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Abstract  

Undoped Pt/TiO2 and WOx-doped in Pt/TiO2 catalysts with varying WOx contents were examined for 

the selective conversion of nitrogen oxide to ammonia reaction. Above 150 °C, 5 wt% WOx-doped 

Pt/TiO2 catalyst exhibited the highest ammonia yield (97 %), outperforming the undoped Pt/TiO2 

catalyst (88%). XRD and XPS analysis revealed the tungsten bronzes formation. Pt-5 wt% WOx/TiO2 

showed moderate lower oxidation (W4+) concentration. CO chemisorption demonstrated strong metal-

support interactions (SMSI) which assist in lower oxidation formation as well as ammonia formation. 



These findings highlight the potential of WOx-doped Pt/TiO2 as an efficient catalyst for NOx-to-

ammonia conversion, particularly in high-temperature regions. 
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Abbreviations 

NH3- SCR NH3-Selective Catalytic Reduction  

NTA  Nitrogen oxide To Ammonia 

XRD  X-ray Diffraction 

XPS  X-ray Photoelectron Spectroscopy 

NH3-TPD NH3-Temperature Programed Desorption 

H2-TPR  H2-Temperature-Programmed Reduction 

SMSI  Strong Metal-Support Interactions (SMSI) 

 

1. Introduction 

After the industrial revolution, the global energy sources are mainly focused on combustion of coal 

and other fossil fuels which are responsible for emission of CO2 and global warming. Therefore, 

carbon-free fuels are required to enhance sustainability in power plants and transport sectors. As a 

Carbon-free fuel, H2 has gained much attention owing to environmentally friendly byproduct 

formation (H2O). H2 is sustainably produced by water electrolysis in the presence of photovoltaic or 

wind power generators. Nevertheless, H2 combustion in air can lead to the formation of nitrogen 

oxides as byproduct which cause photochemical smog, acid rain, and ozone depletion [1-4]. Therefore, 

NOx abatement is required to meet emission standards. Traditionally, NO is converted to N2 and H2O 

using ammonia as reductant which is commonly known as Selective Catalytic Reduction (NH3- SCR) 

(4 NO+ 4 NH3 + O2 → 4 N2 + 6H2O) [5]. 



In recent years, a new approach has been introduced for the recovery of NO (ReNOx) [6]. In 

this approach, NO is selectively converted to ammonia using CO-H2O or H2 reductant (Nitrogen 

oxide To Ammonia; NTA) [7-9]. Ammonia is an important feedstock for fertilizers and can be act as 

energy carrier. The NTA reaction using H2 reductant is an environmentally friendly way for NO 

abatement in comparison to CO-H2O due to zero emission of greenhouse gas (CO2). However, high 

selectivity for ammonia is still a challenging task because of the formation of molecular N2. Few 

catalytic methods have been reported for NTA reaction. SiO2- and ZrO2-supported Pt catalysts have 

been reported for ammonia synthesis from NO-H2 [10-12]. Recently, supported platinum and 

palladium catalysts developed for ammonia formation by Adam group.11 However, these catalysts 

suffer from low ammonia selectivity. Therefore, development of catalyst with high ammonia 

selectivity is required. 

The promoter played a vital role in ammonia formation from NO-H2. In early report, Mergler 

et al. studied the effect of CoOx addition on the activity of Pt/SiO2 for NO-H2 reaction.9 Among the 

tested catalysts, PtCoOx/SiO2 catalyst showed high selectivity for ammonia formation. Yu et al. 

described the promotion effect of Cr on Pt/ZSM-35 catalyst which facilitated NOx adsorption and the 

generation of NHx species [13]. Liu et al. examined WOx promoted Pt/TiO2 catalysts for H2-SCR 

reaction [14]. The synergetic effect between Pt and WOx assisted H-spillover from Pt to WOx and 

TiO2 which accelerated the interaction between H2 and adsorbed NOx. Such synergetic effects have 

not been studied for nitrogen oxide to ammonia reaction. In this study, we examined the effect of 

WOx doping on the activity of Pt/TiO2 catalyst for nitrogen oxide to ammonia reaction. The 

physiochemical properties of Pt-WOx/TiO2 and Pt/TiO2 were also investigated. 

