
HAL Id: hal-04708649
https://hal.science/hal-04708649v1

Submitted on 25 Sep 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Sustainable ammonia synthesis on TiO2-based photo-thermo
catalysts

Laura Valenzuela, Javier Ivanez, Nicolas Keller

To cite this version:
Laura Valenzuela, Javier Ivanez, Nicolas Keller. Sustainable ammonia synthesis on TiO2-based photo-thermo
catalysts. Catalysis Today, 2024, 435, pp.114723. ⟨10.1016/j.cattod.2024.114723⟩. ⟨hal-04708649⟩

https://hal.science/hal-04708649v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


1 
 

Sustainable ammonia synthesis on TiO2-based photo-thermo catalysts 

Laura Valenzuela, Javier Ivanez, Nicolas Keller* 

Institut de Chimie et Procédés pour l'Energie, l'Environnement et la Santé (ICPEES), 

CNRS, Strasbourg University, 25 rue Becquerel, 67087, Strasbourg, France. 

*Corresponding author: nkeller@unistra.fr (N. Keller) 

 

Abstract 

The industrial production of ammonia (NH3) by the Haber-Bosch process operates at high 

temperature and pressure, and remains highly energy-incentive. Hence, a sustainable 

strategy integrating sunlight as renewable energy input is a high-prospect alternative. We 

shows here the ability of Ru/TiO2 and Fe-TiO2 catalysts to benefit from a dual 

photonic/thermal excitation for boosting the NH3 production rates from molecular N2 and 

H2 under UV-A light at ambient pressure. The synergistic effect evidenced allowed also 

to drive the synthesis of NH3 at a lower temperature. The Ru/TiO2 and Fe-TiO2 photo-

thermo catalysts were prepared by wet impregnation of a photoactive TiO2 support, but 

differed in terms of structure and morphology. Ru/TiO2 consisted in Ru nanoparticles (1.5 

± 0.3 nm) highly dispersed at the surface the TiO2 support, while Fe-TiO2 are described 

as a composite material formed by uniformly distributed submicrometric-scale aggregates 

of Fe and TiO2 nanoparticles. The dual-mode excitation lowered the apparent activation 

energy from for Ru/TiO2, while no significant change was observed for Fe-TiO2, 

suggesting different light-induced reaction mechanisms. An optimum Fe content of 10 

wt.% was observed, with the highest initial NH3 production rate of 93 μmol g-1 h -1 at 350 

°C under UV-A light that overcomes that achieved with Ru/TiO2. In addition, the Fe-

TiO2 composite catalyst showed a better stability with time on stream than its Ru/TiO2 

counterpart that suffered from deactivation. 
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1. Introduction 

 

Ammonia (NH3) is one of the main raw materials in the manufacture of basic organic 

chemicals and in the fertiliser industry, with a global production of approximately 185 

Mt in 2021, according to the International Fertilizer Association (IFA) [1]. In addition, 

NH3 has worth prospects as an alternative anergy carrier due to its carbon-free feature, 

large hydrogen capacity (17.6 wt.%), and being liquefiable (< 8 bar) [2, 3]. 

Currently, NH3 is produced in the industry by the Haber-Bosch (H-B) process on an 

iron-based catalyst (primarily reduced magnetite ore, Fe3O4) operating at high 

temperature and pressure (350-500°C, 20-40 MPa). The synthesis of NH3 mainly involves 

dissociative adsorption of the reactants (*N2 → 2*N and *H2 → 2*H) and subsequent N-

hydrogenation (*NH(x−1) + *H ⇌ *NHx; x = 1, 2, and 3), with nitrogen activation being 

the rate-limiting step owing to the extremely high bond energy of this molecule (945 kJ 

mol-1) [4, 5]. The conversion of this catalytic process is thermodynamically limited, as 

the high temperature required kinetically by the nitrogen activation step reversely shifts 

the equilibrium towards NH3 decomposition [6, 7]. Furthermore, in this process, nitrogen 

is obtained from the atmosphere by energy-intensive cryogenic separation, while 

hydrogen is generated via the combustion of carbon-based fuels [8]. Globally, the H-B 

process accounts for 1-2% of global energy consumption (more than 30 GJ/ton NH3) and 

high greenhouse gas emissions (2.16 kgCO2-eq/kg NH3) [9]. 
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Hence, the exploration of innovative and sustainable strategies to synthesize 

ammonia with the integration of sunlight as a renewable energy input is of emerging 

interest. Since Schrauzer and Guth first reported the nitrogen fixation by UV irradiation 

of TiO2 under mild conditions [10], the photocatalytic production of NH3 has been 

extensively described [11-14]. However, photocatalytic NH3 synthesis generally involves 

gaseous N2, liquid water and a solid catalyst, which poses problems related to the low 

solubility of N2 in water and its limited diffusivity to the photocatalyst, leading to low 

