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Abstract 18 

Plasma-catalytic synthesis of ammonia (NH3) was carried out using BaTiO3 19 

supported Ru-M bimetallic catalysts (Ru-M/BaTiO3, M = Fe, Co and Ni) in a 20 

dielectric barrier discharge (DBD) reactor. The NH3 synthesis performance followed 21 

the order of Ru-Ni/BaTiO3 > Ru/BaTiO3 > Ru-Co/BaTiO3 > Ru-Fe/BaTiO3, with the 22 

highest NH3 concentration (3895 ppm) and energy yield (0.39 g kWh-1) achieved over 23 



Ru-Ni/BaTiO3 at 25 W and 10 W, respectively. To gain insights into the 24 

physio-chemical properties of the Ru-M/BaTiO3 catalysts, comprehensive catalyst 25 

characterizations were performed, including X-ray diffraction, N2 physisorption 26 

measurements, X-ray photoelectron spectroscopy (XPS), high-resolution transmission 27 

electron microscopy (HRTEM), energy dispersive spectroscopy (EDS), and 28 

temperature-programmed desorption of CO2 and N2 (CO2 and N2-TPD). The results 29 

indicated that the loading of Ni enhanced the basicity and N2 adsorption capacity of 30 

the catalyst surface, as well as the density of oxygen vacancy (OV) on the BaTiO3 31 

surface, which facilitated the adsorption and activation of N2 on BaTiO3 surface. 32 

These effects led to the enhanced NH3 synthesis, as excited N2 could be adsorbed on 33 

Ru-Ni/BaTiO3 from plasma region and stepwise hydrogenated to form NHx species 34 

and ultimately NH3. 35 

Keywords: plasma catalysis, ammonia synthesis, Ru-based bimetallic catalyst, 36 

oxygen vacancy, N2 activation 37 

 38 

1. Introduction 39 

Besides being an essential raw material for many chemicals, ammonia (NH3) has 40 

shown great value and environmental benefits as an emerging clean fuel due to its 41 

characteristics of carbon-free, high energy density and easy to liquid and store [1]. 42 

NH3 can be directly used in fuel cells to generate electricity, and blended with 43 

conventional fossil fuels such as gasoline and diesel for combustion to output 44 

mechanical power [2, 3]. Using a NH3 blend-fuel power system can achieve higher 45 

thermal efficiency and lower NOx, SOx, and CO2 emissions than a fossil fuel-powered 46 



internal combustion engine [4, 5].  47 

Currently, the Haber-Bosch process based NH3 synthesis is the major 48 

industrial-scale NH3 synthesis process. This process is an energy-intensive thermal 49 

catalytic reaction that requires the reactants to be maintained within a temperature 50 

range of 450–600°C and a pressure range of 10–25 MPa for NH3 synthesis. The 51 

Haber-Bosch process based NH3 synthesis relies almost entirely on the combustion of 52 

fossil fuels to provide the required energy. Due to the harsh reaction conditions, the 53 

production of 1 kg of NH3 results in emissions of 1.25–2.16 kg of CO2 equivalent due 54 

to the harsh reaction conditions [6]. Therefore, the NH3 synthesis industry consumes 55 

approximately 1.8–3% of global energy each year and emits approximately 290 56 

million tons of CO2 [7, 8]. 57 

Establishing small-scale, decentralized NH3 production plants to utilize localized 58 

and intermittent renewable energy sources is currently the main way to produce 59 

"green ammonia". Among various technologies for the synthesis of "green ammonia", 60 

e.g. photo-catalysis [9, 10] and electro-catalysis [11, 12], the plasma-catalysis process 61 

has received widespread attention. The plasma-catalytic system could be operated 62 

under mild catalytic reaction conditions, and is easy to achieve miniaturization and 63 

decentralization of NH3 synthesis equipment. The plasma-catalytic system is 64 

characterized by quick start and stop times, which allows it to match intermittent and 65 

seasonal renewable energy sources. This enables the conversion and storage of 66 

localized renewable energy sources. Furthermore, in the process of plasma-catalytic 67 

synthesis of NH3, the activation of the N≡N bond is mainly achieved via collisions 68 



with energetic electrons, making NH3 synthesis thermodynamically favorable even at 69 

ambient pressure and room temperature [13, 14].  70 

Perovskite oxides (with the general formula ABO3) have recently emerged as a 71 

new and promising class of catalyst support in heterogeneous catalysis due to their 72 

exceptional thermal stability, tunable electronic structure, and redox behavior [15]. 73 

