
1 
 

Heteropolyacids supported on boron nitride and carbon nitride for catalytic and 

catalytic photo-assisted alcohol dehydration 

Elisa I. García-López
1
, Francesca R. Pomilla

2
, Igor Krivtsov

3,4
,  

Aida Serrano
5
, Leonarda F. Liotta

6
, Silvia Villar-Rodil

7
, Juan I. Paredes

7
, Giuseppe Marcì

1*
 

 

1
 Department of Biological, Chemical and Pharmaceutical Sciences and Technologies (STEBICEF), 

Università di Palermo, Viale delle Scienze, 90128 Palermo, Italy 

2
 Department of Engineering, Università di Palermo, Viale delle Scienze, 90128 Palermo, Italy 

3
 Department of Organic and Inorganic Chemistry, University of Oviedo, 33006 Oviedo, Spain 

4
 Institute of Electrochemistry, Ulm University, 89081 Ulm, Germany 

5
 Electroceramic Department, Instituto de Cerámica y Vidrio (ICV), CSIC, C/Kelsen 5, 28049 

Madrid, Spain 

6
 Istituto per lo Studio dei Materiali Nanostrutturati (ISMN)-CNR, via Ugo La Malfa, 153, 90146 

Palermo, Italy 

7
 Instituto de Ciencia y Tecnología del Carbono (INCAR-CSIC), C/Francisco Pintado Fe 26.  

33011 Oviedo, Spain  

 

Keywords 

Keggin, Wells-Dawson, heteropolyacid, boron nitride, carbon nitride, 2-propanol dehydration, 

photocatalysis 

 



2 
 

Abstract 

Keggin H3PW12O40 (PW12) and Wells-Dawson H6P2W18O60 (P2W18) heteropolyacids (HPAs) are 

photo(catalysts) for various acid-promoted and redox catalytic reactions. Their activity increases if 

they are deposited on certain supports as metal oxides or carbon materials. Although the surface 

area and acid-base interactions of the HPAs with supports are considered as key factors for the 

performance of the binary material, the role of the local structure changes in the HPAs upon their 

immobilization on solids must be also of primary importance, directly affecting both acidity and 

photoredox properties. Here, the (photo)catalytic performance of Keggin and Wells-Dawson 

heteropolytungstates supported on boron nitride (BN) and two types of carbon nitride (C3N4) in the 

gas-solid 2-propanol dehydration to propene has been studied. Apart from characterizing the 

materials by a set of conventional laboratory-scale structural and physical-chemical techniques, an 

insight into the variations of the local structure of supported HPAs is provided by means of X-ray 

absorption spectroscopy (XAS), and their influence on the supported HPAs (photo)catalytic activity 

is discussed. The irradiation with UV light increased the activity of both heteropolytungstates with 

respect to the catalytic experiments. The apparent activation energy calculated for the photo-

assisted process resulted always lower with respect to that obtained for the catalytic one alone. 

Moreover, the materials that showed the highest apparent turnover frequency (TOF) were those in 

which the HPAs were impregnated on graphitic C3N4 or on BN and, in particular, the highest TOF 

values were observed at the highest temperature for the PW12/BN and P2W18/BN samples. 

Interestingly, the highest activity of HPAs supported on BN seems to be due to the stabilization of 

the W octahedral coordination, according to the XAS data. 
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1. INTRODUCTION  

Among the heteropolyacids (HPAs), Keggin and Wells-Dawson clusters are studied as 

(photo)catalysts due to both their strong Brönsted acidity and redox properties [1]. HPAs possess 

hierarchical structures in which, in the case of Keggin, the primary structure is the polyanion 

[PW12O40]
3-

, while in the Wells-Dawson it is the [P2W18O62]
6-

 one [2]. In the secondary structure of 

both HPAs, water molecules (up to ca. 27-29 molecules of water per anion) bind primary unit 

together by forming water bridges in which the dissolved counter cations (the acidic protons) form 

the Brönsted sites as H5O2
+
 species, and in which the polar substrate(s) can be easily dissolved in 

the so called “pseudo-liquid phase”. Some authors report that the catalytic reaction happens in this 

particular phase [3-6]. The hydration state of the secondary structure of the HPAs, influenced by 

their structural modifications, is able to modify the number and strength of the acidic sites along 

with the accessibility of the substrate molecules. By virtue of these features, HPAs have been 

extensively used in catalytic dehydration of alcohols, e.g., ethanol [7,8] 2-propanol [9,10], butanol 

[11], and methanol conversion [12-14]. All of these reactions involve a polar substrate, which is 

dissolved in the secondary structure, so the catalytic reaction happens in the bulk. On the contrary, 

the surface active centres contribute to the catalytic process in the case of non-polar reagents which 

are not able to penetrate in the secondary structure, as for instance for butene isomerization [15]. 

Moreover, HPAs can also be activated by irradiation, thus a catalytic photo-assisted reaction can 

occur. Indeed, HPAs can absorb light giving rise to the formation of the strong oxidant excited state 

HPA* [16] that can evolve to HPA
-
 “heteropolyblue” species by means of electron(s) transfer from 

other species present in the reacting medium [17]. It has been reported that the presence of different 

types of HPAs is able to enhance the oxidative performance of a heterogeneous photocatalytic 

system [18].  

Since the surface area of HPAs is often very low (a few m
2·g-1

), the possibility of dispersing them 

on supports with a high specific surface area (SSA) is generally seen as an excellent way to increase 

both their catalytic and their photo-assisted catalytic activity, by improving the accessibility to their 
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acid sites. However, increasing the SSA is not the only possible strategy to improve the catalytic 

activity. The choice of the support to prepare the binary material could strongly modify the 

(photo)catalytic behaviour of the composite. Indeed, the type of the support and its physicochemical 

interaction with the HPA is also important. For instance, Gaigneaux et al. [14] reported that the 

dispersion of HPA occurs better on TiO2 with respect to boron nitride (BN), which possesses a 

more hydrophobic surface, but the improved dispersion on TiO2 could simultaneously weaken the 

acidic strength of the composite material. Consequently, the (photo)catalytic activity of 

HPA/support composite materials seems influenced by various factors such as the nature of the 

HPA, the surface area of the support and the type of interaction between the HPA and the surface of 

the support. 

For instance, Raj et al. have studied the deposition of Keggin and Wells-Dawson HPAs on mica 

(hydrophilic) and on graphite (hydrophobic) surfaces [19]. The orientation and morphology of the 

Wells–Dawson heteropolyacid (P2W18) changed upon deposition on hydophylic or on hydrophobic 

supports. The large island-like P2W18 cluster deposited on the hydrophilic mica surface was ca. 1 

nm in diameter, which is in close agreement with the shorter molecular axis of the asymmetric unit 

(1.05 nm × 1.45 nm) [20,21]. On the contrary, the height of P2W18 deposited on a hydrophobic 

surface was ca. 1.75 nm, being close to the dimension of the longer molecular axis of the 

heteropolyacid unit. Thus, there is a preferential orientation of the oxoanion cluster on different 

surfaces, when these present different hydrophilicity. In the case of Keggin HPA (PW12), however, 

as the unit shows a roundish symmetrical dimension (ca. 1 nm diameter), no differences were 

observed. Anyhow, a dissimilar orientation of different kind of HPAs as a function of the 

hydrophilic or hydrophobic nature of the support seems clear. Gaigneaux et al. have reported that 

the activity, selectivity and stability of HPA can be adjusted by changing their preferential 

orientation on the support [14]. 

Catalytic and photo-assisted catalytic activity of Keggin PW12 was previously studied by some of us 

on many kinds of supports [21-23]. The use of a photocatalyst as a support for HPAs further 
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improved the activity of the composite, particularly under irradiation [23,24]. In the last case the 

increase of activity was correlated, thanks to the electron paramagnetic resonance (EPR) study, to 

the capability of the semiconductor to transfer photo-generated electrons to the activated HPA* 

species that consequently hinders the electron-hole pair recombination [25]. 