NH3 yields. Currently, photo-thermo catalysis is an innovative dual route that differs from 

the traditional single thermal or photocatalytic ones in the simultaneous use of photonic 

and thermal activation, where the heat can be obtained from an external source 

(conventional thermal reactors) or supplied by suited light absorption [15, 16]. Although 

photo-thermo catalysis is still in its infancy, it has been shown that it may simultaneously 

benefit from the high reaction rates associated with thermal activation and the increased 

selectivity of photonic processes, allowing catalytic reactions to take place under milder 

and more sustainable conditions. Photo-thermo catalytic synergies are usually reported to 

rely on specific electron-driven mechanisms and localised heat-delivery mechanisms that 

can occur simultaneous or separately [17, 18].  

Dual photonic/thermal excitation of catalysts has evidenced synergy effects for NH3 

synthesis, allowing the reaction to proceed at lower temperatures and ambient pressure 

upon irradiation, while maintaining comparable conversion levels [6, 19-25]. Performing 

the reaction with gaseous N2 and H2 as reactants suppresses solubility and diffusivity 

limitations, and increases the process viability. However, catalyst engineering is 

challenging, and knowledge of the mechanisms under dual light/heat conditions remains 

limited. 3D graphene-hosted iron oxide was shown to activate N2 to form NH3 due to 

electron ejection from graphene using simulated sunlight without external heating [20, 
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23]. Peng et al. assigned to a localised heat mechanism the gas phase activity of a Cs-

decorated SrTiO3-supported Ru catalyst under vis/NIR irradiation [24]. Also, K/Ru/TiO2-

xHx (3 wt.% Ru) and TiO2-xHy/Fe exhibited highly efficient NH3 synthesis rates under 

simulated sunlight, the support donated electrons to the active metals and accepted H 

atoms for successive N-hydrogenation, while localised heat favored N2 activation at the 

metal surface, reaching apparent temperatures of 360 and 495 °C, respectively [6, 22]. 

The synergy of photo- and thermo-catalysis was shown using a Ni/TiO2 catalyst (5-15 

wt.% Ni), in which oxygen vacancies of TiO2 accumulated photo-excited electrons and 

activated N2, and Ni accommodated holes and dissociated H2 [25].  

In brief, the most common hybrid system in photo-thermo catalysis for NH3 synthesis 

consists of an optically-responsive support, capable of absorbing light and promoting 

electrons to accelerate N2 activation, and decorated with metal nanoparticles. In this 

context, TiO2 stands out due to light absorbance ability, chemical stability and earth 

abundance. Regarding the supported metal, Fe and Ru are the conventional, most widely 

reported catalysts for NH3 synthesis [26]. Therefore, the aim of this work was to study 

the ability of photoactive TiO2 decorated with Fe and Ru to act as photo-thermo catalysts 

for NH3 synthesis from molecular N2 and H2 under UV-A light. We demonstrated that 

the coupling of photonic and thermal excitations increased the NH3 production rate for 

both Ru- and Fe-based TiO2 catalysts, but different reaction mechanisms were suggested. 

 

2. Materials and methods 

 

2.1. Chemicals 

Aeroxide® TiO2 P25 was supplied by Evonik® (Evonik Resource Efficiency 

GmbH). Ruthenium (III) chloride hydrate (RuCl3• xH2O; 40 % Ru min. content), iron 



5 
 

(III) nitrate nonahydrate [Fe(NO3)3• 9H2O; ≥ 98 wt.%], sodium citrate tribasic dihydrate 

(C6H5Na3O7•2H2O; ≥ 99 wt.%], sodium hydroxide (NaOH; ≥ 97 wt.%) and sulphuric acid 

(H2SO4; 95-97 wt.%) were obtained from Sigma-Aldrich. Sodium hypochlorite (NaOCl; 