Due to the unique structure of perovskite oxides, which can accommodate variable 74 

B-site elements and valences, these catalyst supports are highly susceptible to 75 

introducing interface effects, such as strong metal-support interaction (SMSI) and 76 

oxygen vacancies (OV). This, in turn, enhances the activity of ABO3-supported 77 

catalysts for NH3 synthesis [16, 17]. Moreover, our previous research has 78 

demonstrated that the introduction of BaTiO3, with its high dielectric constant, into 79 

the plasma discharge region could amplify the electric field of the gas phase, thereby 80 

facilitating N2 activation through electron-impact reactions, which represents the 81 

primary step in plasma-catalytic NH3 synthesis [18]. 82 

The incorporation of metallic catalysts has been demonstrated to enhance the 83 

plasma-catalytic performance of NH3 synthesis, as the metal sites on the catalyst 84 

support play a critical role in heterogeneous reactions [19-21]. Various metal-based 85 

catalysts have proved to be active for NH3 synthesis to date. Among them, the 86 

Ru-based catalysts are more efficient under milder reaction conditions as they afford 87 

more prominent N2 activation due to the proper binding strength of atomic N and N2 88 

dissociation barrier [22, 23]. However, the utilization of Ru-based catalysts has been 89 

limited due to the high cost and low production of Ru. To reduce cost and optimize 90 



the performance of Ru-based metallic catalysts, alloying Ru with other metal 91 

components has been found effective in adjusting its structural and electronic 92 

properties, thereby increasing its ability to activate the N≡N bond. This approach 93 

builds upon knowledge gained from conventional thermal catalytic NH3 synthesis. 94 

For example, previous studies have demonstrated that an alloy of Ru-Fe/MgO resulted 95 

in a higher NH3 yield and better anti-poisoning performance compared to pure Ru and 96 

Fe catalysts [24]. Similarly, the Ru-Co/MgAl2O4 catalyst was found to be the most 97 

active among the Ru-M/MgAl2O4 catalysts (M = Fe, Co, Ni, and Mo). When the Ru 98 

loading was reduced from 4 wt.% to 2 wt.%, and Co was added at the same 2 wt.% 99 

loading in the Ru-Co/MgAl2O4 catalyst, its activity was comparable to that of the 4 100 

wt.% Ru/MgAl2O4 catalyst, suggesting the underlying synergistic effect between 101 

bimetallic components [25]. Some studies suggested that the improved performance 102 

of Ru-based bimetallic catalysts may be attributed to different surface activities 103 

resulting from electron transfer between the metals, as well as favorable kinetics and 104 

thermodynamics of N2 dissociation [24, 26]. Despite these efforts to investigate the 105 

mechanisms underlying for thermal-catalytic NH3 synthesis, the understanding of the 106 

reaction mechanisms of plasma-catalytic NH3 synthesis over Ru-based bimetallic 107 

catalysts remains limited. 108 

In this study, we investigate the performance of plasma-catalytic NH3 synthesis 109 

over bimetallic Ru-M/BaTiO3 (M = Fe, Co, and Ni) catalysts in a dielectric barrier 110 

discharge (DBD) reactor. To gain insight into the changes in the physicochemical 111 

properties of the catalysts after incorporating M, we extensively characterized 112 



Ru-M/BaTiO3 catalysts using various techniques such as X-ray diffraction (XRD), N2 113 

physisorption measurements, X-ray photoelectron spectroscopy (XPS), 114 

high-resolution transmission electron microscopy (HRTEM), energy dispersive 115 

spectroscopy (EDS), and temperature programmed desorption (CO2-TPD and 116 

N2-TPD). In addition, we used optical emission spectroscopy (OES) to identify the 117 

reactive species during the plasma-catalytic reactions. Based on the results obtained, 118 

we propose the mechanisms underlying the enhanced performance of Ru-Ni/BaTiO3 119 

catalysts in plasma-catalytic NH3 synthesis. 120 

2. Experimental 121 

2.1 Catalysts preparation and characterization 122 

Bimetallic catalysts of Ru-M/BaTiO3 (M = Fe, Co and Ni) were prepared using 123 

the co-impregnation method. Initially, the nitrates of M and RuCl3·3H2O were 124 

dissolved in deionized water, then the solution was added to a measured amount of 125 

