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A B S T R A C T   

Metal-containing vanadium oxide bronzes (MxV2O5; M= Cu, Ag and Ca) have been prepared, characterized 
(before and after reaction) by various physicochemical techniques, and tested in the partial oxidation of H2S. The 
catalysts were prepared hydrothermally at 175 ◦C (from gels containing M/V molar ratios of 0.17 or 0.33) and 
heat-treated at 500 ◦C/2 h in N2. The most effective catalysts, showing a sulfur selectivity greater than 95 % for a 
H2S conversion beyond 90 %, were those presenting vanadium oxide bronze (β-Cu0.261V2O5 or Ag0.333V2O5) as 
the main crystalline phase. Cu- and Ag-containing vanadium oxide bronzes were stable under reaction condi-
tions. For calcium containing materials (mainly presenting the Ca0.17V2O5 bronze phase), the formation of CaSO4 
has been observed during the reaction, which resulted in a negative effect on both activity and selectivity. The 
nature of active and selective sites in this type of catalysts, as well as the role of promoters, are also discussed.   

1. Introduction 

Hydrogen sulfide (H2S) is a well-known by-product in a wide range 
of petrochemical processes, and due to its critical environmental impact 
(responsible, for instance, of the acidic rain), its uncontrolled emission 
to the atmosphere must be stopped. Nowadays, most of the H2S emis-
sions in petrochemical industries are attenuated by the Claus Process, 
but its efficiency is nearly exhausted. Therefore, most efforts are now 
directed towards developing additional processes of interest to treat 
both the crude oil and the natural gas. In this sense, cleaning processes of 
the tail gases have caught lots of attention [1–4]. 

Among all the different alternatives, an interesting approach is the 
partial oxidation of H2S to elemental sulfur under gaseous conditions [1, 
2], being the catalysts based on unsupported and supported V2O5 
(orthorhombic structure, D2h) [5–18] the ones with the best perfor-
mance. However, it has been shown that, under the reaction conditions 
used for H2S partial oxidation (temperatures lower than 220 ◦C), V2O5 is 
selectively transformed into V4O9 (orthorhombic, Cmcm), a partially 
reduced vanadium oxide [8,14]. It is suggested that the presence of 
V4+-O-V5+ pairs in the V4O9 is the responsible for the high selectivity to 
elemental sulfur, by diminishing further over-oxidation to SO2 [8], 

which is known to be a pollutant as well as H2S. 
On the other hand, for supported vanadium oxide catalysts, it has 

been proposed that the strong interaction between the active V-atoms, 
not fully oxidized, and the support (TiO2), favors the formation of ox-
ygen vacancies and, consequently, a rapid catalyst regeneration (re- 
oxidation of V4+ to V5+) is facilitated [12,13,15]. Thus, it can be ex-
pected that the environment, the coordination and the oxidation state of 
V-atoms have a strong influence on both the activity for hydrogen sul-
fide oxidation and the selectivity to sulfur. 

Furthermore, it has been proposed that during the reaction over 
oxides derived from Mg/Al-V10O28 layered double hydroxides, the 
gradually produced sulfate anions could react with V4+ species to form 
less active VOSO4, which could favor the re-oxidation of V-species, 
improving the redox properties of V5+ [17]. 

Moreover, selectivity to sulfur during the partial oxidation of H2S 
over vanadium oxide can also be improved by doping the vanadium 
oxide catalysts with alkali metals, especially Na+ cations, which favor 
the transformation of V2O5 into metal-doped vanadium oxide bronze 
[19]. Thus, Na-containing catalysts, forming the NaV6O15 bronze phase 
[20], were reported to be active and very selective for the oxidation of 
H2S to sulfur. According to recent studies on metal-containing vanadium 
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oxide bronzes, the catalytic properties change depending on the 
acid-basic and/or redox characteristics of the metal dopant. Neverthe-
less, the hydrothermal synthesis of these metal-containing vanadium 
bronzes strongly depends on the metal precursors and the M/V ratio [21, 
22]. However, the catalytic performance of metal-doped vanadium 
oxide bronze could be modified by incorporating atoms with redox 
properties (such as Ag or Cu) or divalent cations (such as Ca). 

This work comparatively studies the synthesis of Ag-, Cu- and Ca- 
promoted vanadium oxides presenting the crystalline phase β-MxV2O5, 
using different amounts of promoter (and metal carboxylate as precur-
sor). Thus, M-containing V2O5 materials (M= Ag, Cu and Ca) were 
prepared hydrothermally (from aqueous gels containing V2O5/H2O2/ 
MX mixtures), with M/V ratios of 0.17 and 0.33. Finally, these materials 
have been tested as catalysts for the partial oxidation of H2S to elemental 
sulfur. In addition, used catalysts were also studied to ascertain both 
their structural stability and their different catalytic properties. 