2. Experimental  

2.1 Catalyst preparation  



Titanium tetraisopropoxide (((CH3)2CHO)4Ti), Ammonium paratungstate pentahydrate 

((NH4)10W12O41.5H2O), WO3 and hexachloroplatinic(IV) acid hexahydrate (H2PtCl6.6H2O) were 

purchased from FUJIFILM Wako Pure Chemical Co., Ltd. Japan. TiO2 was prepared by using 

titanium tetraisopropxide precursor which was described in previous report [9].  The solution of water 

(20 mL) and ethanol (20 mL) was added to the solution of ethanol (50 mL) and titanium isopropoxide 

(30 mL) at 50 °C. The solvent was removed by evaporation (oven) at 80 °C for 12 h and calcined in 

air at 700 °C for 4 h. 1 wt% Pt/TiO2 catalyst was prepared by impregnation method using H2PtCl6. 

An appropriate amount (2 g) of TiO2 was added to aqueous solution (100 mL) of Pt precursor. The 

solvent was extracted using evaporation under reduced pressure (rotary evaporator). Then, the 

catalyst was calcined in air at 500 °C for 4 h and followed by reduction in 10% H2/N2 flow at 400 °C 

for 1 h. Similarly, 1 wt% Pt-WOx/TiO2 catalyst was synthesized by impregnation method. The amount 

of W precursor 0.040, 0.195, 0. 0.41, and 0.92 g was used for 1, 5, 10, and 20 wt % catalyst 

respectively.  An appropriate amount of Pt precursor, W precursor and TiO2 added to 100 mL of 

deionized water. Then, the mixture was dried by using rotary evaporator, calcined at 500 °C for 4 h, 

and followed by reduction at 400 °C for 1 h.   

2.2 Characterization  

The powder X-ray diffraction (XRD) was recorded using RINT Ultima+, RIGAKU diffractometer 

with a Cu Kα radiation source. X-ray photoelectron spectroscopy (XPS) analysis was carried out 

using Thermo scientific (K-alpha). The binding energy (BE) of each catalyst was calibrated to C 1s 

binding energy of 284.6 eV.  H2 temperature-programmed reduction (H2-TPR) was carried out using 

BELCAT-II analyzer with a quartz tube reactor. Before the measurement, the catalyst was treated by 

O2 at 400 °C for 0.5 h and purged by He. Then, the reactor cooled down to -70 °C in He and treated 

with 5% H2/He. The temperature increased by 10 °C/min rate. The amount of CO uptake was 



calculated by CO pulse chemisorption at 50 °C using BELMETAL instrument. In standard procedure, 

the catalyst was oxidized by O2 at 400 °C for 0.5 h and reduced by H2 at 400 °C for 0.5 h. Acidic sites 

of all catalysts were calculated by NH3-temperature programed desorption (NH3-TPD). NH3-TPD 

experiments carried out using BELCAT II and a quartz tube reactor. The catalyst was pretreated at 

500 °C in He for 0.5 h. Then, the catalyst was cooled down to 100 °C and exposed to NH3 for 0.5 h.  

2.3 Catalytic activity measurement 

The catalytic activity was measured by using a fixed-bed reactor and 0.15 g of catalyst. The 

composition of feed gas was 1000 ppm NO and 3000 H2 in Ar balance with total flow 250 mL/min. 

NO conversion and NH3 yield were calculated by Fourier transform IR spectroscopy (iS50, Thermo 

Fischer) equipped with a multi-reflection gas cell and gas chromatograph (3000 Micro GC, Micron). 

N2 was obtained as a byproduct in nitrogen oxide to ammonia reaction.  The NO conversion and 

ammonia yield were calculated by eqn. (1) and (2).  

 

  

 

 

 

 



3. Results and Discussion  

 

Fig. 1 Effect of temperature on NO conversion (a) and NH3 formation (b) over undoped Pt/TiO2 (■), 

Pt-1 wt% WOx/TiO2 (▲), Pt-5 wt% WOx/TiO2 (•), Pt-10 wt% WOx/TiO2 (▼), Pt-20 wt% WOx/TiO2 

() 

 

Initially, Pt/TiO2 catalysts with different WOx loading (0, 1, 5, 10, and 20 wt%) were prepared 

and investigated for NTA reaction using different temperatures (Fig. 1). Below 155 °C, 

Pt/TiO2 showed high activity for NO conversion (99 %) with a Pt/TiO2 showed high activity 

for NO conversion (99 %) with ammonia yield (80 %). WOx-doped Pt catalysts gave relatively 

low NO conversion and NH3 formation. When the temperature was raised to 200 °C, 5 wt% 

WOx-doped catalyst gave high ammonia yield (97 %). The order of reactivity for ammonia 

formation was 5 wt% WOx> 1 wt% WOx > 0 wt% WOx > 10 wt% WOx > 20 wt% WOx. The 

activity of Pt/TiO2 after WOx-doping was enhanced above 175 °C. However, WOx-doped 

catalysts were unable to produce ammonia selectively below 155 °C. This phenomenon can 

be explained by the hydrogen spillover effect. In previous study, Shun et al. investigated 

hydrogen spillover effect using TiO2 or WO3 supported Ru catalysts [15]. They found that 

Ru/TiO2 showed hydrogen spillover on its surface below 50 °C which expanded to the 



subsurface in the temperature range of 50 °C - 150 °C. On the other hand, Ru/WO3 catalyst 

did not show hydrogen spillover below 50 °C and showed hydrogen spillover in the 

temperature range of 50-150 °C. In this temperature range, hydrogen atom migrated to bulk 

instead of WOx surface.  