BaTiO3 powder. The slurry was stirred for 30 min, then heated at 80°C for 3 h, dried 126 

at 110°C for 12 h, and calcined at 550°C for 6 h. The catalysts were reduced in a 5 127 

vol.% H2/Ar flow at 550°C and 100 ml min-1 for 3 h, then screened to 40-60 mesh. 128 

The total loading amount of active metal for each catalyst was fixed at 3 wt.%, while 129 

the molar ratio of Ru to M was 1:1. The catalysts were named Ru-Fe/BaTiO3, 130 

Ru-Co/BaTiO3, Ru-Ni/BaTiO3 and Ru/BaTiO3. The chemicals Ni(NO3)2·6H2O, 131 

Co(NO3)2·6H2O, Fe(NO3)3·9H2O, RuCl3·3H2O and BaTiO3 were all of analytical 132 

grade (Macklin, China). The purity of all gases (H2, N2, and Ar) was 99.999% 133 

(Fangxin, China). 134 



The XRD patterns of the Ru-M/BaTiO3 catalysts were obtained using a Rikagu 135 

D/max-2000 X-ray diffractometer equipped with Cu-Kα radiation. The scanning 136 

range was 10° to 80°, and the scanning step size was 0.02°. N2 physisorption 137 

measurements were performed using a Quantachrome Autosorb-1 instrument at 77 K. 138 

Before each test, the catalysts were degassed at 250 °C for 3 h to remove impurities. 139 

The specific surface area was obtained using the Brunauer-Emmett-Teller (BET) 140 

method, and pore volume and diameter distribution were obtained using Barrett 141 

Joyner Halenda (BJH) method. High-resolution transmission electron microscopy 142 

(HRTEM) and energy-dispersive X-ray spectrometry (EDS) mapping analyses were 143 

performed using the FEI Tecnai G2 F20. The particle size distribution of each catalyst 144 

was obtained by analyzing 100 particles from the TEM images.  145 

Temperature programmed desorption (TPD) experiments were conducted on an 146 

AutoChem II 2920 instrument to measure the desorption behavior of CO2 and N2. 147 

Prior to the test, catalysts were reduced in a H2/He gas flow (10 vol.% H2; 50 mL 148 

min-1) at 550°C for 2 h and then cooled to 50°C. For CO2-TPD, the catalysts were 149 

treated in a CO2 gas flow at 50°C and 50 ml min-1 for 30 min to adsorb CO2, while for 150 

N2-TPD, the catalysts were placed in a N2 gas flow at 500°C and 50 ml min-1 for 1 h, 151 

then they were cooled to 50°C and kept for 30 min to adsorb N2. The samples were 152 

then heated to 900°C at the rate of 10 °C min-1 in a He flow at the flow rate of 40 ml 153 

min-1 for both CO2-TPD and N2-TPD. 154 

X-ray photoelectron spectroscopy (XPS) analysis was performed on a Thermo 155 

ESCALAB 250Xi using an Al Kα X-ray source. Both low-resolution survey and 156 



high-resolution scans were obtained for each catalyst, and the spectra were calibrated 157 

with C 1s at a binding energy of 284.8 eV. Prior to the XPS analysis, the catalysts 158 

were reduced in H2/He gas flow (10 vol.% H2; 50 ml min-1) at 550°C for 2 h and then 159 

cooled to ambient temperature. After reduction, the samples were prepared and 160 

analyzed in a reduced environment. 161 

 162 

2.2 Experimental setup 163 

 164 

Fig. 1. Experimental setup for plasma-catalytic NH3 synthesis 165 

 166 

A schematic diagram of the experimental system used in this study is shown in 167 

Fig. 1. The reactor comprised a quartz tube with an inner diameter of 8 mm and a wall 168 

thickness of 2 mm, sealed with two PTFE seals. The high-voltage electrode was a 4 169 

mm diameter stainless-steel rod connected to a power source (Suman CTP-2000K, 170 