2. Experimental 

2.1. Preparation of catalysts 

The vanadium oxide bronze-type catalysts have been hydrothermally 
synthesized from an aqueous solution of V2O5, H2O2 and the appropriate 
amount of the metal precursor (i.e. M/V atomic ratio of 0.17 or 0.33; M=

Ag, Cu, Ca): silver(I) acetate (AgC2H3O2), copper(I) acetate (CuC2H3O2) 
and calcium oxalate (CaC2O4), from Sigma-Aldrich. The aqueous gels 
were subsequently autoclaved at 175 ◦C for 72 h and thermally activated 
at 500 ◦C for 2 h under a N2 stream. The catalysts have been named as 
M/V-x (M= Ag, Cu or Ca), in which x is the M/V molar ratio in the 
synthesis gel; i.e. 0.17 or 0.33. In addition to these, bulk V2O5 has been 
prepared by calcination at 500 ◦C of ammonium metavanadate precur-
sor for comparative purposes. This sample has been named as V2O5. On 
the other hand, V4O9 was prepared by heat-treatment of V2O5 sample at 
200 ◦C, for 2 h, in a mixture of H2S/Air/He with a molar ratio of 1.2/ 
5.0/83.8 (total flow 20 mL min− 1 per gram of catalyst) [14]. 

2.2. Characterization of catalysts 

X-ray diffraction (XRD) patterns of powder solids were collected with 
a PANalytical CUBIX instrument equipped with a graphite mono-
chromator, employing Cu Kα radiation (λ = 0.1542 mm) and operating 
at 45 kV and 4 mA. The distribution of the crystalline phases in the 
catalysts was calculated by Rietveld refinement of the XRD patterns 
employing X́Pert Highscore Plus software. 

IR spectra were measured in the 300–3900 cm− 1 region with a 
Nicolet 710 FTIR spectrometer, with a spectral resolution of 1 cm− 1 and 
128 accumulations per scan. 

The specific surface areas have been determined by the BET method 
from N2 adsorption isotherms at − 196 ◦C measured in a Micromeritics 
TriStar 3000 instrument. 

Raman spectra were recorded with an “in via” Renishaw spectrom-
eter equipped with an Olympus microscope. The samples were generally 
excited by the 514.5 nm line of an Ar+ laser (Spectra Physics model 171) 
with a laser power of 2.5 mW [18]. 

Temperature-programmed reduction experiments (H2-TPR) were 
performed in a Micromeritics Autochem 2910 equipped with a TCD 
detector. The reducing gas composition was 10 % H2 in Ar, with a total 
flow rate of 50 mL min− 1. The materials were heated until 800 ◦C, at a 
heating rate of 10 ◦C min− 1. 

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed on a SPECS spectrometer equipped with a Phoibos 150 MCD-9 
detector using a monochromatic Al Kα (1486.6 eV) X-ray source. 
Spectra were recorded using an analyzer pass energy of 50 eV, an X-ray 
power of 100 W, and an operating pressure of 10− 9 mbar. Spectra 
treatment was performed using CASA software. Binding energies (BE) 
were referenced to C 1s at 284.5 eV. 

EPR spectra were obtained at − 170 ◦C using an EMX-12 Bruker 
spectrometer working at the X band, with a frequency modulation of 
100 kHz and 1 G amplitude. 

Quantitative EDX analysis were carried out using an Oxford LINK 
ISIS System with the SEMQUANT program coupled to a JEOL 6300 
microscope operating at 20 kV, where scanning electron microscopy 
(SEM) images were collected. 

2.3. Catalytic tests 

Catalytic experiments for the H2S partial oxidation to elemental 
sulfur were carried out in a quartz tubular fixed-bed reactor at atmo-
spheric pressure and a reaction temperature of 180 ◦C up to 300 min. 
Catalyst loading (0.1 g) was diluted with silicon carbide in order to 
achieve the optimal bed height to avoid homogeneous reactions. The 
feed consisted of a mixture of H2S/Air/He with a molar ratio of 1.2/5.0/ 
83.8, and a total flow of 130 mL min− 1 (contact time, W/F, of 31.2 gcat h 
molH2S

− 1 ). The analysis of the reaction products, as well as the reactants, 
was performed by online gas chromatography using two different 
chromatographic columns [8]: i) Molecular Sieve 5 Å for N2 and O2 
separation; and ii) Porapak T for H2S and SO2 analysis. In addition to 
this, a condenser was located at the bottom of the reactor to trap the 
sulfur gas content in the effluent stream. In this sense, both the con-
version of H2S and the sulfur selectivity were defined as follows:  

1) H2S conversion (%) = (moles of H2S reacted/moles of H2S fed) x 100  
2) S selectivity = (moles of H2S reacted – moles of SO2 produced)/ 

(moles of H2S reacted) x 100 

3. Results and discussion 

3.1. Characterization of catalysts 

The main characteristics of the catalysts heat-treated at 500 ◦C in an 
inert atmosphere are shown in Table 1. The Ca-containing samples 
possess surface areas of ca. 16 m2 g− 1, while those containing Cu or Ag 
show similar values of ca. 8 m2 g− 1. 