 To understand effect of WOx loading and catalytic activity, we characterized all catalysts 

by X-ray diffraction (XRD). As shown in Fig. 2, XRD pattern of Pt/TiO2 catalyst showed the 

sharp peaks of anatase and rutile phases. No Pt diffraction peak was observed at 39.8°, 

suggesting high Pt dispersion in Pt/TiO2. Next, we compared the commercial WO3 with 

unreduced and reduced catalysts to confirm WO3 formation. XRD pattern of commercial WO3 

showed sharp diffraction peaks at 23.1°, 23.5° and 24.3° were assigned to monoclinic WO3 

[16, 17]. Similarly, the unreduced WOx doped catalysts showed sharp peaks at 23.1°, 23.5° 

and 24.3°, indicating the formation of WO3 (Fig S1). After H₂ reduction, no distinct WO₃ 

diffraction peaks observed, suggesting that the WOₓ phase was amorphous or highly dispersed 

(Fig 2) [18].  

 

 

Fig. 2 XRD analysis of commercial WO3 (a) and reduced catalysts; Pt/TiO2 (b), Pt-1 wt% WOx/TiO2 

(c), Pt-5 wt% WOx/TiO2 (d) Pt-10 wt% WOx/TiO2 (e) and Pt-20 wt% WOx/TiO2 (f). Abbreviation: A, 

anatase; R, rutile; W, WO3 



 We analyzed WOx-doped Pt/TiO2 catalysts to confirm W reduction, by X-ray photoelectron 

spectroscopy (XPS). Fig. S2 shows two peaks from W 4f which were fitted to 4f7/2 and 4f5/2. These 

broad peaks at 35.5 and 37.5 eV were assigned to WO3 (W6+) [19, 20].   After the peak deconvolution, 

W6+ state was found to co-exist with W5+ and W4+ oxidation states. The peaks related to W5+ appeared 

at 33.7 and 36.6 eV [20].  Over reduced W4+ state showed peaks at 32.9 and 34.2 eV [22].   The satellite 

peak associated with W-O-Ti were observed at 39.1 and 40.5 eV [19].  Furthermore, the degree of W 

reduction was different in every catalyst. When W amount in the catalyst was increased, the degree 

of W reduction also increased (Table S1). The order of W reduction was 1 wt% (5 %) < 5 wt% (6 %) 

< 10 wt% (9 %) < 20 wt% (12 %). Previous study speculated that the reduction of W occurred in the 

presence of Pt [23-25]. Initially, hydrogen molecules are dissociated with hydrogen atoms on Pt sites 

which spill over to neighboring WO3 and lead to the formation of tungsten bronzes (HxWO3). The 

formation of tungsten bronzes may be a crucial factor in low temperature NTA reaction. Highly 

reduced catalysts (5, 10, or 20 wt% WOx) gave low ammonia yield below 175 °C. The Hydrogen 

available in the presence of these catalysts was likely used to tungsten bronzes formation rather than 

ammonia formation. In contrast, less reduced W catalysts (1 wt% WOx) employ available hydrogen 

for ammonia formation instead of tungsten bronzes formation. In high temperature region (> 275 °C), 

all WOx-doped catalysts have higher yield than undoped catalyst (Pt/TiO2). This phenomenon might 

be attributed to hydrogen release from the tungsten bronzes which might be useful NTA reaction [26]. 

 Next, we investigated W reducibility, Pt-W interactions and H2 consumption by H2-temperature 

programmed reduction (H2-TPR). As shown in Fig. 3, TPR profile of TiO2 showed a broad peak in 

the temperature range of 300-700 °C with peak maximum at 600 °C with small H2 consumption 

(0.022 mmol/g). 5 wt% WOx/TiO2 catalyst showed two peaks at 580 °C and 770 °C which was 

assignable to WO3 reduction [27].  H2 consumption associated with WOx reduction was 0.315 mmol/g. 