11-15% available chlorine), sodium pentacyanonitrosylferrate (III) dihydrate 

(Na2[Fe(CN)5NO]•2H2O; ≥ 98 wt.%), salicylic acid (C7H6O3; 99 wt.%) and ammonium 

chloride (NH4Cl; ≥ 98 wt.%) were provided by ThermoFisher Scientific. Argon (Ar; 

ALPHAGAZ™ 1; ≥ 99.999 %) was purchased from Air Liquid. Hydrogen (H2; ≥ 99.995 

%) and nitrogen (N2; 5.0 grade ≥ 99.999 %) were obtained from Linde France. All 

chemicals were used as received, without any further purification. Ultrapure water (18.2 

MΩ•cm) was used in the preparation of solutions and catalysts.  

 

2.2. Preparation of the photo-thermo catalysts 

Ru/TiO2 and Fe-TiO2 catalysts were prepared by aqueous-phase wet impregnation 

using RuCl3• xH2O and Fe(NO3)3• 9H2O as ruthenium and iron precursors, respectively, 

and Aeroxide ® TiO2 P25 as support. Briefly, a certain amount of Ru or Fe precursors 

was dissolved in 15 mL water, and then 500 mg TiO2 was dispersed in the solution by 

continuous stirring. After evaporation of the water at ambient temperature, the resulting 

solids were dried at 100°C for 1 h and subsequently subjected to a reductive treatment at 

500 °C (5 °C min-1 heating rate) in H2 flow for 1 h. Ru/TiO2 was prepared with 5 wt.% 

ruthenium loading and denoted as 5Ru/TiO2. To better understand the mechanism of Fe-

TiO2, catalysts with 5, 10 and 20 wt.% iron loadings were investigated and named 5Fe-

TiO2, 10Fe-TiO2 and 20Fe-TiO2, respectively.   

 

2.3.Characterization techniques 
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Powder X-ray diffraction (XRD, Bruker D8-Advance diffractometer) analysis using 

Cu Kα radiation (λ = 1.54 Å) was performed to assess the crystal structure and crystallite 

size of the as-prepared catalysts by means of the Scherrer equation. Transmission electron 

microscopy (TEM) images of the 5Ru/TiO2 catalyst were acquired in a JEOL 2100F 

microscope with a point resolution of 0.2 nm. The morphology and spatial distribution of 

the different phases in the Fe-TiO2 photo-thermo catalysts were investigated by scanning 

electron microscopy (SEM) and energy dispersive X-ray spectroscopy (SEM-EDX, Zeiss 

Gemini SEM 500). The average particle size and size distribution of ruthenium and iron 

were obtained by analysing 300-400 particles using ImageJ software. 

 

2.4. Photo-thermo catalytic experiments 

Photo-thermo catalytic tests for NH3 synthesis were conducted in a continuous-flow 

reactor consisting in a Harrick Scientific HVC-MRA 5 reaction chamber at ambient 

pressure. The H2/N2 (3/1, v/v) synthesis gas was flowed through the catalyst bed (surface 

density of 27 mg cm-2) with a rate of 2.5 mL min-1 using Ar as carrier gas, with a total 

flow rate of 135 mL min-1, corresponding to a WHSV of 1012.5 L g-1 h-1. Flow rates were 

adjusted using Brooks® 5850 mass flow controllers. The catalyst was homogeneously 

heated to the reaction temperature within the 200-350 °C range using an external cartridge 

and a flowing water cooling system to accurately control the bulk temperature, and 

irradiated via a quartz window using a Thorlab M365LP1 LED (λ = 365 nm, 365 mW 

cm-2). Prior to the start of each test, the inlet gas was analysed online by gas 

chromatography (R3000A gas microchromatograph, SRA instruments), allowing H2 and 

N2 quantification (MS 5A column) in the system. The gas-phase effluent was 

continuously bubbled into a customized absorption bottle containing a 2.5 mM H2SO4 

aqueous solution (150 mL) to capture the NH3 produced, which was sampled at regular 
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time-interval during the catalytic experiment (240 min). The experimental setup is 

schematically shown in Fig. S1. 