Fig. 1 shows the XRD patterns of the M-containing catalysts with M/ 
V atomic ratio of 0.17 and 0.33, in addition to pure vanadium oxide 
catalyst (i.e. V2O5) and the corresponding partially reduced one (i.e. 
V4O9) which were also included for comparison. 

For the metal-promoted catalysts (M= Ag, Cu and Ca), the corre-
sponding vanadium-bronze phase is the predominant crystalline struc-
ture: Ag0.333V2O5 [JCPDS: 1–81–1740], Cu0.261V2O5 [JCPDS: 
1–79–0796] and Ca0.17V2O5 [JCPDS: 26–1165]. However, minor 
amount of other crystalline phases such as orthorhombic α-V2O5 
[JCPDS: 41–1426], Ag1.2V3O8 [JCPDS: 88–0686] or CuV2O6 [JCPDS: 
1–74–2117] are also observed depending on the M/V atomic ratio in the 
synthesis gel (Table 1). 

Noteworthy, the catalysts promoted with Ca (i.e. samples Ca/V-0.17 
and Ca/V-0.33) uniquely present the β-MV2O5 phase, β-Ca0.17V2O5. 

The infrared spectra in the 1100–500 cm− 1 region of M-containing 
catalysts are shown in Fig. 2a–c, whereas the corresponding spectra of 
the undoped vanadium oxide samples (i.e. V2O5 and V4O9) are shown in 
Fig. 2d. In addition, the corresponding IR spectra in the 1050–850 cm− 1 

region are presented in Fig. S1. 
The IR spectrum of undoped vanadium oxide, V2O5, shows intense 

bands at 1020, 830 and 610 cm− 1, assigned to V––O stretch, V-O-V 
stretching modes and bending vibrations [23,24], respectively, (Fig. 2d 
and Fig. S1). However, V4O9 shows bands (or shoulders) at 977, 950, 
921, 905, 842 , 723 and 540 cm− 1 (Fig. 2d and Fig. S1), in agreement to 
previous results [25,26]. 

The main bands of V2O5 disappear or shift to lower values in doped- 
vanadium oxide bronzes (Fig. 2 and Figs. S2–S4). Thus, the band at 
1020 cm− 1 appears as a small band in the 1000–950 cm− 1 range 
depending on both metal and metal-loading, which can be related to a 
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decrease of the binding strength and of the stretch vibration of the V––O 
bond by the incorporation of the different metals [23–27]. In addition, 
bands located at 830 and 610 cm− 1 in V2O5 have not been observed for 
M-containing vanadium oxide bronzes, although other new bands 
appeared. 

In Ag-containing samples (Figs. 2a, and S2), it is observed the pres-
ence of intense bands at 984 and 970 cm− 1, whose relative intensities 
change with the Ag-content. Less intense bands at 1005, 954, 935 and 
920 cm− 1, detected in the spectrum of sample Ag/V-0.17, can be related 
to the presence of Ag0.33V2O5 [28]. However, in the case of the 
Ag/V-0.33 sample, in addition to the bands related to Ag0.33V2O5, new 
bands are observed at 970, 917 and 879 cm− 1 which are ascribed to the 
presence of Ag1.2V3O8, in agreement to XRD patterns (Fig. 1a). 

In the case of Cu-containing samples (Figs. 2b, and S3), clear changes 
are observed depending on the Cu-loading. Thus, the IR spectrum of 
sample Cu/V-0.17 exhibits a narrow band at 1010 cm− 1, a shoulder at 
975 cm− 1, and a band at 820 cm− 1, which are attributed to the 
stretching vibration of multiple V––O bonds [29]. On the contrary, the 
intensity of these bands is significantly attenuated in the spectrum of the 
Cu/V-0.33 catalyst, as reported previously for CuxV2O5 nanowires [29]. 
In addition to this, the spectrum clearly shows the characteristic bands 
of the bronze β́-Cu0.261V2O5 (in the region between 950 and 800 cm− 1), 
assigned to the V-O-V and V-O stretching vibrations in interaction with 
Cu+/Cu2+. Moreover, the displacement of the bands, with a broad band 
centered at 1010 cm− 1, and additional bands at 888, 850, 613 and 
563 cm− 1, caused by the presence of both V5+ and V4+ species is also 

Table 1 
Characteristics of catalysts heat-treated at 500 ◦C in inert atmosphere.  

Sample M/V SBET Crystalline phases (XRD)b TPR resultsc  

Atomic ratioa (m2 g− 1) Majority Minority TCM (◦C) H2-uptake 

V2O5  0 5.9 V2O5 –  637 (689, 729)  12.8 
Ag/V-0.17  0.16 8.1 β-Ag0.333V2O5 –  420 (481)  11.8 
Cu/V-0.17  0.11 7.1 β-Cu0.261V2O5 V2O5  474 (516)  13.4 
Ca/V-0.17  0.15 13.4 β-Ca0.17V2O5 –  621 (697)  9.4 
Ag/V-0.33  0.33 n.d. β-Ag0.333V2O5 Ag1.2V3O8  367 (461)  11.0 
Cu/V-0.33  0.28 8.8 β-Cu0.261V2O5 CuV2O6  417  13.2 
Ca/V-0.33  0.30 16.7 β-Ca0.17V2O5 –  621 (715)  6.7 

a) M/V ratio calculated by EDX on heat-treated solids. 
b) Crystalline phases detected by XRD in fresh catalysts. 
c) TPR-H2 results: Temperature of the first maximum hydrogen consumption (TCM), in parenthesis other reduction peaks; and H2-uptake (in mmolH2 gcat). 