Considering the limitations of conventional laboratory analytical techniques for the characterization 

of HPAs structural features and the corresponding changes occurring upon their deposition on 

various solid supports, here we will try to provide some insight in the W local structure of the BN 

and carbon nitride (C3N4)-supported HPAs. In particular, X-ray photoelectron spectroscopy (XPS) 

results were complemented by X-ray absorption near edge structure (XANES) and extended X-ray 

absorption fine structure (EXAFS) spectroscopies and they were related to the acidity of the 

prepared catalysts and consequently to their performance in (photo)catalytic 2-propanol 

dehydration. The latter was chosen as a model reaction for the alcohol dehydration, which is a 

reaction of significant industrial importance giving rise to olefins (and/or ethers) used for 

production of chemicals and polymers [26]. Many efforts have been devoted to the efficient and 

selective dehydration of alcohols on various types of acidic solids, such as modified alumina, 

zeolites, mesoporous materials, and also supported HPAs [27-29]. This reaction has been also 

widely employed as a probe to investigate structure-activity relationships on model catalysts as 

WO3 [30] or HPAs [18,27-29]. 

2. EXPERIMENTAL 

2.1. Preparation of the heteropolyacid/support composites 

Catalysts prepared in this work were obtained by impregnation on different supports, of two 

types of heteropolyacid clusters, i.e. the dodecatungstophosphoric acid (H3PW12O40, Aldrich 

99.7%) showing Keggin structure (henceforth designated as PW12) and the Wells-Dawson 

diphosphooctadecatungstic acid, H6P2W18O60 (P2W18), that was synthetized by following a 

procedure reported before [24]. Briefly, H3PO4 acid has been added to an aqueous solution of 
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NaWO4 that was maintained under reflux for 8 h. Afterwards, the addition of KCl caused the 

precipitation of the K6P2W18O62 salt that was purified by recrystallization, filtered, washed and then 

dried under vacuum. Finally, the salt was transformed into phosphotungstic Wells-Dawson acid, 

H6P2W18O62, by following the “etherate method” reported by Baronetti [31]. Both PW12 and P2W18 

have been supported on BN (from Aldrich) or on two home-made C3N4 materials. These last two 

supports were prepared with a procedure described in literature [32]. The first support was a bulk 

graphitic C3N4 and it was prepared by thermal condensation of 10 g of melamine in a covered 

ceramic crucible. The oven was heated at a ramp of 2 °C·min
-1

 up to a temperature of 520 °C, 

which was maintained for 2 h. Then, the oven was slowly cooled down to obtain a yellow powder 

of graphitic C3N4 that was labelled as g-C3N4. A successive thermo-exfoliation of this material 

improved its physicochemical features and increased SSA [32]. For this purpose, 6 g of g-C3N4 was 

heated under static air atmosphere at 520 °C (temperature ramp of 3 °C·min
-1

) in an opened ceramic 

bowl and kept for 2 h at the final temperature before being cooled down. The resulting pale-yellow 

powder was labelled as C3N4-TE.  

In order to carry out the impregnation of the support, an aqueous solution of the HPA was added to 

3 g of the support and the resulting suspension was stirred and dried at 50 °C overnight. Knowing 

the SSA of each support material (see Table 1), the amount of PW12 or P2W18 in the aqueous 

suspensions was calculated as that needed to form one monolayer onto each surface. The amounts 

of HPA for the impregnation were calculated by assuming a round shape for the primary Keggin 

structure (1.0 nm in diameter), which yielded an area of. 78.5 Å
2
 for each unit. As far as the Wells-

Dawson rectangular prism unit is concerned, the area occupied by each primary structure was 94 or 

167 Å
2
, for the upright or reclined position, respectively, of the unit on the impregnated surface of 

the support. We have considered an average value of ca. 100 Å
2
 for both positions and we have 

proceeded analogously considering the HPA H6P2W18O64 ∙ 29 H2O. 

The resulting powders were labelled as the name of the HPA followed by that of the support used.  
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2.2. Characterization of the heteropolyacid/support composites 

The crystalline phase composition of the samples was revealed by the X-ray diffraction of the 

powders (PXRD) using a Panalytical Empyrean instrument, equipped with CuK radiation and 

PixCel1D (tm) detector. Scanning electron microscopy (SEM) investigation was carried out by 

using a FEI Quanta 200 ESEM microscope (a thin layer of gold was deposited on the samples 

before the measurements). SSA and porosity of the samples were determined from analysis of the 

nitrogen adsorption-desorption isotherms measured with a Micromeritics ASAP 2020 instrument. 

Fourier-transform infrared (FTIR) and Raman spectroscopies, used to probe the structural 

integrity of the HPA cluster in the binary material, were performed by using an FTIR-8400 

Shimadzu spectrometer with 4 cm
-1

 resolution and 256 scans and a Witec ALPHA 300RA Raman 

instrument, respectively. The last apparatus used a linearly polarized Nd:YAG laser (532 nm) 

fixed at an excitation power of 6 mW and an objective with a lens of numerical aperture of 0.95. 

The final spectra represent an average of 20 single spectra collected integrating for 5 s each 

spectrum. 

Diffuse reflectance spectra (DRS) were obtained in the 250–800 nm wavelength range by means 

of a Shimadzu UV-2401 PC spectrophotometer, using BaSO4 as the reference material. The 

absorbance spectra were obtained by applying the Kubelka-Munk function, F(R∞), to the UV-vis 

DRS. This allowed an estimation of the optical band-gap energies of the photocatalysts (all 

considered as indirect semiconductors) by extrapolating a linear fitting in the Tauc plot, i.e. the 

plot of (F(R∞) hν)
1/2

 vs the incident energy. 

Materials were also analyzed by XPS on a SPECS system equipped with a Phoibos hemispherical 

analyzer operated in a constant pass energy mode, using non-monochromatic Mg Kα X-ray source 

(1253.6 eV) operated at voltage of 12.50 kV and power of 100 W. The pressure of the analysis 

chamber was ca.10
-7

 Pa. XPS specimens were prepared by pressing the samples into thin pellets 

with a hydraulic press and sticking them to the XPS sample holder by means of double-sided 

carbon tabs. All the samples displayed a charge effect which was compensated by referencing the 
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spectra to the C 1s signal of adventitious carbon at binding energy (BE) of 285.0 eV. Prior to XPS 

analysis, the samples were outgassed down to 10
-6

 Pa for one whole week. 

X-ray absorption spectroscopy (XAS) measurements at the W L3 and L1-edge were performed at 

the CRG-BM25A SpLine beamline in The European Synchrotron (ESRF) in Grenoble (France). 

In this beamline the monochromator is a pseudo channel-cut with two Si(111) crystals refrigerated 

at 200 K by a home-made ethanol cooling system. In all cases, the energy calibration was carried 

out with a Zn foil. Experiments were performed at room temperature in transmission detection 

mode using ionization chambers. Both the XANES and EXAFS signals were studied in order to 

obtain information concerning the coordination number, valence and local structure of samples. 

The XAS data were processed using standard procedures using ATHENA and ARTEMIS 

software [33].  