China), while the external electrode was a stainless-steel mesh wrapped around the 171 

quartz tube. The Ru-M/BaTiO3 catalyst (0.4 g, 40–60 meshes) was held in the reactor 172 

by quartz wool. High voltage probes (Tektronix TPP0502, USA) were used to 173 



measure the voltages across the external capacitor (0.47 μF) and the reactor, and a 174 

four-channel digital oscilloscope (Tektronix TDS2024C, USA) was used to record all 175 

electrical signals. 176 

N2 and H2 gases with a purity exceeding 99.999% were sourced from gas 177 

cylinders and regulated by mass flow controllers (Sevenstars D07-B, China). The 178 

gases were mixed in a chamber before being introduced to the reactor in a 1:1 molar 179 

ratio. To measure the concentrations of gas products (including N2, H2, and NH3), a 180 

two-channel gas chromatography (Fuli 9790II, China) equipped with a thermal 181 

conductivity detector (TCD) was used. Optical emission spectra during plasma 182 

discharge in the presence of the Ru-M/BaTiO3 catalysts were captured using an 183 

optical spectrometer (Ideaoptics PG2000EX, China). 184 

2.3 Electrical characteristic measurement and parameters calculation. 185 

The plasma discharge power was calculated by the Lissajous method as follows: 186 

 (1) 

where Cext is external capacitance (0.47 μF), f is the frequency of AC discharge (9.4 to 187 

9.8 kHz), and A is the area of the Lissajous figures (Fig. S1).  188 

The energy yield of the plasma-catalytic NH3 synthesis was calculated using the 189 

following equation: 190 

                 (2) 191 

where M denotes the molar mass of NH3, Cout is the NH3 concentration measured at 192 

the reactor outlet and Qafter is the gas flow rate after the reaction measured by a 193 

soap-film flowmeter.  194 

dis ext(W) = P f C A´ ´

( )-1 out after

dis

 g kWh M C QEnergy yield =
P
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 195 

3. Results and discussion 196 

3.1. Catalyst characterizations 197 

 198 

Fig. 2. XRD patterns for the Ru-M/BaTiO3 catalysts 199 
 200 

Fig. 2 depicts the XRD patterns of the Ru-M/BaTiO3 catalysts used in the study. 201 

All the catalysts showed well-matched diffraction peaks with the tetragonal phase 202 

BaTiO3 (ICDD PDF #00-005-0626). The diffraction peaks at 2θ of 31.49°, 31.64°, 203 

38.88°, 44.85°, 45.37°, 55.95°, and 56.25°, which can be attributed to the (1 0 1), (1 1 204 

0), (1 1 1), (0 0 2), (2 0 0), (1 1 2), and (2 1 1) planes of BaTiO3 in the tetragonal 205 

phase, were intense for all the Ru-M/BaTiO3 catalysts. No diffraction peaks of 206 

metallic Ru, Fe, Co, and Ni were observed in the XRD patterns, probably due to the 207 

high dispersion of the metal dopants on the BaTiO3 support. The presence of the 208 

dopant M caused the diffraction peaks of (0 0 2) and (2 0 0) planes to shift to lower 209 

angles when compared to BaTiO3, which could be associated with the lattice 210 



expansion of BaTiO3. This phenomenon might be attributed to the substitution of Ti4+ 211 

in BaTiO3 by M cation with a larger radius(which is c.a. 0.61, 0.65, 0.61, 0.69 and 212 

0.68 Å for Ti4+, Fe3+, Co2+, Ni2+ and Ru3+, respectively [27-30]), and oxygen vacancy  213 

was generated for electronic compensation, as the dopant of M cation preferentially 214 

substitutes for Ti4+ ions in BaTiO3 due to the similarity of their ionic radii in 215 

octahedral coordination [31-33]. 216 

 217 

Fig. 3. N2 adsorption-desorption isotherms and pore diameter distribution of the 218 
Ru-M/BaTiO3 catalysts 219 

 220 

As shown in Fig. 3, all Ru-M/BaTiO3 samples exhibited clear characteristics of 221 

type IV isotherms with H4 hysteresis loops, indicating their mesoporous structure.  222 