Fig. 1. XRD patterns of heat-treated M-containing vanadium oxide bronzes, with M/V ratios of 0.17 or 0.33; and M= Ag+ (a), Cu+ (b), or Ca2+ (c), as promoters. For 
comparison it has been also included the XRD pattern of unpromoted vanadium oxides (d), i.e. V2O5 and V4O9. Symbols corresponds to pure phases: ( ) β-Ag0.33V2O5 

(JCPDS: 0–81–1740); ( ) Ag1.2V3O8 (JCPDS: 0–88–0686); ( ) β´-Cu0.261V2O5 (JCPDS: 1–79–0796); (▾) CuV2O6 (JCPDS: 1–74–2117); ( ) β-Ca0.17V2O5 (JCPDS: 
0–26–1165); (○) V2O5 (JCPDS: 0–09–0387); ( ) V4O9 (JCPDS: 0–23–0720). 
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reported [30]. 
Lastly, for Ca-containing samples, the characteristic bands of 

monoclinic bronze β-Ca0.17V2O5 are observed at 994 and 970 cm− 1 

(related to V––O bonds, in vanadium atoms with different oxidation 
states) and ca. 551 cm− 1 (assigned to the V-O-V and VO⋅⋅⋅Ca2+ links). In 
addition, the catalyst Ca/V-0.33 presents characteristic peaks of the 
CaCO3 crystalline phase, with bands at 877 cm− 1 (vibration of the CO3

2- 

group) and 713 cm− 1 (assigned to the Ca-O bond) [31]. 
Thus, the new bands appearing in the 1010–975 cm− 1 range in the 

spectra of M-doped catalysts, correspond to the ν(V5+=O) and ν(V4+=O) 
stretching modes, but also suggests an effective incorporation of Ag+, 
Cu+ and Ca2+ cations in the vanadium bronze structure and the for-
mation of the selective V5+-O-V4+ pairs [27,28]. 

The H2-TPR results for the catalysts heat-treated at 500 ◦C/N2 are 
shown in Fig. 3, while their H2 consumption is presented in Table 1. For 
comparison, it has been also included the reduction pattern of V2O5, 
characterized by the presence of three peaks at 637, 669 and 729 ◦C [19, 
23]. In addition, the reduction maxima of the catalysts doped with Ag 
and Cu shift to lower temperatures indicating that they present a higher 
reducibility than the V2O5 catalyst. Meanwhile, the reducibility of 
Ca-containing catalysts (i.e. Ca/V-0.17 and Ca/V-0.33 samples) is 
similar to that of undoped vanadium oxide (V2O5), with a reduction 
maximum at around 621 ◦C, being the first peak more intense than that 
observed for V2O5 (V2O5). In any case, for every series, a higher 
reducibility is observed for the M/V-0.33 catalysts compared to their 
M/V-0.17 counterpart. 

With respect to the H2-consumption during the TPR experiments 
(Table 1), a slight decrease is observed for the promoted catalysts. 
However, it is not possible to calculate the amount related to V-species, 
since both copper and silver could also be reduced under these 

experimental conditions. Nevertheless, the temperature of reduction of 
the catalysts increases according to the following trend: Ag/V-0.33 <
Ag/V-0.17 ≈ Cu/V-0.33 < Cu/V-0.17 < Ca/V-0.33 ≈ Ca/V-0.17 ≈
V2O5. 

The chemical composition on the surface of the catalysts doped with 
the three metals was studied by XPS. Fig. 4 plots the XPS spectra of the V 
2p3/2 core level of the M/V-0.17 (Fig. 4A) and the M/V-0.33 (Fig. 4B) 
series. All spectra show two contributions at binding energies of 517.5 
and 516.1 eV, corresponding to V5+ and V4+ species, respectively [32]. 
In Table 2 it can be seen the V4+/V5+ ratio for M/V-0.17 and M/V-0.33 
catalysts heat-treated at 500 ◦C in inert atmosphere. 

In addition to this, the Ag 3d, Cu 2p3/2 and Ca 2p and core level 
spectra, shown in Fig. S5, indicate the unique presence of Ag+ and Ca2+

species in catalysts with Ag/V and Ca/V ratios of 0.17 or 0.33. Mean-
while, the analysis of the spectra of both Cu/V-0.17 and Cu/V-0.33 
catalysts, allows us to identify signals at 932.2 and 934.3 eV, as well as 
the characteristic shake-up satellites, indicating the presence of a 
mixture of Cu+/Cu2+ species [33]. 