The amount of acid sites of the materials was revealed by the temperature-programmed desorption 

of ammonia (NH3-TPD) technique by using a Micromeritics Autochem 2950 apparatus equipped 

with a thermal conductivity detector (TCD), a Thermostar quadrupole mass (QM) spectrometer 

and an ABB Limas 11 ultraviolet gas analyzer. For each measurement, an amount of 0.3 g of 

(photo)catalyst was pre-treated for 30 min at 100 °C under a flow of helium. Then, the adsorption 

of ammonia on the catalysts was allowed by flowing a stream (30 mL min
-1

) of 5% NH3/He for 1 

h after cooling the system down to room temperature the system. Samples were therefore purged 

by flowing 100 mL·min
-1

 of helium at 100 °C for 1 h (this treatment removed all the physically 

adsorbed ammonia) and after cooling down to room temperature, ammonia desorption was started 

by flowing He (30 mL·min
-1

) and heating up to 650 °C (rate of 10 °C·min
-1

), and keeping the 

temperature at 650 °C for 30 min. The concentration of ammonia released in the helium flow was 

analysed by means of an ultraviolet gas analyzer. The trends were qualitatively confirmed by 

TCD and QM data. The thermal stability of the (photo)catalysts in the temperature range 

investigated for the NH3-TPD experiments was evaluated by thermogravimetric analyses (TGA) 
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using a Mettler Toledo TGA/DSC1 STAR system. The sample (15 mg) was heated at 10 °C·min
-1 

from room temperature to 700 °C under N2 flow (30 mL·min
−1

) and the mass loss was registered. 

 

2.3. Catalytic and photo-assisted catalytic experiments 

Catalytic and catalytic photo-assisted experiments were carried out by using 0.5 g of catalyst powder 

placed, as a thin layer, inside a cylindrical (photo)catalytic continuous Pyrex reactor horizontally 

positioned (diameter: 10 mm, length: 100 mm). The reactor was fed at atmospheric pressure with a 

gaseous nitrogen stream containing 2-propanol vapour (0.5 mM) by a porous glass septum that 

permitted a homogeneous distribution of the inlet mixture. A mass flow controller allowed the N2 

feeding, whereas 2-propanol was added to the N2 stream by means of a home-assembled infusion 

pump. The flow rate of the gaseous stream for both the catalytic and photocatalytic runs was 100 

mL·min
-1

. An electric resistance heated the reactor and the pipes of the whole set-up. The temperature 

inside the (photo)-reactor was tuned at prefixed values in the range 70–120 °C for both catalytic and 

catalytic photo-assisted experiments. A K-type thermocouple allowed monitoring the temperature of 

the system. In the case of the photo-assisted experiments, an UV LED IRIS 40–365, with a radiation 

peak centered at 365 nm, irradiated the reactor from the top. The irradiance reaching the reactor, 

measured in the range 300–400 nm by a UVX Digital radiometer, was 220 W·m
-2

. It is important to 

point out that the irradiation did not increase the temperature of the photoreactor. A pre-treatment of 

the catalysts was carried out under N2 at 100 °C for 1 h. Samples of the reacting fluid were analyzed 

by a GC-2010 Shimadzu gas chromatograph equipped with a Phenomenex Zebron Wax-plus column 

(30 m × 0.32 μm × 0.53 μm) and a Flame Ionization Detector (FID), using He as carrier gas. 

Preliminary runs indicated that the presence of the HPA is essential for the conversion of 2-propanol 

in the (photo)catalytic reactions. Indeed, no activity was observed in the presence of bare supports. 

Moreover, the occurrence of the reaction needed temperature ≥ 60 °C under both dark and irradiation 

conditions.  
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3. Results and discussion 

3.1. PXRD, SEM, SSA measurements, FTIR, Raman and DRS characterization 

Figure S1 displays the PXRD patterns of the pristine supports, PW12 and binary materials that were 

studied elsewhere [34]. From that previous study, it was concluded that the BN and C3N4 supports 

preserve their structures after the HPAs deposition. However, PW12 itself, which was initially 

represented by H3PW12O40·21H2O (1534-ICSD) [35] became partially or, in the case of PW12/C3N4-

TE, completely dehydrated, after being deposited on the solid supports [34, 36, 37]. Moreover, the 

formation of the ammonium salt of the [PW12O40]
3-

 cannot be excluded, as reported in literature 

[38]. 

Figures 1 (A) and (B) display the PXRD patterns of bare and P2W18-impregnated materials. The 

typical P2W18 reflections are seen on the P2W18/BN PXRD pattern in Figure 1 (A), indicating its 

poor dispersion on the surface of the BN, contrary to what was observed for a more hydrophilic 

solid, such as TiO2 [23]. The presence of P2W18 on g-C3N4 does not affect the PXRD pattern of g-

C3N4, probably due to the small amount of HPA in the composite, as shown in Figure 1 (B). 

Conversely, the inorganic cluster can be identified on the diffractogram of the P2W18/C3N4-TE 

material, although the peaks typical of C3N4-TE were strongly compromised. 

 



11 
 

Figure 1. PXRD patterns of (A) BN and (B) C3N4-supported P2W18. 

Figures S2 (A) and (B) show representative SEM images for bare and HPA-impregnated supports. 

Microphotographs of the pristine BN and C3N4 supports along with those of the binary materials 

indicate that the typical morphology of the BN support is also maintained in the presence of HPAs. 

On the contrary, the morphology of both types of HPA/C3N4 binary materials is different from that 

of the bare supports, particularly in the case of C3N4-TE (see Figures S2 (A) and (B)). Probably, an 

acid-base reaction between PW12 or P2W18 and the NH/NH2 groups present in the C3N4 materials 

occurred, as evidenced by the appearance of some crystals as shown in Figure S2 (B). The higher 

SSA of C3N4-TE (see Table 1) with respect to g-C3N4 can explain an increased accessibility of the 

acidic heteropolyacid clusters to the NH/NH2 groups considering also the higher amount of HPAs 

used to prepare the C3N4-TE supported materials. This explanation can account as well for the 

broad reaction between PW12 or P2W18 and the C3N4-TE support. Moreover, the presence of PW12 

or P2W18 on BN or g-C3N4 did not dramatically change the SSA of the support (see Table 1). On the 

contrary, a substantial SSA decrease occurred after the HPAs deposition on C3N4-TE, likely due to 

the aforementioned acid-base reaction between this support and the HPAs. 

TABLE 1. SSA, mass percentage of HPA on the binary material, and estimated band-gap from 

DRS measurements.  

Sample SSA [m
2
 g

-1
] Mass percentage 

of HPA [%] 

Egap [eV] 

PW12 15 - 3.2 

P2W18 5 - 2.9 

BN 21 - 5.5 

g-C3N4 6 - 2.7 

C3N4-TE 65 - 2.9 
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PW12/BN  22 10 3.2 and 5.0 

PW12/g-C3N4 6 3.8 2.8 

PW12/C3N4-TE 13 47 2.9 

P2W18/BN 20 15 2.9, 3.2 and 5.0 

P2W18/g-C3N4 8 5.4 2.8 

P2W18/C3N4-TE 4 57 2.9 

 

FTIR analysis is a useful tool for the evaluation of integrity of the HPAs structure after the 

impregnation onto the supports. As can be deduced from the FTIR spectra shown in Figures S3 (A) 

and (B), the Keggin structure is retained in the PW12/BN material, while the shift of the characteristic 

peaks of HPA in the case of PW12/C3N4 and PW12/C3N4-TE composites suggests some structural 

changes in the HPA structure [34, 39-41]. Similar conclusions are drawn for the case of P2W18-based 

materials. The FTIR spectrum of the unsupported Wells-Dawson HPA P2W18, shown in Figure 2, 

presents strong vibrational transitions at 1091, 962, 914 a 780 cm
-1

. These are assigned to the as 

vibration of the PO4 tetrahedron ν(P-Oa); as of the terminal W-O bonds ν(W=Od), and the last two 

bands due to the as vibration of the W-O-W bridges, i.e. ν(W-Ob-W) and ν(W-Oc-W) [42,43]. The 

presence of the B-N bands does not allow to observe the band at 780 cm
-1

 ν(W-Oc-W) for the 

P2W18/BN sample (Figure 2(A)), however the other three peaks are not shifted with respect to the 

vibrational modes of the Wells-Dawson HPA, indicating the preservation of the cluster structure. 