The NH3 concentration was analysed by the indophenol blue method using UV-vis 

spectrophotometry (UV-1600 PC, VWR) [20, 23, 27]. Specifically, 2 mL of aliquot from 

the absorption bottle was added to 500 µL of 1 M NaOH solution containing 5 wt.% 

salicylic acid and 5 wt.% sodium citrate, followed by the addition of 8 mL of ultrapure 

water, 100 µL of NaClO solution (4.5 wt.%) and 100 µL of Na2[Fe(CN)5NO]•2H2O 

solution (1 wt.%). After 1 h at room temperature, the formation of indophenol blue was 

determined using the absorbance at 700 nm. Absolute calibration of the method was 

obtained using NH4Cl standard solutions and is shown in Fig. S2. The apparent activation 

energy (Ea) was calculated by linear fitting of the reaction data ln r (r in µmol g-1 h -1) to 

1/T (T in K) with least squares method in the range 200-350 °C according to the Arrhenius 

equation. 

The catalytic results shown correspond to the average values of NH3 production with 

error bars of ± 5%, obtained by duplicating the catalytic tests. Blank and controlled 

experiments performed in the absence of catalyst, under  H2/Ar flow in the absence of N2, 

as well using the pure TiO2 P25 support, did not shown any production of NH3 in both 

dark and light conditions regardless of the temperature. 

 

3. Results and discussion 

3.1. Characterisation of the photo-thermo catalysts 

The crystal structure of the photo-thermo catalysts was investigated by XRD (Fig. 1 

and Table 1). The patterns for all catalysts displayed the diffraction peaks characteristic 

of both anatase (JCPDS 00-021-1272) and rutile (JCPDS 01-073-1765) TiO2 phases of 

the Aeroxide ® TiO2 P25 support, with their respective most intense (101) and (110) 
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planes at 2q = 25.3° and 2q = 27.5°, respectively, and with classical mean crystallite sizes 

of 22 ± 1 and 30 ± 1 nm, respectively. The catalysts displayed a phase composition with 

an anatase content of 81-82%, except for the Fe-TiO2 catalysts for which the rutile content 

increased to 33-39% (i.e., only 61-67% of anatase).  

No Ru-related diffraction peaks were detected for the 5Ru/TiO2 catalyst probably 

due to the small size of Ru nanoparticles and their homogeneous distribution on the TiO2 

surface [28]. By contrast, the XRD patterns recorded on Fe-TiO2 materials exhibited 

additional reflexes at 2q = 44.7, 65.0 and 82.3°, attributed to the (110), (200) and (211) 

planes of cubic iron (Im3m space group), respectively (JCPDS 00-006-0696). The 

intensity of the (110) diffraction peak related to Fe increased linearly with increasing the 

Fe content, while the mean crystallite size of Fe remained almost unchanged at 36-39 nm. 

A small decrease in the anatase/rutile ratio was observed for Fe-TiO2 materials, that could 

result from an increase of the surface temperature that resulted from the exothermic 

decomposition of nitrates during the thermal reduction in H2. 
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Figure 1. X-ray diffraction patterns of TiO2 n, 5Ru/TiO2n, 5Fe-TiO2n, 10Fe-TiO2n and 

20Fe-TiO2n.  
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Table 1. Mean crystallite sizes and anatase content derived from XRD data for TiO2, 5Ru/TiO2, 5Fe-TiO2, 10Fe-TiO2 and 20Fe-TiO2 catalysts.  

Catalyst Mean crystallite size (nm)a Crystallized phase 
composition, A/R (%)b 

Normalized intensity of the Fe 
(110) peak c 

 TiO2 A(101) TiO2 R(110) Fe (110)  

TiO2 21 30 - A: 81 – R: 19 - 
5Ru/TiO2 21 29 - A: 82 – R: 18 - 
5Fe-TiO2 23 30 36 A: 66 – R: 34 1 

10Fe-TiO2 22 31 37 A: 67 – R: 33 2.14 
20Fe-TiO2 23 30 39 A: 61 – R: 39 4.16 

a determined by applying the Scherrer equation to the most intense diffraction peak with the classical assumption of spherical crystallites. 
b the composition corresponds to that within the crystallized TiO2 phases (without considering the small content of amorphous TiO2), 

calculated using the most intense reflexes of both anatase and rutile phases [29, 30]. 
c normalization is performed relative to the intensity of the Fe (110) peak. 
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TEM images of the 5Ru/TiO2 catalyst shown in Fig. 2 revealed that Ru nanoparticles 

were highly dispersed on the TiO2 surface, with no aggregate formation and an average 

particle size of 1.5 ± 0.3 nm. The metallic nature of the Ru nanoparticles was confirmed 

by lattice fringes with an interplane distance of 2.2 Å that corresponds to the (101) crystal 

planes of metallic Ru [31]. The morphology of the Fe-TiO2 materials was studied by 