Fig. 5 shows the EPR spectra of the M/V-0.17 and M/V-0.33 series 
and the different components used for their simulation, whereas Table 2 
summarizes EPR results of the catalysts. For comparison, the spectrum of 
V4O9 has been also included (Fig. S6). 

The signals of paramagnetic V4+ (3d1) species contained in all cat-
alysts are isotropic and of Lorentzian shape with varying widths, indi-
cating that there is an interaction between neighboring V4+ sites 
connected through the oxygen bridges. This is supported by the absence 
of non-symmetric signal associated to isolated VO2+ species with a hy-
perfine structure due to the interaction of the unpaired electron with the 
vanadium nuclei (I=7/2) [34]. Interestingly, the spectra of the 
Cu-containing samples contain, besides the signal of vanadium, another 

Fig. 2. FTIR spectra of heat-treated samples: a) Ag/V-0.17 and Ag/V-0.33; b) Cu/V-0.17 and Cu/V-0.33; c) Ca/V-0.17 and Ca/V-0.33; d) V2O5 and V4O9.  
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axially symmetric signal due to Cu2+(d9) with a hyperfine structure 
coming from the interaction of the unpaired electron with the nuclear 
spin of the copper (I = 3/2) (g⧸⧸ = 2.31 A⧸⧸ = 117 G, g⊥= 2.05) (Fig. S7) 
[36]. This gives rise to a quadruplet which is well resolved in the parallel 
region of the signal and not in the perpendicular one. 

The spectra of all samples consist mostly of a broad signal of V4+ with 
a width in the range 200–300 G, except those of the Ca/V-0.17 and Ag/ 
V-0.33 samples. The spectrum of the Ca/V-0.17 catalyst is formed by 
two components of 120 G and 38 G wide accounting for 30% and 70% of 
total intensity, respectively. However, the EPR spectrum of the Ag/V- 
0.33 catalyst displays two superimposed very narrow (60 G and 28 G) 
signals of equal intensity. Broad EPR signals are indicative of weak spin- 
spin exchange among V4+ usually associated to small clusters, while 
stronger spin exchange produces narrower signals. Therefore, para-
magnetic vanadium species are more coupled in the Ca/V-0.17 sample, 
and especially in the Ag/V-0.33 catalyst, suggesting that they are closer 
to a bulk-structure with more vanadyl sites in close proximity. 

3.2. Catalytic tests for partial oxidation of hydrogen sulfide 

Fig. 6 compares the variation of H2S conversion with time at 180 ◦C 
for both M/V-0.17 and M/V-0.33 series of catalysts. In all cases, 
elemental sulfur and sulfur oxide (as minority) were mainly observed, in 
agreement to previous results reported for vanadium based catalysts 
[5–18]. In addition, the variation of the selectivity to SO2 with time on 
stream is presented in Fig. S8. Accordingly, a selectivity to sulfur higher 
than 80% is observed in all cases. In general, the selectivity to SO2 de-
creases initially with time on stream, suggesting the elimination of less 
selective oxygen species on the catalyst surface. 

The catalytic results show that the H2S conversion initially decreases 
with time on stream, which could be related to a stabilization of the 
catalyst under reaction conditions. The Cu/V-0.17, Cu/V-0.33 and Ag/ 
V-0.17 catalysts seem to be the most stable, with H2S conversions up to 

Fig. 3. H2-TPR patterns of MV-0.17 and MV-0.33 catalysts (M= Ca, Cu or Ag). 
For comparison it has been also included the TPR pattern of an undoped va-
nadium oxide (V2O5 sample). 

Fig. 4. XPS V 2p3/2 core level spectra of the M/V-0.17 (A) and M/V-0.33 (B) series. Samples were heat-treated at 500 ◦C in N2.  
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90% for Cu/V-0.17 and about 97% for both Cu/V-0.33 and Ag/V-0.17 
at reaction times up to 4 h. 

On the other hand, the Ag/V-0.33 catalyst shows important changes 
with the reaction time (with a H2S conversion of ca. 20 % after 5 h), 
suggesting some modifications of the catalyst under the reaction con-
ditions (see latter discussion). 

Moreover, the H2S conversion is similar for both Ca/V-0.17 and Ca/ 
V-0.33, slightly decreasing with the reaction time (below 80 % at 5 h), 
while the V2O5 catalyst reaches a H2S conversion of around 60 % after 
4 h of reaction time, in good agreement with previous results. The M/V 
ratio has a very low influence on the H2S conversion for Ca-containing 
catalysts, and very high influence for Ag-containing catalysts. 

The variation of the elemental sulfur selectivity with the H2S con-
version for these catalysts is presented in Fig. 7. Metal promoted cata-
lysts with M/V ratio in the synthesis gel of 0.17 are more selective to 
elemental sulfur than the undoped V2O5 sample, even at H2S conversion 
values above 90 %. On the contrary, for the catalysts with the highest 
metal-loading, the selectivity to sulfur in the case of Ag/V-0.33 (Fig. 7A) 
Ca/V-0.33 (Fig. 7C) catalysts is lower than that of V2O5, whereas the 
Cu/V-0.33 catalyst shows higher selectivity than the undoped vana-
dium oxide catalyst (Fig. 7B). 