Also, for P2W18/g-C3N4 (Figure 2(B)) only the first three bands could be well assigned to the P2W18, 

as they are not overlapped with the s-triazine vibration modes of the g-C3N4 and they are not shifted 

with respect to the pristine Wells-Dawson cluster vibrations. On the contrary, significant shifts are 

observed for the characteristic vibrations of P2W18 when the HPA is impregnated on C3N4-TE (Figure 

2(B)). Interestingly, all the four vibrational transitions assigned to the HPA P2W18 are shifted in the 
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P2W18/C3N4-TE sample, being located at the wavenumbers corresponding to the Keggin HPA, 

indicating a possible transformation of the P2W18 unit to the PW12. 

 

Figure 2. FTIR spectra of (A) BN and (B) C3N4-supported P2W18. 

 

Figure 3 displays the Raman spectra of bare HPAs and BN along with those of the BN-supported 

materials. The strong peak at 1365 cm
-1

 (see inset of Figure 3) is characteristic of BN and it is 

assigned to E2g in-plane vibrational mode of the hexagonal BN (h-BN) network [44]. Consequently, 

no overlapping with the bands of any of the HPAs can occur. It is reported that the Raman spectra of 

the Keggin PW12 exhibits two main characteristic bands at 1008 cm
-1

, assigned to the νs(W=Od), and 

at 992 cm
-1

 assigned to the νas(W=Od) [39,40]. Moreover, a wide band in the range from 925 to 880 

cm
-1

 can be assigned to the W-O-W bridges, i.e. ν(W-Ob-W) and ν(W-Oc-W) [40]. The weaker bands 

observed in Fig. 3 for pristine PW12 have been also reported and assigned in a previous study [39]. All 

of the vibrations relative to the cluster are observed in the PW12/BN material without significant 

shifts, as reported in Figure 3. 
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The Wells Dawson P2W18 unit is constituted by a framework of distorted octahedral units WO6 [1,31] 

and two Raman signals are attributed to the vibrations (W=Ot), the most intense one centered at 998 

cm
-1

 and a weaker one at 972 cm
-1

 [41] as observed in Figure 3. Additionally, the signals at 853 cm
-1

 

and 920 cm
-1

 are attributed to the stretching vibrations of the bridging W–O–W species of the 

extended polytungstate framework surrounding the central P atom [45]. In the P2W18/BN Raman 

spectrum the only band which can be assigned to P2W18 is that found at 1006 cm
-1

, which is shifted to 

a slightly higher wavenumber with respect to that found for bare HPA (at 998 cm
-1

 for the bare HPA, 

see Figure 3). 

 

Figure 3. Raman spectra of the BN-supported HPAs. 

 

Unfortunately, the characterization of C3N4-based materials by visible Raman spectroscopy resulted 

not informative (see Figure S4) because of the notable fluorescence and photoluminescence, due to 

the visible Raman excitation of C3N4 [46,47].  
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UV-Vis DRS investigation can be useful to explain the photoactivity of the samples. The Tauc 

plots, derived from these measurements, were previously reported in [30] in the case of PW12-based 

binary systems (see Figure S5), while they are shown in Figure 4 for the P2W18 composites. Table 1 

reports the estimated band-gap energies (Egap) for all samples investigated in this work. 

The band gap value obtained for g-C3N4 sample is ca. 2.7 eV, the typical value reported in the 

literature [32], and that calculated for C3N4-TE is slightly higher (ca. 2.9 eV). Also in agreement 

with the literature, BN showed a band gap value of 5.5 eV [14]. As far as the band gaps of the two 

unsupported HPA are concerned, they are ca. 3.2 and 2.9 eV for PW12 and P2W18, respectively. 

Interestingly, the PW12/BN and P2W18/BN powders show optical transitions characteristic of both 

HPAs and BN, whereas the C3N4 (both “g-” and “–TE”) supported-HPA materials only showed the 

least energetic transition, which is attributed to C3N4. 
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Figure 4. Tauc plot of the P2W18-based catalysts. 

 

3.2. Local structure of binary BN and C3N4 -supported HPAs: XPS and XAS studies 

Further insight into the chemical state of the supported HPAs was gathered by XPS. The bare BN 

support yields the expected results for hexagonal BN [44]. Indeed, the B:N ratio is 1:1 and the N 1s 

and B 1s bands are located at BE of 398.2 and 190.6 eV, respectively, both showing →* shake-

up satellites 9 eV higher in BE than the main XPS bands. Apart from the adventitious carbon 

impurity (~2 at. %), some residual oxygen is also detected (~3 at. %). 

Table 2 collects information obtained by XPS analysis of the binary HPA materials. The XPS N 1s, 

B 1s (and C 1s) spectra for the HPA supported on BN (both PW12/BN and P2W18/BN) are 

equivalent to those of the bare BN both in BE and in relative intensity and even in FWHM. The 

presence of HPAs with chemical formulae containing H, P, W and O should bring about the 

detection of two additional elements by XPS: W and P (O was already detected as impurity in the 

support and H is not detectable by XPS). Indeed, W is identified, although in a small amount (~0.2 

at. %) close to the detection limit of the technique. However, P is not, because the very low amount 

that is below the detection limit of this element. 

 

TABLE 2. XPS high resolution W 4f core level spectra analysis results. 

samples W/N surface ratio W 4f BE/FWHM [eV] 

W 4f7/2 W 4f5/2 

PW12/BN 0.005 36.2/1.6 38.3/1.6 

PW12/g-C3N4 0.030 35.3/1.7 37.4/1.6 

PW12/ C3N4-TE 0.163 35.2/1.5 37.3/1.5 

P2W18/BN 0.004 36.2/1.7 38.3/1.7 
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P2W18/g-C3N4 0.044 35.9/1.8 38.0/1.8 

P2W18/ C3N4-TE 0.074 35.5/2.0 37.7/2.0 

 

In both PW12/BN and P2W18/ BN, the high resolution W 4f core level XPS spectra consist of a 

doublet of W 4f7/2 and W 4f5/2 spin-orbit components centered at 36.2 and 38.3 eV, respectively (see 

Table 2 and Figure 5(A)), which is consistent with the presence of W(VI) [48,49]. The O 1s spectra 

of the BN-supported HPAs is a convolution of the O 1s signal coming from the contamination 

detected in the BN support (BE=532.9 eV dotted gray trace in Figure 5(B)) with the O 1s signal 

related to the W-O-W bonds of the HPAs (solid blue line in Figure 5(B)), which is centered at 

~531.0 eV [50]. 

XPS spectra of the g-C3N4 support are equivalent to those previously reported for this material 

[48,32]. The ten-fold increase in SSA induced in g-C3N4 by thermal treatment (see Table 1) leads to 

larger amounts of HPA retained in comparison with non-treated g-C3N4 (both for Keggin PW12 and 

Wells-Dawson P2W18) (see Table 2). 

In the case of Wells-Dawson P2W18, the high-resolution W 4f core level XPS spectra consists of a 

doublet of W 4f7/2 and W 4f5/2 spin-orbit components centered at ~35.3 eV and ~37.4 eV (see Table 

2 and Figure 6). For the g-C3N4-supported PW12, the W 4f7/2 is found at 35.9 eV (see Figure 6). For 

the C3N4-TE-supported PW12 a down-shift to 35.5 eV is observed (see Table 2 and Figure 6).  