SEM-EDX, as displayed in Fig. 3. In addition to secondary electrons (SE), SEM images 

were also recorded using backscattered electrons detector (BSD) that provides high-

contrast 2D images allowing an easy discrimination of Fe species and aggregates within 

the TiO2 matrix samples with similar mean crystallite sizes. All the Fe-TiO2 catalysts 

displayed a uniformly distributed pattern of nanoparticle aggregates of both TiO2 and Fe 

phases with characteristic sizes in the submicron range. SEM images with BSD detector 

and elemental mappings revealed a homogeneous dispersion of Fe aggregates in the 

catalysts, the density of the aggregates increasing with the increase of the Fe content from 

5 wt.% to 20 wt.%. Considering the accuracy of the measurements, both 5Fe- and 10Fe-

TiO2 catalysts displayed a similar mean size of Fe crystallite (nanoparticle) aggregates of 

86 ± 23 and 71 ± 19 nm, respectively, while by far larger aggregates were observed for 

the 20Fe-TiO2 catalyst (157 ± 39 nm). Thereby, both series of catalysts differ strongly in 

terms of structure and morphology, Ru/TiO2 consisting of small size Ru nanoparticles 

decorating the TiO2 support, while the Fe-TiO2 catalysts can be consider as composite 

materials. 
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Figure 2. TEM images of the 5Ru/TiO2 catalyst (a-c) and particle size distribution of Ru 

nanoparticles obtained from TEM images (d).
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Figure 3. SEM images obtained with SE (a,e,i) and BSD (b,f,j) detectors, size distribution of Fe particle aggregates (insets of b,f,j images) and 

SEM-EDX elemental mappings (c-d, g-h, k-l) of the 5 Fe-TiO2 (a-d), 10Fe-TiO2 (e-h) and 20Fe-TiO2 (i-l) catalysts. Ti: light blue (n); Fe: red 

(n).
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3.2. Photo-thermo catalytic synthesis of NH3  

Fig. 4 depicts the performance of both 5Ru/TiO2 and 5Fe-TiO2 photo-thermo 

catalysts in the NH3 synthesis under dark thermal and combined light/heat conditions over 

the 200-350 °C temperature range, expressed as the evolution of the concentration of NH3 

accumulated with the time on stream in the absorption bottle and as the initial NH3 

production rate. It was worth noticing that the dual photonic/thermal excitation increased 

the initial NH3 production rate for both catalysts (Fig. 4 c-d). In the case of the 5Ru/TiO2 

catalyst, the initial NH3 production rate increased 104% at the low temperature of 200°C, 

namely from 8 μmol g-1 h-1 to 16 μmol g-1 h -1. The light-driven gain in NH3 production 

rate appeared to be less pronounced with increasing the reaction temperature, decreasing 

to 44% at 250°C (from 14 μmol g-1 h-1 to 19 μmol g-1 h -1) and 10% at 300°C (from 40 

μmol g-1 h-1 to 44 μmol g-1 h -1), down to a very low gain of 4% at 350°C (from 67 μmol 

g-1 h-1 to 69 μmol g-1 h-1). 

By contrast, the enhancement achieved by coupling photonic and thermal excitations 

using the 5Fe-TiO2 material remained approximately constant over the investigated 

temperature range, with an average value of 15%. Indeed, the initial NH3 production rate 

increased from 29 μmol g-1 h-1 to 36 μmol g-1 h -1 at the low temperature of 200°C, and 

from 39 μmol g-1 h-1 to 45 μmol g-1 h-1 at the higher temperature of 350°C. On both 

catalysts, dual-mode activation allowed similar NH3 production rates to be achieved at 

lower temperatures, i.e. under milder conditions.  