In conclusion, the selectivity to sulfur is lower in the M/V-0.33 series 
than their M/V-0.17 series counterpart, even for the catalyst containing 
copper (Cu/V-0.33), especially notorious at H2S conversions beyond 
90%. In any case, these results suggest that the incorporation of Cu into 

Fig. 5. EPR spectra (blue line) of MV-0.17 and MV-0.33 catalysts (M= Ca, Cu or Ag), heat-treated in N2 at 500 ◦C, and the components used for their simulation. The 
green components in the spectra of the Cu/V catalysts correspond to the contribution of paramagnetic Cu2+. 

Fig. 6. Variation of the H2S conversion with time on stream for both M/V-0.17 
and M/V-0.33 series, M= Ag; Cu or Ca. For comparison, the catalytic results of 
undoped vanadium oxide (V2O5) have been also included. Reaction conditions: 
T = 180ºC; H2S/Air/He molar ratio of 1.2/5.0/83.8; contact time, W/F, of 
31.2 gcat h molH2S

− 1 . 

Table 2 
XPS and EPR characterization of catalysts.  

Sample XPS (fresh samples)a XPS (used samples)b EPR componentsa, c  

M/V 
ratio 

V4+/V5+

ratio 
V4+/V5+

ratio 
S2-/S0/SO4

2- ratio ΔHPP/G (I/%) ΔHPP/G (I/%) wt% V4+

V2O5  0 8/92 29/71 0/66/34     
Ag/V-0.17  0.20 25/75 33/67 0/12/88 240 –  3.1 
Cu/V-0.17  0.20 13/87 44/56 45/38/17 277   0.43 
Ca/V-0.17  0.23 16/84 23/77 0/20/80 110 (30%) 38 (60%)  1.49 
Ag/V-0.33  0.44 24/76 27/73 30/0/70 60 (50%) 24.5 (50%)  0.92 
Cu/V-0.33  0.47 11/89 29/71 37/26/37 295   1.41 
Ca/V-0.33  0.39 18/82 13/87 0/34/67 197 (95%) 89.0 (5%)  1.82 

a) Samples heat-treated at 500 ◦C for 2 h in N2. 
b) Catalysts after catalytic tests. 
c) The width of the signal is given in G and its relative intensity within the parenthesis. The signal of Cu2+ accounts for 0.2 % and 2.0 % of the total intensity of the 
spectra for the Ag/V-0.33 and Ag/V-0.17, respectively. 
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Fig. 7. Variation of the elemental sulfur selectivity during the partial oxidation of H2S over: A) Ag/V-0.17 and Ag/V-0.33, B) Ca/V-0.17 and Ca/V-0.33 and C) Cu/ 
V-0.17 and Cu/V-0.33 catalysts. Reaction conditions as in Fig. 6. 

Fig. 8. Variation of the hydrogen sulfide conversion (A) and selectivity to SO2 (B) at a time on stream of 120 min during the partial oxidation of hydrogen sulfide 
over vanadium bronze catalysts with a M/V ratio of 0.17 or 0.33 (M= Ag, Cu, Ca). For comparison the results over an undoped vanadium oxide (V2O5 sample) and 
Na-doped catalysts, previously studied [20], are also included. 

Fig. 9. Variation of the hydrogen sulfide conversion over modified vanadium oxide bronzes with M/V ratio of 0.17 (M= Ag, Cu, Ca). A) Hydrogen sulfide conversion 
(at a time on stream of 120 or 300 min) vs. the temperature of the first maximum hydrogen consumption in the TPR-H2 (TCM, ◦C, in Table 1). B) Hydrogen sulfide 
conversion (at 120 min) vs. the V4+/V5+ molar ratio of catalysts, determined by XPS (Table 2). For comparison the results over an undoped vanadium oxide (V2O5) 
are also included. 
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the β-V2O5 structure (Cu0.261V2O5 phase) leads to more active and se-
lective catalyst for the partial oxidation of H2S. 

Fig. 8A compares the H2S conversion values at 120 min of reaction 
time for all the catalysts, including the catalysts doped with Na+, pre-
viously studied [19]. The H2S conversion of the M-doped catalysts is 
higher than 85 %, except for Ag/V-0.33 and Na/V-0.33, which besides 
undoped vanadium oxide (i.e. V2O5 sample) display a lower activity. 
Indeed, the two samples, Ag/V-0.33 and Na/V-0.33, contain other 
crystalline phases besides the β-bronze structure. Then, the catalytic 
activity decreases according to (Fig. 8A): Cu/V-0.33 ≈ Ag/V-0.17 
≈ Na/V-0.17 > Cu/V-0.17 > Ca/V-0.17 ≈ Ca/V-0.33 > V2O5 
> Ag/V-0.33 > Na/V-0.33. 