The non-negligible down-shift of the position of the W 4f maxima observed for the C3N4-supported 

HPAs (from the BE of ~36.2 eV expected for W(VI) 4f7/2 down to ~35.3–35.9 eV) might be due to 

stabilization of the hole left after the XPS event, i.e., the emission of an electron induced by X-ray 

irradiation. In the case of HPA/C3N4, such stabilization could take place either by a strong acid-base 

interaction between the HPA and the support, and/or through the modification of the electronic 

structure of the composite by transfer of electrons from the Fermi level of the n-type C3N4 to the 

LUMO of the HPA [51,52]. However, none of these possibilities of stabilization are available in the 
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case of HPA/BN, where the acid-base interaction between the two constituents is much weaker and 

the p-type character of the h-BN phase impedes electron transfer [53]. Thus, the XPS study 

corroborates the conclusions drawn from the vibrational spectroscopic studies that the HPAs 

deposited on BN and C3N4 preserve the W(VI) oxidation state, but that, however, the electronic 

structure of the immobilized HPA is significantly affected by the basicity and/or the intrinsic 

electronic properties of the support. 

 

Figure 5. XPS (A) W 4f and (B) O 1s spectra of the BN-supported HPAs. 
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Figure 6. XPS W 4f spectra of the C3N4-supported HPAs. 

 

In order to study the local structural effects produced by the support-HPA interactions, XAS 

technique was implemented as an informative spectroscopic tool allowing to infer the state of the W 

species on various materials [54-56].  
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Figure 7. (A) XANES spectra at the W L3-edge, (B) XANES spectra at the W L1-edge and (C) FT 

modulus of the EXAFS signal at W L3-edge for the samples PW12/g-C3N4, PW12/C3N4-TE, 

PW12/BN and bare PW12. The inset on Figure 7(A) displays the FFT-smoothed second derivative 

spectra of the XANES spectra at the W L3-edge. In Figure 7(C), the continuous lines represent the 

experimental data and the dots lines show the best-fitting simulations of the first peak. 

 

Figures 7 (A) and (B) show the XANES spectra at the W L3 and L1-edge for the PW12/g-C3N4, 

PW12/C3N4-TE, PW12/BN and bare PW12 samples. XANES spectra at the W L3-edge exhibit an 

intense whiteline related to the transition of photoelectrons from the core level 2p3/2 to the level 5d. 

This so intense transition peak at this absorption energy is explained by the energetically and 

spatially more localized final states than that of the L1-absorption edge. The whiteline shape 

depends on the particular structure and features related to the splitting of the 5d state by the ligand 

field, which are the t2g and eg orbitals. Through the second derivative spectra of the W L3-edges 

(inset to Figure 7(A)), it is possible to detect a 5d state splitting that may be associated with a 

distortion of octahedral coordination of W local structure. The gap values for the W structures 

analysed in this work are between 3.2 and 3.5 eV (Table 3). Specifically, for the samples 

PW12/C3N4 (both g- and -TE supports) the energy gap of the split in the 5d orbital decreases with 

respect to the pure PW12 structure, while the opposite is found for the W structures supported on 

BN. These results may indicate a greater distortion of the HPA cluster octahedral coordination in 

the PW12/C3N4 samples than in the PW12/BN ones. This observation is in agreement with the XPS 

results, where the W 4f maxima of the C3N4-supported HPAs were significantly downshifted with 

respect to those of the pure PW12, P2W18 clusters [57] and BN-supported systems. It is logical to 

suggest that the strong acid-base interaction in binary HPA-C3N4 causes a significant distortion of 

the octahedral HPA clusters, while more acidic character of the BN material favours the HPA 

stabilization. 
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The relative absorption intensity between the t2g and eg orbitals at the whiteline measured at the 

L3-absorption edge was also analyzed. For that we carried out a deconvolution of the whiteline 

according to the literature [54,58,59] and our previous work [57]. For all samples the ratio t2g:eg is 

calculated to be around 1.5, indicating the octahedral environment of HPAs in all cases. Changes 

depending on the W structure were found by calculating the total absorption intensity of the 

whiteline. This whiteline intensity is associated to the density of the vacant states of symmetry 

and the stereochemical arrangement of neighbours around the absorbing atoms [60], and its 

variations might be induced by the W valence, covalence of the bonds or multiples scattering 

processes. As presented in Table 3, the whiteline intensity at the W L3-edge as PW12 clusters 

supported on C3N4 and BN is higher than for PW12 clusters, being more intense for the sample 

PW12/g-C3N4. 

Figure 7(B) shows the XANES spectra at the W L1-edge showing similar characteristics for all 

samples. The small pre-peak identified at ca. 12102 eV is related to the prohibited 2s5d electron 

transitions. This peak is characteristic for non-centrosymmetric sites and has a linear correlation 

with the split in the 5d orbital. In order to analyse these XANES spectra, a deconvolution of the 

pre-edge was carried out with a Lorentz and an arctangent function as in a previous work [61]. For 

HPAs prepared on C3N4 (both g- and -TE supports), no differences were found in the pre-peak 

features with respect to the unsupported sample but for W structures prepared on BN we obtain a 

lower pre-peak area at the W L1-edge indicating a smaller octahedral distortion of PW12 units, 

even than that of the unsupported ones. It is important to note that the position of the absorption 

edge was the same for all of the samples indicating identical oxidation state of W atoms (W
6+

), 

and consequently the found changes in the whiteline intensity at the W L3-edge of the samples 

cannot be ascribed to different oxidation states of W. 

 

TABLE 3. Parameters obtained from the deconvolution of XANES spectra collected both at L3-

edge and L1- edge for sample PW12, PW12/BN, PW12/C3N4-TE and PW12/g-C3N4. 
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Figure 7(C) shows the Fourier transform (FT) of the EXAFS signal for the pure and supported 

PW12. The FT was carried out in the k
3
(k) weighted EXAFS signal between 2.7 and 12 Å

-1
 and 

the R fitting in the range of the first W-O shell between 1 and 2.1 Å. The fitting in the real space 

was performed with two W-O distances according to [60] and the calculated EXAFS parameters 

are shown in Table 4. The shift at the E0 edge energy was estimated for the pure PW12 structure 

and it was used for the fitting of the EXAFS data for other samples. PW12 supported on C3N4 and 

BN presents comparable profile at the R space with respect to bare PW12 (see Figure 7(C)). For all 

the supported PW12 samples, an increase of the coordination number in both W-O shells (Table 4) 

with respect to the bare structure was observed. It seems that, in accordance with the trend 

obtained at the whiteline intensity at the W L3-edge (see above), the variations in the coordination 

number depend on the preparation route and on the kind of support. With respect to the distances 

of W neighbours at short range, for the PW12 structure supported on C3N4 the distances in the first 

W-O shell are quite similar and variations are within the error, but an elongation is observed at the 

second W-O shell being larger for the sample supported on C3N4-TE. For the case of PW12 

supported on BN, a shortening of the distance for the first neighbours (both W-O shells) is 

obtained (see Table 4), even compared to that estimated for unsupported PW12. The observed 

increase of the Debye-Waller (D-W) factor for the samples supported on C3N4 could indicate a 

 

Sample  

 

Sum of peak areas at 

the L3 whiteline 

Energy gap of the split 

5d states at W L3-edge 

XANES [eV] 

Area pre-edge at 

W L1-edge 

PW12 25.8 (4) 3.43 (6) 2.87 (3) 

PW12/BN 30.4 (4) 3.51 (4) 2.65 (3) 

PW12/C3N4-TE 29.7 (3) 3.26 (5) 2.87 (3) 

PW12/g-C3N4 31.9 (4) 3.36 (5) 2.87 (3) 
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larger structural disorder with respect to the PW12/BN composite, as was detected by XANES 

studies. 

The XAS measurements further corroborate the conclusions made on the bases of vibrational 

spectroscopy and XPS studies. High basicity and accessibility of basic site on C3N4-TE support 

contributes to a higher distortion degree of the HPA clusters upon their interaction with surface 

amino-groups. XAS also allows a semi-quantitative estimation, inaccessible for the laboratory-

scale analytical techniques, of the local structural perturbations in the supported HPAs concluding 

that the PW12 clusters adopt more stable W octahedral coordination on the BN surface than on the 

most basic C3N4 surface. 