Undoped Pt/TiO2 catalyst showed two Pt reduction peaks at -52 °C and -8 °C and the amount of H2 



consumption was 0.025 and 0.009 mmol/g respectively. The peak around 325 °C showed 0.018 

mmol/g H2 consumption. This peak was attributed to the reduction of the surface capping oxygen of 

TiO2 [28, 29]. Theoretical H2 consumption for 1 wt% Pt/TiO2 was 0.05 mmol/g, which was calculated 

by assuming reduction of PtO2 to metallic Pt. Compared to Pt/TiO2 and WOx/TiO2 profile, H2-TPR 

profile of WOx-doped catalyst showed that Pt reduction peak was shifted to high temperature (26 °C) 

and WO3 reduction peaks was shifted to lower temperature (600 °C). H2 consumption amount in Pt 

reduction region was 0.011, 0.012, 0.020 and 0.040 mmol/g for 1, 5, 10, and 20 wt% WOx respectively. 

The minor peak between 300- 400°C obtained in 5, 10 20 wt% WOx containing catalyst with 0.004, 

0.025 and 0.056 mmol/g H consumption respectively. In WOx reduction region, H2 consumption for 

1, 5, 10, and 20 wt% WOx was 0.152, 0.507, 0.701 and 0.280 mmol/g respectively. The shifting to 

lower temperature and increased H2 consumption of WOx suggested the presence of interactions 

between Pt and WOx interactions.  

 

Fig. 3 H2-TPR profile of TiO2 (a), WOx/TiO2 (b), Pt/TiO2 (c) Pt-1 wt% WOx/TiO2 (d), Pt-5 wt% 

WOx/TiO2 (e) Pt-10 wt% WOx/TiO2 (f) and Pt-20 wt% WOx/TiO2 (g) 

 

 CO uptake capacity analysis was conducted to evaluate the exposed Pt sites in undoped and WOx-

doped Pt/TiO2 (Table S2). CO uptake capacity decreased significantly with increasing WOx amount. 



This phenomenon led to the formation of large Pt crystallite. Nevertheless, XRD analysis did not 

show Pt peak in all catalysts. The relationship between CO uptake and WOx addition was investigated 

by He et al. [30]. When WOx loading amount in Pt/TiO2 catalyst was increased, the capacity of CO 

uptake was decreased. Low CO uptake of Pt-WOx was attributed to WOx overlayer formation on the 

surface of Pt metal.  The formed WOₓ overlayer may exhibit temperature-dependent mobility [31]. 

At low temperatures, this overlayer is relatively stable and suppresses H₂ adsorption, resulting in low 

initial catalytic activity. As the temperature increases (≥ 240 °C), WOₓ species become increasingly 

mobile and can migrate from the Pt surface to the support. This migration exposes previously blocked 

Pt sites, leading to enhanced catalytic activity at elevated temperatures. However, this overlayer-

migration mechanism cannot explain the observed catalytic activity at low temperatures. 

 In alternative interpretation, the decrease in CO uptake capacity was ascribed to strong metal-

support interactions (SMSI) [31, 32]. These interactions lead to high W reduction. M’Boungou et al. 

revealed that low WOx loading in Pt–WOx/Al2O3 catalyst was made the catalyst difficult to reduce 

and catalytically inactive (Scheme 1) [33]. With high W loading, despite WOx monolayer formation, 

a fraction of W species to migrate to Pt surface and was reduced to W4+. The remaining major part of 

W species existed on support and remains as partially reduced (W5+) in vicinity of Pt and non-reduced 

(W6+) as bulk and dispersed tungsten bronzes. Our results showed consistency with these results. 1 

wt% WOx doped catalyst showed lower oxidation state (W4+) was absent. In the case of high WOx (5, 

10, and 20 wt%) loading, lower oxidation state (W4+) appeared, and its concentration increased with 

WOx loading. However, high concentration of W4+ leads to competitive adsorption between NO and 

H2. The moderate concentration of W4+ in 5 wt% WOx catalyst allowed ammonia formation for above 

175 °C. 

 



 

Scheme 1 Formation of W4+ over low (a) and high WOx (b) loaded in Pt–WOx catalyst 

 

Fig. S3 shows NH3-TPD profile of Pt/TiO2 and WOx-doped Pt/TiO2. NH3-TPD profile of 

Pt/TiO2 catalyst showed two peaks at 179 °C and 278 °C. The total number of acidic sites was 

0.046 mmol g-1 in the temperature range of 100 - 350 °C. In contrast, WOx-doped Pt/TiO2 

showed a broad in the temperature range of 100 - 400 °C. Th acidic sites of 1 wt% WOx, 5 

wt% WOx, 10 wt% WOx and 20 wt% WOx were 0.055, 0.049, 0.044 and 0.041 mmol g-1 

respectively (Table S3). The acidity decreased with increased WOx loading due to inactive W 

bulk formation. At this moment, the role of Brønsted and Lewis sites in NTA reaction is not 

clear. This will be a part of our future research.  