Additionally, Fig. 8B displays the SO2 selectivity values for these 
catalysts. As already mentioned, the SO2, which is also an undesired 
pollutant, is the only by-product obtained by the elemental sulfur 
combustion [4]. As it can be seen, the selectivity to SO2 is less than 2.0 % 
for Cu/V-0.17, Ca/V-0.17, Na/V-0.17 or Na/V-0.33 catalysts, lower 
than that found for V2O5. These results suggest that the monoclinic 
β-MxV2O5 vanadium oxide is selective to elemental sulfur, being almost 
negligible both the direct conversion of H2S to SO2 and/or the further 
sulfur combustion to SO2. Moreover, for the Cu-containing catalysts, the 
formation of SO2 is much less favored in the sample that only contains 
the β-MxV2O5 phase (i.e. Cu/V-0.17). 

Fig. 9 A shows the H2S conversion at 120 and 300 min of reaction 
time of the catalysts with M/V= 0.17 against the temperature of the first 
maximum hydrogen consumption in TPR-H2 experiments (presented as 
TCM in Table 1). As a general trend, the H2S conversion increases along 
with the catalyst’s reducibility. In this sense, the catalytic activity de-
creases following this trend: Ag/V-0.17 > Cu/V-0.17 > Ca/V-0.17 
> V2O5. 

Fig. 9B presents the catalytic activity in the H2S oxidation as a 
function of the V4+/V5+ ratio at 120 min of reaction time, which shows 
that the H2S conversion increases as the V4+ concentration in the sample 
increases, suggesting that this behavior is related to the formation of the 
β-MxV2O5 bronze structure. 

3.3. Characterization of used catalysts 

To shed some light on the catalysts’ deactivation during partial 
oxidation of H2S to elemental sulfur, all the catalysts (i.e. M/V-0.17 and 
M/V-0.33 series and V2O5 sample) have been characterized by XRD and 
XPS after 5 h of reaction time at 180 ◦C. In this sense, Fig. 10 shows the 
XRD pattern of used catalysts. 

The β-MxV2O5 structure is maintained in all M/V-0.17 catalysts, 
although a slight decomposition of Cu/V-0.17 sample into CuS and 
V4O9 is observed (Fig. 10 B). Furthermore, diffraction peaks corre-
sponding to elemental sulfur, probably deposited on the catalysts’ sur-
face after the reaction, can also be distinguished. 

On the other hand, several crystalline phases can be discriminated in 
the M/V-0.33 series after the catalytic tests, although the β-MxV2O5 
phase is still the majority. The Ag/V-0.33 catalyst presents diffraction 
peaks corresponding to Ag2S, as well as a minority of Ag1.2V3O8, sug-
gesting the partial decomposition of the latter into Ag2S and 
β-Ag0.333V2O5 (Fig. 10 A). Regarding the Cu catalysts, both Cu/V-0.17 
and Cu/V-0.33 samples show small differences in their XRD patterns 
despite presenting a similar catalytic activity. However, the character-
ization of the used samples confirmed that the Cu/V-0.17 catalyst 
conserves the β-Cu0.261V2O5 structure, whereas the CuV2O6 phase, 
present in fresh Cu/V-0.33 catalyst, is transformed into β-Cu0.261V2O5 
and CuS (Fig. 10 B) [37]. Interestingly, the XRD pattern of the 

Fig. 10. XRD pattern of used catalysts: a) Ag-doped; b) Cu-doped; c) Ca-doped; and d) V4O9 catalysts. Symbols: ( ) V4O9 (JCPDS: 00–23–0720); ( ) β-Ca0.17V2O5 

(JCPDS: 00–26–1165); ( ) β́-Cu0.261V2O5 (JCPDS: 1–79–0796); ( ) β-Ag0.33V2O5 (JCPDS: 00–81–1740); ( ) S (JCPDS: 00–08–0247); ( ) CuS (JCPDS: 00–06–0464); 
( ) Ag1.2V3O8 (JCPDS: 00–88–0686), ( ) Ag2S (JCPDS: 00–14–0072). 

L. Ruiz-Rodríguez et al.                                                                                                                                                                                                                        



Applied Catalysis A, General 647 (2022) 118900

9

Ca/V-0.33 sample did not show any other crystalline phase than the 
β-Ca0.17V2O5 pattern (Fig. 10 C). In addition to this, it can also be seen 
that the V2O5 sample was completely transformed after reaction into the 
V4O9 crystalline phase (Fig. 10 D), as previously reported [14]. 

The XPS spectra of the V 2p3/2 and the S 2p core levels of the used 
catalysts are presented in Figs. 11 and 12, respectively, whereas the 
results obtained from the deconvolution of both V 2p3/2 and S 2p signals 
are presented in Table 2. The analysis of the V 2p3/2 (Fig. 11) bands for 

Fig. 11. XPS V 2p3/2 core level spectra of the used M/V-0.17 (left) and used M/V-0.33 (right) catalysts (M= Ag, Cu, or Ca). For comparison it has been also included 
that achieved from V2O5, after reaction. After catalytic tests (Figs. 6 and 7). 