Both catalysts differ also in terms of their behavior with time on stream, as visualized 

in Fig. 4a,b and Fig. S3. In the plot of the time-evolution of the accumulated NH3 

concentration, the catalyst deactivation is characterized by the deviation to the slope at 

origin, that relates to the initial production rate. So, the 5Ru/TiO2 catalyst deactivated on-

stream relatively fast, the observed deactivation being all the more pronounced as the 
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temperature increases. No deactivation was observed only at the low temperature of 

200°C. Conversely, the 5Fe-TiO2 catalyst showed no deactivation on stream at 200-250 

°C, the NH3 production rate remaining constant for 4 h at 29 μmol g-1 h -1 in the dark and 

36 μmol g-1 h -1 under light at 200°C, and at 39 μmol g-1 h -1 in the dark and 45 μmol g-1 h 

-1 under light at 250°C. Only very moderate deactivation was observed at higher 

temperature (Fig. 4b). The decrease in the NH3 generation rate on 5Ru/TiO2 could be 

attributed to the strong adsorption of H atoms that inhibit the dissociative adsorption of 

N2 on the Ru surface [22, 32, 33]. The K/Ru/TiO2-xHx catalyst developed by Mao et al. 

was proposed to overcome this limitation owing to the ability of the TiO2-xHx support to 

reversibly accept H atoms from Ru and to deliver them to the activated N2 to form Ti-

NHx (x = 1-3) under sunlight irradiation at room temperature and ambient pressure, 

keeping Ru free from H2 poisoning [22]. Nevertheless, K/Ru/TiO2-xHx reconstituted into 

K/Ru/TiO2 after the reaction with its consequent deactivation, which was only 

recoverable by H2 treatment at high temperatures. Interestingly, the reconstruction was 

reversible when the catalyst was subjected to a period of darkness after the reaction under 

solar irradiation conditions.  
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Figure 4. Time-evolution of the NH3 concentration accumulated in the absorption bottle 

(a-b) and initial NH3 production rate (c-d) obtained on the 5Ru/TiO2 (left) and 5Fe-TiO2 

(right) catalysts, at ambient pressure in the temperature range 200-350 °C under dark 

thermal (―,●, n) and dual light/heat (---, o,	 ) conditions. Temperatures: 200 °C (n), 

250 °C (n), 300 °C (n) and 350 °C (n). 

 

To highlight the superiority of photo-thermo catalysis over conventional thermal 

catalysis, the apparent activation energies were determined using the Arrhenius equation 

within the 200-350 °C temperature range, as shown in Fig. 5a. While both catalysts 

showed enhanced initial NH3 production rate under combined photonic/thermal 
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excitation, it is worth noting that they strongly differ in the way the apparent activation 

energy of the reaction is impacted by the additional light irradiation. Both 5Ru/TiO2 and 

5Fe-TiO2 catalysts displayed low apparent activation energies [34, 35]. However, on one 

hand, for the 5Ru/TiO2 catalyst, the improved performance under dual light/heat 

conditions was accompanied by a decrease in the apparent activation energy from 37 kJ 

mol-1 to 25 kJ mol-1, and the photo-thermo catalytic synthesis of NH3 proceeded with a 

lower energy barrier than its pure thermal counterpart. On another hand, no significant 

change in the apparent activation energy (4 kJ mol-1) occurred for the 5Fe-TiO2 catalyst 

by combining photonic/thermal excitations. This may suggest a different reaction 

mechanism for both systems.  
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Figure 5. (a) Arrhenius plots for 5Ru/TiO2 (◆) and 5Fe-TiO2 (◆) at ambient pressure in 

the temperature range 200-350 °C under dark thermal (―,◆) and dual light/heat 

conditions (---,◇) ; (b) Influence of the Fe loading on the Arrhenius plots for the Fe-TiO2 

catalysts 5Fe-TiO2 (◆), 10Fe-TiO2 (◆) and 20Fe-TiO2 (◆). 
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As the Fe-based TiO2 catalyst outperformed the Ru/TiO2 counterpart in terms of 

stability under the investigated experimental conditions, different Fe loadings (10 and 20 

wt.%) were tested with the aim of increasing the NH3 production rate. As can be observed 

in Fig. 6, the highest performances were observed for the 10Fe-TiO2 photo-thermo 

catalyst, that reached under dark thermal conditions an initial NH3 production rate of 66 

μmol g-1 h -1 and 72 μmol g-1 h -1 at 300 °C and 350 °C, respectively, significantly higher 

(∼2 times) than those achieved with the 5Fe-TiO2 and 20Fe-TiO2 counterparts. The NH3 

production rates of Fe-based catalysts are known to depend on the number of catalytic 

sites, which is influenced by Fe content, surface area and particle size [20, 36, 37]. As 

shown by XRD and SEM analyses, neither the size of Fe crystallites not that of aggregates 

were significantly impacted by the Fe content, except for the higher Fe content of 20 

wt.%, for which strong agglomeration of Fe nanoparticles was observed. Thus, the higher 

activity of the 10Fe-TiO2 catalyst might be related to a higher number of active sites 

compared to the 5Fe-TiO2 catalyst, while the decrease in the number of active sites was 

detrimental to the activity of the 20Fe-TiO2 catalyst. 