 

Fig. 4 Transient kinetic analysis for NO conversion (a) and NH3 formation (b) using Pt/TiO2 (black) 

Pt-1 wt% WOx/TiO2 (red), Pt-5 wt% WOx/TiO2 (blue) Pt-10 wt% WOx/TiO2 (green) and Pt-20 wt% 

WOx/TiO2 (purple) catalyst 

 

 To investigate H spillover in the bulk catalyst, transient kinetic experiments were 

performed under 0.1 % NO and 0.3 % H2 in Ar at 150 °C. As shown in Fig 4a, NO conversion 

was unaffected by any of the catalysts. In case of NH3 formation, Pt/TiO2 showed NH3 

formation after 1 min. Comparing with NO conversion, NH3 formation delayed, probably due 

to large amount of acid sites of support (TiO2). Accelerated NH3 formation over 1 and 5 wt% 

WOx catalysts is suspected to be attributed to WOx layer formation with covering acid sites. 

A large delay in NH3 formation over 10 and 20 wt% WOx catalysts observed. NH3 yield after 

2 seconds over 10 wt% WOx catalyst was higher than 20 wt% WOx, suggesting high capacity 

of H absorption for 20 wt%. Had concentration on metal surface decreased due to Had 



migration into bulk and suppressed H-N formation reaction. From these results, we concluded 

that H spillover into WOx bulk was presented and affected ammonia formation. 

 

Conclusions 

Undoped Pt/TiO2 and WOx-doped Pt/TiO2 catalysts with varying loadings (1, 5, 10 and 20 

wt%) were prepared via the impregnation method and evaluated for the nitrogen oxide to 

ammonia reaction in the temperature range of 100 °C to 500 °C. The catalytic performance 

was significantly influenced by WOx loading. The catalyst with WOx loading (5 wt%) 

exhibited the highest ammonia yield above 175 °C, including an optimal balance between 

hydrogen availability and W reducibility. Structural and surface analysis (XRD and XPS) 

confirmed tungsten bronzes formation upon reaction of WO3 and H2. H2-TPR and CO 

chemisorption uptake capacity revealed strong metal-support interactions between Pt and 

WOx, which enhance W reduction and the electronic environment of Pt. However, excessive 

WOₓ loading (10–20 wt%) led to excessive hydrogen spillover into the WOx bulk, reducing 

surface hydrogen availability and suppressing NH3 formation at lower temperatures. A 

moderate WOx content (5 wt%) resulted in a favorable concentration of W4+ species and 

sufficient surface hydrogen, enabling high ammonia selectivity in the mid-to-high temperature 

range. These findings provide valuable insights for designing advanced Pt-based catalysts 

with optimized WOx promotion for NTA reaction. 
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Fig. 1 Effect of temperature on NO conversion (a) and NH3 formation (b) over undoped 

Pt/TiO2 (■), Pt-1 wt% WOx/TiO2 (▲), Pt-5 wt% WOx/TiO2 (•), Pt-10 wt% WOx/TiO2 (▼), 

Pt-20 wt% WOx/TiO2 

 

Fig. 2 XRD analysis of commercial WO3 (a) and reduced catalysts; Pt/TiO2 (b), Pt-1 wt% 

WOx/TiO2 (c), Pt-5 wt% WOx/TiO2 (d) Pt-10 wt% WOx/TiO2 (e) and Pt-20 wt% WOx/TiO2 

(f). Abbreviation: A, anatase; R, rutile; W, WO3 

 

Fig. 3 H2-TPR profile of TiO2 (a), WOx/TiO2 (b), Pt/TiO2 (c) Pt-1 wt% WOx/TiO2 (d), Pt-5 

wt% WOx/TiO2 (e) Pt-10 wt% WOx/TiO2 (f) and Pt-20 wt% WOx/TiO2 (g) 

 

Fig. 4 Transient kinetic analysis for NO conversion (a) and NH3 formation (b) using Pt/TiO2 

(black) Pt-1 wt% WOx/TiO2 (red), Pt-5 wt% WOx/TiO2 (blue) Pt-10 wt% WOx/TiO2 (green) 

and Pt-20 wt% WOx/TiO2 (purple) catalyst 
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