Fig. 12. XPS S 2p core level spectra of the used M/V-0.17 (A) and used M/V-0.33 (B) catalysts (M= Ag, Cu, or Ca). After catalytic tests in Figs. 6 and 7.  
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both M/V-0.17 and M/V-0.33 series after the catalytic test shows an 
increase in the relative intensity of the signal at binding energy 
516.3 eV, assigned to V4+ species [32], confirming a partial reduction of 
the V5+ species under the reaction conditions. 

In addition, the XPS analysis of the S 2p core level spectra of the M/ 
V-0.17 and M/V-0.33 series after reaction, are presented in Fig. 12A 
and B, respectively. In that figure, two doublets at 163.3–163.7 eV and 
164.4–164.9 eV, and at 168.3–168.6 and 169.5–169.8 eV associated to 
the presence of elemental sulfur and sulfate species (SO4

2-) [38,39], 
respectively, are observed in all Ag-, Ca- and Cu-containing catalysts for 
M/V-0.17 and M/V-0.33 (Fig. 12A and B). However, the spectra of 
Cu/V-0.17 and Cu/V-0.33 catalysts show a third doublet at binding 
energies of 161.8 and 163.0 eV, which can be assigned to S2- species [8]. 
Quantitative results and distribution of species are presented in Table 2. 

Overall, the presence of elemental sulfur, sulfide and sulfate species 
suggests that the accessibility of H2S to the active centers could be 
diminished during reaction, thus causing the partial deactivation of the 
catalysts with time. 

According to these results, catalysts synthesized from acetate (i.e. Ag 
and Cu) and oxalate (i.e. Ca) salts with a M/V atomic ratio of 0.17 or 
0.33 show interesting catalytic properties in the partial oxidation of H2S 
to elemental sulfur, presenting H2S conversions beyond 80 % and 
remarkable stability during 5 h of reaction time. 

In general, the most active Ag/V-0.17, Cu/V-0.17 and Ca/V-0.33 
catalysts present the β-MxV2O5 bronze as the majority crystalline phase. 
Although the V4+/V5+ atomic ratio of MexV2O5 bronze is in the range 
0.20–0.30 (see Table 2), both Cu-catalysts, Cu/V-0.17 and Cu/V-0.33, 
show a V4+/V5+ ratio lower than 0.20, as a consequence of the presence 
of multiple vanadates and/or V2O5 as impurities. 

On the other hand, some crystalline phases different from the 
β-MxV2O5, such as Ag1.2V3O8 (in Ag/V-0.33 catalyst), are stable during 
the partial oxidation of H2S, whereas V2O5 and CuV2O6 are transformed 
into V4O9 and β-Cu0.261V2O5, respectively. Moreover, the catalysts that 
present both crystalline phases (i.e. V2O5 and CuV2O6), showed a higher 
V4+/V5+ ratio after the reaction (Table 2), suggesting the partial 
reduction of the V5+ species. 

Therefore, the catalysts consisting on the monoclinic bronze phase 
(β-Ag0.333V2O5, β-Ca0.17V2O5 and β-Cu0.261V2O5) are active, selective 
and stable under catalytic conditions in the partial oxidation of H2S. In 
addition, the catalytic activity increases with the reducibility of the 
sample (Fig. 9), which seems to be related to the presence of V4+-O-V5+

pairs in β-MxV2O5, which are the active centers in the oxidation of H2S to 
elemental sulfur, thus avoiding consecutive oxidation to SO2. 

However, no clear correlation has been found between the V4+/V5+

ratio (in fresh or in used catalysts) and the selectivity to sulfur, sug-
gesting that the presence of the dopant must also have some influence on 
both the partial reactions of H2S to sulfur as in the combustion of 
elemental sulfur to SO2. 

4. Conclusions 

In conclusion, it has been shown that the metal-promoted vanadium 
oxide bronzes, especially those with the crystalline phases Ag0.333V2O5 
and Cu0.261V2O5, are active, selective and stable catalysts for the partial 
oxidation of H2S to elemental sulfur. These catalysts show better cata-
lytic performance, where the selectivity to sulfur can be beyond 95%, 
than those traditionally used for this process (i.e. V2O5). 

The presence of V4+-O-V5+ pairs in these oxides has a significant 
effect on the catalytic properties by preventing the overoxidation of 
elemental sulfur to SO2. Moreover, these results suggest that the pres-
ence of Ag or Cu cations could favor not only the redox process (thus 
increasing the catalytic activity) but also the stability of these pairs (the 
metal cations stabilize the V4+ species). 

The catalytic behavior of the catalysts promoted with Ca, with Ca/V 
ratios of 0.17 and 0.33, with the crystalline bronze Ca0.17V2O5 structure, 
can be explained by an enrichment in the Ca2+ cations of the catalysts’ 

surface, and that seems to favor the S2- and/or S0 desorption. However, 
high amounts of sulfate anions (SO4

2-) are also found, probably stabilized 
by the Ca2+ cations on the catalysts’ surface, may facilitate the lower 
sulfur selectivity and thus, the greater formation of SO2. 
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