Under dual photonic/thermal excitation, it was observed that the higher the Fe content 

in the catalyst, the greater the light-driven enhancement, with average values of 

enhancement of +15%, +27% and +44% for Fe contents 5 wt.%, 10 wt.% and 20 wt.%, 

respectively. It must be noted that a slight deactivation of the 10Fe-TiO2 and 20Fe-TiO2 

catalysts was observed at the highest reaction temperatures and/or at a high NH3 

production rate, especially under combined light/heat conditions. This drop in catalytic 

activity might be attributed to heat-induced sintering and aggregation of Fe particles 

during the reaction [23, 37-39]. For this reason, the industrial H-B catalyst contains 

promoters (e.g., alumina), which provide the catalyst with long-term stability [38, 39]. 

Fig. 5b depicts the Arrhenius plots for the Fe-based TiO2 catalysts in the temperature 
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range from 200 to 350 °C. Similarly to the 5Fe-TiO2 catalyst, no significant reduction in 

the apparent activation energy was observed using the Fe-TiO2 catalysts with 10 and 20 

wt.% Fe under combined photonic/thermal excitation compared to the dark thermal 

condition, suggesting in first approximation a similar reaction mechanism with increasing 

Fe content. 
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Figure 6. Time-evolution of the NH3 concentration accumulated in the absorption bottle 

(left) and initial NH3 production rate (right) obtained on the 10Fe-TiO2 (c-d) and 20Fe-

TiO2 (e-f) catalysts, at ambient pressure in the temperature range 200-350 °C under dark 
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thermal (―,●, n) and dual light/heat (---, o,	 ) conditions. Experiments performed using 

the 5Fe-TiO2 catalyst (a-b) are also shown for comparison. Temperatures: 200 °C (n), 

250 °C (n), 300 °C (n) and 350 °C (n). 

 

The results suggest that the Ru/TiO2 and Fe-TiO2 catalysts operate through different 

reaction mechanisms under combined photonic/thermal excitation. The reduction of the 

energy barrier for 5Ru/TiO2 under UV-A light irradiation might be mainly attributed to a 

photoelectron-driven mechanism. Indeed, although Ru nanoparticles are not regarded as 

plasmonic, they have been reported to significantly absorb UV and visible light with the 

formation of light-excited (hot) electrons from intra/interband transitions [19, 40-44]. The 

formation of hot electrons under UV-A light irradiation favors the reaction to proceed via 

a low-energy transition state, with the reduction of the apparent activation energy. 

The role of excited electrons in Ru nanoparticles was already putted forward by Guo 

et al. to explain the performance of Ru/graphene in the photocatalytic Fischer-Tropsch 

synthesis [44], as well as by Ivanez et al. in the production of H2 by gas-phase formic acid 

dehydrogenation on Ru/TiO2 photo-thermo catalysts [45]. The generation of (excited) hot 

electrons in the metallic Ru could promote the N2 dissociation, and the subsequent 

hydrogenation of *NH(x−1) into *NHx (x = 1, 2, 3) [19, 21, 44]. One hand hand Ru is 

proposed to accept the lone-pair electrons of N2 to strengthen the metal-nitrogen bond, 

but it can also donate electrons to the antibonding orbitals of N2 to weaken the N-N triple	

bond [28]. Apart from this mechanism, the transfer of the photogenerated electrons from 

the TiO2 conduction band to Ru nanoparticles enhances the electron density at the Ru 

nanoparticles, what favors its surface reactivity. Meanwhile, due to the upward band 

bending caused by Ru deposition, the photogenerated holes will tend to migrate to the 
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semiconductor surface and be neutralized by H2 promptly to form protons (H2 + 2h+ → 

2H+) [28].  

