculation of TOF is 

only possible after optimizing irradiation conditions (homogeneous 
irradiation of the photocatalysts bed) and identifying/quantifying 
the active sites. We also demonstrate that normalizing the reaction 
rate to the photocatalyst mass can lead to wrong conclusions on the 
efficiency of a system. Our advice is to use the irradiated surface 
of the photocatalyst when relatively thick layers (>30mm) of self-
supported heterogeneous photocatalysts are used under relatively 
soft irradiations conditions.
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Figure 6: Evolution of the conversion (in %) and CO2-selectivity of methanol photooxidation on TiO2 P25 pellet 
(m=25mg) versus the irradiated surface. Desired irradiated surface is obtained by using different masks. Condi-
tion: λ=365nm; irradiance= 17.5mW/cm2. methanol concentration = 1200ppm; 20%O2/Ar, flow= 25cm3.min-1.
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