 

TABLE 4. First neighbour parameters obtained from the fitting of the FT of the EXAFS signal. N1 

and N2: coordination number, R1 and R2: interatomic distance, (1)
2 

and (2)
2
: D-W factor. The 

FT was carried out in the k
3
(k) weighted EXAFS signal between 2.7 and 12 Å

-1
. 

Sample N1 R1 (Å) (1)
2
 (Å

2
) N2 R2 (Å) (2)

2
 (Å

2
) 

PW12 1 1.713 (6) 0.0106 (7) 4 2.173 (1) 0.0055 (2) 

PW12/BN 1.3 (2) 1.706 (7) 0.0115 (6) 4.94 (6) 2.143 (2) 0.0053 (3) 

PW12/C3N4-TE 1.3 (1) 1.711 (6) 0.0132 (8) 4.86 (8) 2.181 (3) 0.0062 (2) 

PW12/g-C3N4 1.4 (2) 1.71 (1) 0.014 (2) 5.1 (2) 2.177 (2) 0.0059 (3) 

 

3.3. Amount and strength of acid sites 

Gaining control over the acidity of HPAs is desirable for their application in catalytic reactions. 

This can be achieved by the use of basic supports in dispersed HPAs systems. It was observed that 

some supports decompose HPAs, as in the case of Al2O3 or ZnO because of their basicity [22]. 

However, there are successful cases in which HPAs are preserved on nitrogen-containing carbon 

supports, where the N atom plays an important role in neutralizing HPAs acidity, particularly on 
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carbon nitrides where the atomic percent of N is more than 50% [38]. The acidic properties of the 

PW12 and P2W18 supported samples were evaluated by NH3-TPD experiments carried out from 

room temperature up to 650 °C. The choice of this high temperature was made in order to detect 

also the contribution of strong acid sites that desorb NH3 above 550 °C. Moreover, as reported in 

the literature [9], the structures of both Keggin and Wells-Dawson HPAs are preserved up to 650 

°C. The NH3-TPD technique allows quantifying the entire acidity of a catalyst without any 

distinction between Brönsted and Lewis acid sites, which are characteristic of the HPAs and of the 

supports, respectively. The amount of ammonia desorbed per gram of catalyst (ppm·g
-1

HPA) 

indicates the density of acid sites, while the temperature of desorption gives information about the 

strength of such sites. 

Although PW12 is considered to be the strongest acid among all HPAs [61-63], Wells-Dawson 

based catalysts result more active with respect to those based on Keggin in acid-base reactions 

carried out both in gas-solid and liquid-solid regime [64]. Some of us observed this behaviour in a 

previous work in which Wells-Dawson HPA supported both on TiO2 or SiO2 resulted more active 

than the analogous Keggin HPA in the (photo)catalytic 2-propanol dehydration carried out in gas-

solid regime. This finding was explained by considering the higher number of acidic sites in 

P2W18 with respect to PW12, despite the higher strength of the acidic sites present in the latter 

[24]. Figure S6(A) displays the NH3-TPD profiles of PW12, PW12/BN and PW12/g-C3N4. TPD 

curve of bare PW12 shows desorption of small amounts (680 ppm·g
-1

HPA) of NH3 below 300 °C, 

ascribed to medium strength acidic sites, along with the main desorption peak (9500 ppm·g
-1

HPA) 

at around 600 °C, corresponding to the strong acidic sites. The TPD profile of PW12/BN shows 

the desorption of ammonia (265 ppm·g
-1

HPA) at low temperature that, as mentioned above, is 

attributed to medium strength acidic sites. Moreover, a further NH3 desorption from stronger acid 

sites is observed above 450-500 °C with a shoulder at around 530 °C and the main peak centered 

at 560 °C (6860 ppm·g
-1

HPA). The shape of TPD curve suggests that the HPA retained the typical 

Keggin structure responsible of the acidity after dispersion onto the BN support. Moreover, being 
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the acidity of HPAs function of the particles size (tertiary structure), the shift of the main 

desorption peak, typical of the pristine HPA from 580 °C to 560 °C, and the occurrence of new 

features below 500 °C indicates that the deposition of the HPA over BN involved some clusters 

dispersion over the support. The amount of NH3 desorbed (with a maximum equal to 6860 ppm·g
-

1
HPA at 560 °C) compares well with that of the pristine PW12 (9500 ppm·g

-1
HPA at 580 °C). On the 

other hand, the TPD curve of PW12/g-C3N4, showing only a weak and broad NH3 desorption peak 

(1200 ppm·g
-1

HPA) centered at 590 °C, indicates a lower acidity of this sample. This fact could be 

due to a structural modification of the HPA that occurs during its deposition onto the g-C3N4 as 

evidenced by XPS and XAS studies (greater distortion of octahedral coordination in the samples 

PW12/C3N4 than in the PW12/BN composite) and/or to some transformations of the sample during 

the TPD experiment. In order to obtain information about the thermal stability of the PW12 

supported catalysts, TGA experiments were performed under N2 flow in the same range of 

temperature as for NH3-TPD (see Figure S6(B)). The results indicated a substantial thermal 

stability of PW12/BN up to 700 °C. On the contrary the C3N4 supported HPAs showed a 

completely different behaviour. In particular, PW12/C3N4-TE lost ca. 60 % of the initial mass 

between 500 and 560 °C, while in the case of the PW12/g-C3N4 catalyst an almost total 

decomposition occurs between 545 and 600 °C. Based on these results, the NH3-TPD 

investigation was not carried out for the PW12/C3N4-TE that anyhow resulted the worse catalyst. 

Figure 8(A) displays the TPD curves of P2W18 and P2W18/BN. The NH3-TPD curve of pristine 

P2W18 shows the main desorption (15260 ppm·g
-1

HPA) with a broad and intense peak centered at 498 

°C due to medium strength acid sites. Similarly to the case of the BN supported Keggin HPAs, the 

shape of the curve appears modified after the HPA interaction with the support, giving rise to a 

lower amount of medium strength acid sites with the same strength as that of the bare P2W18, which 

desorbs a maximum of 10000 ppm·g
-1

HPA at 498 °C. Moreover, new small features at 235 °C 

(corresponding to 700 ppm·g
-1

HPA) also confirm the dispersion of the cluster over the support. 
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TGA experiments performed under N2 flow in the same temperature range of temperature as for 

NH3-TPD (see Figure 8(B)) evidence that the P2W18/BN catalyst is stable upon heating up to 700 

°C, as previously observed for PW12/BN. Conversely, both P2W18/C3N4-TE and P2W18/g-C3N4 start 

to decompose between around 450-550 °C, reaching a stable residual mass (near to 50 wt% for the 

C3N4-TE supported heteropolyacid, and close to 5 wt% in the case of P2W18/g-C3N4) at T ≥ 600 °C. 

Therefore, the NH3-TPD curves were not investigated in this high range of temperature where NH3 

desorption is expected to occur. 

 

Figure 8. (A) NH3-TPD profiles versus temperature and (B) TG profiles for P2W18 based 

(photo)catalysts. Bare HPA was included for comparison. 

 

3.4. Catalytic and catalytic photo-assisted 2-propanol dehydration 

Preliminary tests indicated that the conversion of 2-propanol in the (photo)catalytic reactions occurred 

only when the HPAs were present in the catalyst; indeed, both bare BN and C3N4 supports were 

completely inactive. Previous experiments evidenced that the volumetric flow 100 mL·min
-1

 was 

adequate to avoid mass transfer limitation phenomena allowing to work under kinetic regime 

conditions, indeed the reaction rate was observed to be constant in the range 50–150 mL·min
-1

. 