Conversely, the higher catalytic activity of Fe-TiO2 catalysts under dual light/heat 

conditions obtained with no decrease in the apparent activation energy might be 

predominantly ascribed to a light-induced localised heat delivery mechanism [19, 46, 47], 

that involves the localised surface plasmon resonance states of Fe [6]. The light-to-heat 

conversion by plasmonic heating taking place on Fe nanoparticles might lead to a 

pronounced local temperature difference owing to the low thermal conductivity of TiO2 

(8.5 W/mK) compared to Fe (80 W/mK), so that the temperature of the Fe aggregates 

exceeds the average (bulk) temperature of the catalyst upon irradiation [48]. This 

mechanism was highlighted by Mao et al. in the case of metallic Fe nanonecklaces with 

120 to 360 nm diameter size in contact with a low thermal conductivity TiO2-xHy support, 

the temperature difference being quantified by the authors and shown to be size-

dependent [6]. 

Mao et al. also indicated that an electron-driven mechanism could occur 

simultaneously to the plasmonic heating mechanism, with the injection of the hot 

electrons of the excited plasmonic Fe to unoccupied orbitals of adsorbed N2 molecules 

via indirect and/or direct charge transfer. It should be noted that the interdependence of 

non-thermal (electron-driven) and thermal effects under photonic excitation makes the 

identification of the dominant mechanisms driving the reactions extremely difficult. So, 

we cannot not rule out the contribution to some (minor) extent of a mechanism involving 

the transfer of the photogenerated electron from TiO2 to Fe where they would activate the 

adsorbed molecules, as proposed to occur between photo-excited graphene and Fe [20]. 

The contribution of each proposed mechanism, as well as the emergence of additional 

pathways, requires further investigation.  
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4. Conclusion 

 

 In this work we demonstrated that the ability of Ru/TiO2 and Fe-TiO2 catalysts to 

benefit from a dual-mode photonic/thermal excitation for the synthesis of NH3 from 

molecular N2 and H2 under UV-A light. The Ru/TiO2 and Fe-TiO2 catalysts differed in 

terms of structure and morphology, the former consisting of Ru nanoparticles (1.5 ± 0.3 

nm) homogeneously decorating the TiO2 support and the latter being considered as a 

composite material with uniformly distributed nanoparticle aggregates of both TiO2 and 

Fe phases with characteristic sizes in the sub-micron range. The combined 

photonic/thermal excitation boosted the NH3 production rates for both types of catalysts 

at ambient pressure in the temperature range studied (200-350°C), and the dual-mode 

excitation allowed to drive the synthesis of NH3 at a lower temperature. 

 The performance enhancement was accompanied by a decrease in the apparent 

activation energy from 37 KJ mol-1 to 25 KJ mol-1 for TiO2 with 5 wt.% Ru, while it 

remained approximately constant for the Fe-TiO2 composites. Therefore, different 

reaction mechanisms were suggested. A photoelectron-driven mechanism involving the 

light-excited (hot) electrons of metallic Ru was proposed for Ru/TiO2. By contrast, a 

light-induced mechanism of localised heat delivery was suggested to prevail in Fe-TiO2 

composite catalysts. An optimum Fe content of 10 wt.% was observed, that led to the 

highest initial NH3 production rate of 93 μmol g-1 h -1 at 350 °C under UV-A light, 

overcoming that achieved with the Ru/TiO2 photo-thermo catalyst. In addition, the Fe-

TiO2 composite photo-thermo catalyst showed a better stability with time on stream than  

its Ru/TiO2 counterpart that suffered from deactivation. 
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 This work serves as a basis for the development of efficient photo-thermo catalytic 

processes able to synthesize renewable ammonia using solar energy. 
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cartridge heater (200-350 °C), (6) absorption bottle (2.5 mM H2SO4) and (7) online gas 
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Emission spectrum of the Thorlab M365LP1 LED used for the catalytic tests. 

 

 

 



 

Figure S2. Calibration curve of the indophenol blue method obtained from NH4Cl 

standard solutions.  

 

 

 

Figure S3. Time-evolution of the NH3 concentration accumulated in the absorption bottle 

and deviation to the slope at origin obtained on the 5Ru/TiO2 catalyst, at ambient pressure 

in the temperature range 200-350 °C under dark thermal (―,●) and dual light/heat (---, 

o) conditions. Temperatures: (a) 250 °C (n) and 350 °C ; (b) 200 °C (n) and 300 °C (n). 