Experiments carried out at different initial 2-propanol concentrations and reported before [23,24] 

indicated that the rate of propene formation decreased by increasing the initial concentration of 2-
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propanol and a plateau was reached for concentrations equal or higher than 2 mM. Consequently, in 

order to maximize the activity differences of the various catalysts, an initial concentration of 2-

propanol 0.5 mM was chosen. It is noteworthy that the steady-state conditions were always achieved 

after few minutes of reaction. It must be noted as well that for all of the catalysts used and under both 

dark and irradiation conditions, the alcohol dehydration only started when the temperature exceeded 

60 °C.  

Figures 9 (A), (B) and (C) display the reaction rates of propene formation for both catalytic and 

catalytic photo-assisted reactions in the presence of PW12 and P2W18, or in the presence of materials 

based on PW12 or on P2W18, respectively. 

As already mentioned, the active catalytic and photocatalytic species responsible for 2-propanol 

dehydration to propene was the heteropolyacid and consequently the reaction rates are reported per 

gram of PW12 or P2W18 present in the (photo)catalyst.  

 

Figure 9 (A). Reaction rate of propene formation “r” per gram of HPA both under catalytic (Catal) or 

catalytic photo-assisted (Photo) by using bare PW12 or bare P2W18 materials as (photo)catalysts in a 

temperature range 80-120 °C. Flow rate of the feeding gas equal to 100 mL·min
-1

. Values of “r” 

reported in figure are an average of at least 10 measurements whose oscillations were always less then 

± 1%. 
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From a perusal of these figures, it is evident that all the binary materials, except those impregnated on 

C3N4-TE, show better (photo)catalytic activity with respect to the corresponding bare HPA. 

Furthermore, for all of the supported samples, the simultaneous UV irradiation significantly increased 

the rate of propene formation. As far as the activity of the PW12 based sample is concerned, the 

difference of activity between the bare HPA and the binary materials increased under irradiation, 

particularly for PW12/BN. On the contrary, the PW12/C3N4-TE sample resulted always less active with 

respect the pure PW12, not only under catalytic condition but also during the catalytic photo-assisted 

reaction. In order to explain the different behaviour showed by this last catalyst with respect to the 

others, it must be considered that the catalytic dehydration of 2-propanol is an acid-base reaction in 

which the dioxonium ions placed in the secondary structure of the PW12 are involved [24,65]. 

Consequently, the activity of these materials is closely linked to the amount of acid sites that they 

possess. Therefore, the NH3-TPD results and the acid-base reaction hypothesized occurring between 

PW12 and the NH/NH2 groups present in C3N4, particularly in the case of PW12/C3N4-TE 

(photo)catalyst, can explain the lower activity showed by this material. 
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Figure 9 (B). Reaction rate of propene formation “r” per gram of HPA both under catalytic (Catal) or 

catalytic photo-assisted (Photo) by using PW12 based materials as (photo)catalysts in a temperature 

range 80-120 °C. Flow rate of the feeding gas equal to 100 mL·min
-1

. Values of “r” reported in figure 

are an average of at least 10 measurements whose oscillations were always less then ± 1%. 
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Figure 9 (C). Reaction rate of propene formation “r” per gram of HPA both under catalytic (Catal) or 

catalytic photo-assisted (Photo) by using P2W18 based materials as (photo)catalysts in a temperature 

range 80-120 °C. Flow rate of the feeding gas equal to 100 mL·min
-1

. Values of “r” reported in figure 

are an average of at least 10 measurements whose oscillations were always less then ± 1%. 
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experiments) and the higher SSA of this material with respect to those of the other catalysts can 

account for the higher propene formation rate showed by this (photo)catalyst. As suggested by J. 

Schnee et al. [14], the high acidity showed by the PW12/BN sample could be related to the formation 

of islands of PW12 aggregates on the hydrophobic surface of BN. It is worth to remind here that the 
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with an apparent water contact angle of ca. 86° as reported by Li [66]. The g-C3N4 nanosheets are, on 

the other hand, amphiphilic. The strong van der Waals attractions (π–π stacking) between sp
2
 carbon 

atoms make C3N4 insoluble, and give agglomeration problems in most solvents. Lin et al. report a 

water contact angle around 52°, albeit aggregated C3N4 powders as those prepared by the same 

authors can achieve angles of ca. 30° [67]. 

Finally, the increased activity of the (photo)catalysts under UV irradiation can be explained by taking 

into account the capability of PW12 to act as oxidant species when excited by light of suitable energy. 

Indeed, in our samples the UV LED at 365 nm, used as the irradiation source, was able to excite all of 

the (photo)catalysts because of the suitable values of their band gap (see Figure S5). Moreover, an 

increase of the acid sites under irradiation and a simultaneous enhancement of 2-propanol molecule 

adsorption and activation cannot be excluded. The catalytic activity, both in dark and under 

irradiation, showed by P2W18 based materials followed the same trend of those materials based on 

PW12. Indeed, the catalytic activity showed by the binary materials (P2W18/g-C3N4 and P2W18/BN) 

was higher with respect to that of the bare P2W18, and it further increased under irradiation. Also in 

these cases, the band gap of the samples (see Figure 4) were suitable for the excitation of the bare and 

supported P2W18 materials. Moreover, the P2W18/C3N4-TE sample was less active than pristine P2W18, 

both in catalytic and catalytic photo-assisted conditions. 

From the NH3-TPD measurements, the amount of acid sites in P2W18/BN resulted lower but with 

the same strength with respect to those present in bare P2W18. However, the (photo)catalytic activity 

of the former was higher in comparison to that showed by the pristine HPA. This insight indicates 

an increased availability of the P2W18 acid sites for the dehydration reaction due to the higher 

surface area of the supported catalyst and consequently the dispersion of the HPA on the BN 

surface can play an important role in this reaction. 

 

3.5 Turnover frequency estimation 
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In order to better compare the activity of the various materials, the apparent TOF was also calculated. 

TOF value corresponds to the number of catalytic acts taking place for each catalytic site in the unit of 

time. Consequently, in order to calculate the TOF value it is crucial to know the exact number of 

catalytic sites. This is not easy but, PW12 or P2W18 being the only catalytic species in this case, in both 

dark and under irradiation, we have considered the moles of HPAs present in each material for the 

calculation of TOF. Table 5 reports the values of TOF obtained for all the materials tested. 

The apparent TOF values reported in Table 5 indicate once again that the samples which performed 

better were those in which the HPAs were impregnated on g-C3N4 or on BN and, in particular, the 

highest values of TOF were observed at the highest temperature for the PW12/BN and P2W18/BN 

samples. 

 

TABLE 5. Apparent TOF of the various materials for catalytic and catalytic photo-assisted 2-

propanol dehydration. 

 Turnover Frequency (h
-1

) 

Temperature → 70 °C 80 °C 100 °C 120 °C 

Catalyst ↓ dark light dark light dark light dark light 

PW12 0.7 3.7 1.7 4.7 11.0 12.0 13.7 15.4 

PW12/g-C3N4 0.7 22.0 2.3 26.8 22.4 33.5 60.3 90.4 

PW12/C3N4-TE 0.3 0.7 0.3 3.7 0.7 8.7 4.3 15.4 

PW12/BN 2.0 7.0 5.7 26.8 53.6 63.6 124 134 

P2W18 2.4 6.9 5.9 9.8 9.3 14.7 15.7 16.7 

P2W18/g-C3N4 0.5 12.7 2.9 17.6 17.1 28.4 42.6 88.0 

P2W18/C3N4-TE 0.5 2.0 1.0 5.4 6.4 10.8 9.3 13.7 

P2W18/BN 4.9 9.8 11.8 27.9 73.5 103 78.9 142 
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3.6. Study on the apparent activation energy of the catalytic and catalytic photo-assisted 

reactions 

The application of the Arrhenius equation under conditions for which the kinetic of 2-propanol 

dehydration can be considered of zero order, allowed to estimate the apparent activation energy of 

the reaction. For this purpose, the experiments were carried out only in the presence of the bare 

HPAs and the most efficient impregnated catalysts at increasing temperature and with a 2-propanol 

concentration equal to 3 mM. Indeed, using this concentration, the substrate completely covered the 

catalysts surface giving rise to a paramount absorption in the pseudo-liquid phase [68] and its 

conversion was below 10%. This last finding indicates that when 2-propanol concentration was 

equal to 3 mM the kinetic of the reaction became of pseudo-zero order.  

Consequently, under this condition the calculated reaction rate of propene formation “r” 

corresponds to the pseudo-zero order rate constant of the reaction “k0”: 

r = k0 

Therefore, considering the Arrhenius equation          
  
  
     it was possible to determine the 

apparent activation energy Ea and the pre-exponential factor A by using the following logarithmic 

expression: 

              
  
  

 

 

Indeed, the last equation reported on the (ln r, 1/T) plane represents the equation of a straight line 

with slope (-Ea/R) and intercepts with the ln r axis equal to ln A. 

Figure 10 shows these Arrhenius plots for the runs carried out by using the most performant 

(photo)catalysts both in the presence and in the absence of UV-light, whereas Table 6 reports the 

values of Ea and ln A estimated by means of these plots. 
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Figure 10. Arrhenius plots for the runs carried out by using the most efficient (photo)catalysts in the 

presence, square symbols, and in the absence, circle symbols, of UV-light. 

 

In accordance with the highest reactivity observed during the photo-assisted reactions, the results 

shown in Table 6 indicate that in the presence of UV light the values of Ea were always lower with 

respect to those obtained under dark conditions. 
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TABLE 6. Apparent activation energy (Ea) and logarithm of the pre-exponential factor (ln A) for 

catalytic and catalytic photo-assisted 2-propanol dehydration.  

 Ea [kJ/mol] ln A 

Catalyst Catalytic Catalytic  

photo-assisted 

Catalytic Catalytic  

photo-assisted 

a
PW12 186 157 56 50 

PW12/BN  120 104 40 35 

PW12/g-C3N4 64 52 19 18 

a
P2W18 175 152 56 51 

P2W18/BN 128 107 44 37 

P2W18/ g-C3N4 62 46 19 16 

a
 data reported from [24] 

 

Moreover, it can be observed that the values of Ea obtained in the presence of HPAs/g-C3N4 binary 

materials were always lower with respect to those calculated for the BN supported materials although 

for the last samples the activity under both dark and irradiation conditions resulted to be always 

higher.  

This fact, although may seem a contradiction, can be justified by considering that the pre-exponential 

factor A (also known as the frequency factor), which is related to the adsorption/desorption and 

frequency of collisions between reactant molecules and the catalytic sites, was also lower for g-C3N4 

supported materials. Remarkably, A factor affects the kinetic constant in the opposite way with 

respect to Ea giving rise to the so-called compensation effect as reported before [69]. 

 

CONCLUSIONS 
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2-Propanol dehydration to propene was successfully carried out by using as (photo)catalysts both 

Keggin (PW12) and Wells-Dawsons (P2W18) heteropolytungstates, both unsupported and supported 

on BN and C3N4. After the dispersion of PW12 and P2W18 on the surface of the supports, their 

structure was generally preserved, although an acid-base reaction between HPAs and both C3N4 

materials occurred, particularly in the case of thermally etched C3N4-TE, accounting for the partial 

deactivation of the HPAs. In general, the supported HPAs showed higher (photo)catalytic activities 

than the unsupported pristine heteropolyacids. In particular, the high amount of acidic sites 

observed in the HPAs/BN samples and the higher SSA of these materials with respect to those of 

the other catalysts can account for the higher propene formation rate showed by these materials. On 

the contrary, samples supported on C3N4-TE resulted always less active with respect pure HPAs. 

This behaviour can be due to the lower amount of acidic sites that these last samples possess by the 

consequence of the acid-base reaction occurring between HPAs and the NH/NH2 groups present in 

C3N4. Moreover, the irradiation with UV light increased the activity of both HPAs with respect to 

the catalytic experiments carried out in dark condition. The presence of HPAs species in the binary 

materials was fundamental for both the catalytic and the photo-assisted catalytic reactions. In 

particular, the cluster acidity was responsible for the catalytic role, whereas both the acidity and the 

oxidant properties of excited PW12 and P2W18 account for the increase of catalyst activity observed 

during the photo-assisted reaction. In agreement with this finding, the apparent activation energies 

of the reaction resulted, for all of the (photo)catalysts used, lower under irradiation than for the tests 

carried out in dark condition. Moreover, by comparing the apparent turnover frequency the most 

efficient catalytic systems were those in which the HPAs were impregnated on g-C3N4 or on BN 

and, in particular, the highest TOF values were observed at the highest temperature for the 

PW12/BN and P2W18/BN samples (very similar TOF values for these last two samples were 

obtained). Interestingly, the highest activity of Keggin and Wells-Dawson HPAs supported on BN 

seems be related also to the stabilization of the W octahedral coordination, according to the XAS 

data. 
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CAPTION FOR FIGURES 

 

Figure 1. PXRD patterns of (A) BN and (B) C3N4-supported P2W18. 

 

Figure 2. FTIR spectra of (A) BN and (B) C3N4-supported P2W18. 

 

Figure 3. Raman spectra of the BN-supported HPAs. 

 

Figure 4. Tauc plot of the P2W18-based catalysts. 

 

Figure 5. XPS (A) W 4f and (B) O 1s spectra of the BN-supported HPAs. 

 

Figure 6. XPS W 4f spectra of the C3N4-supported HPAs. 

 

Figure 7. (A) XANES spectra at the W L3-edge, (B) XANES spectra at the W L1-edge and (C) FT 

modulus of the EXAFS signal at W L3-edge for the samples PW12/g-C3N4, PW12/C3N4-TE, 

PW12/BN and bare PW12. The inset on Figure 7(A) displays the FFT-smoothed second derivative 

spectra of the XANES spectra at the W L3-edge. In Figure 7(C), the continuous lines represent the 

experimental data and the dots lines show the best-fitting simulations of the first peak. 

 

Figure 8. (A) NH3-TPD profiles versus temperature and (B) TG profiles for P2W18 based 

(photo)catalysts. Bare HPA was included for comparison. 

 

Figure 9 (A). Reaction rate of propene formation “r” per gram of HPA both under catalytic (Catal) or 

catalytic photo-assisted (Photo) by using bare PW12 or bare P2W18 materials as (photo)catalysts in a 

temperature range 80-120 °C. Flow rate of the feeding gas equal to 100 mL·min
-1

. Values of “r” 
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reported in figure are an average of at least 10 measurements whose oscillations were always less then 

± 1%. 

 

Figure 9 (B). Reaction rate of propene formation “r” per gram of HPA both under catalytic (Catal) or 

catalytic photo-assisted (Photo) by using PW12 based materials as (photo)catalysts in a temperature 

range 80-120 °C. Flow rate of the feeding gas equal to 100 mL·min
-1

. Values of “r” reported in figure 

are an average of at least 10 measurements whose oscillations were always less then ± 1%. 

 

Figure 9 (C). Reaction rate of propene formation “r” per gram of HPA both under catalytic (Catal) or 

catalytic photo-assisted (Photo) by using P2W18 based materials as (photo)catalysts in a temperature 

range 80-120 °C. Flow rate of the feeding gas equal to 100 mL·min
-1

. Values of “r” reported in figure 

are an average of at least 10 measurements whose oscillations were always less then ± 1%. 

 

Figure 10. Arrhenius plots for the runs carried out by using the most efficient (photo)catalysts in the 

presence, square symbols, and in the absence, circle symbols, of UV-light. 

 

 

 