Compared to Ru-M/BaTiO3, the introduction of dopant M resulted in a decrease in the 223 

most probable aperture and average pore size, while the specific surface area slightly 224 

increased. For instance, the most probable aperture was 2.66 nm for Ru/BaTiO3, 225 

which reduced to 2.26 nm for Ru-Ni/BaTiO3 and 2.20 nm for Ru-Co/BaTiO3. 226 

Meanwhile, the specific surface area increased from 2.26 m2 g-1 for Ru/BaTiO3 to 227 

2.62 m2 g-1 for Ru-Ni/BaTiO3. Considering the structural differences among the 228 



Ru-M/BaTiO3 catalysts were not significant, it suggests that the loading of M had a 229 

limited impact on adjusting the framework structure of catalysts. 230 

Table 1. Textural properties of the Ru-M/BaTiO3 catalysts 231 

Catalyst SBET 

(m2 g-1) 

Total pore 
volume 

(cm3 g-1) 

Average pore 
size 
(nm) 

The most probable 
aperture 

(nm) 

Ru-Fe/BaTiO3 2.42 0.010 16.05 2.37 

Ru-Co/BaTiO3 2.57 0.011 15.05 2.20 

Ru-Ni/BaTiO3 2.62 0.011 15.86 2.26 

Ru/BaTiO3 2.26 0.010 17.18 2.66 

 232 

 233 
Fig. 4. HRTEM for (a and b) Ru/BaTiO3, (d and e) for Ru-Ni/BaTiO3; (c) EDS 234 

mapping of Ru-Ni particles on Ru-Ni/BaTiO3; (f) line scanning of Ru-Ni particles 235 
 236 

High-resolution transmission electron microscopy (HRTEM) was employed to 237 

analyze the catalysts' morphology. As depicted in Fig. 4(a) and (d), the doped metal 238 

particles were predominantly present on the support's surface in a highly disordered 239 



state. By using EDS-mapping, the distribution of Ru and Ni elements on the surface 240 

of the BaTiO3 support was investigated, and the results were shown in Fig. S2. The 241 

uniform and random distribution of Ru and Ni elements on the surface of the BaTiO3 242 

support was confirmed by comparing spatial features in both the Ru and Ni maps, 243 

which is consistent with Fig. 4(d). In comparison to Ru/BaTiO3, the average size of 244 

the metal particle in Ru-Ni/BaTiO3 is 3.12 nm, which is much smaller than that in 245 

Ru/BaTiO3 (5.14 nm). The metal particle size of Ru-Ni/BaTiO3 mainly ranged from 246 

4–6 nm, whereas it was 6–8 nm for Ru/BaTiO3. This observation is consistent with 247 

the study by Ni et al., who reported that adding Mg reduced the particle size of 248 

Ru-Mg particles and improved the dispersion of Ru nanoparticles on the surface of 249 

Ru-Mg/AC due to the interaction of metal precursors during the high-temperature 250 

reduction process [34].  251 

Figs. 4(b) and (e) show the d-spacings of 0.206 and 0.226 nm correspond to the 252 

(1 0 1
_

 1) plane of Ru (ICDD PDF #00-006-0663) and (1 0 1
_

 0) plane of Ru-Ni alloy 253 

(ICDD PDF #04-001-2915) in the hexagonal phase, respectively. The structure of 254 

Ru-Ni binary particle was further investigated by EDS. As presented in Fig. 4(c), the 255 

location color point presenting Ru and Ni elements were uniformly mixed and 256 

covered. The line canning results showing in Fig. 4(e) suggest the intensities of Ru 257 

and Ni exhibited the same spatial trend of variation, which confirmed that Ru-Ni 258 

existed in the form of a homogeneous alloy.  259 

Fig. 4(b) reveals that the Ru particles were doped onto and encapsulated by the 260 

BaTiO3 support, which can be attributed to the SMSI effect [35]. The SMSI effect 261 



could alter the electronic properties of active metal species by electron transfer from 262 

the support to metal particles that are doped onto the support, and further vary the 263 

adsorption strength of reactants on the metal particles [36]. However, in the case of 264 

Ru/BaTiO3, the full encapsulation of the Ru particles had a detrimental effect on their 265 

catalytic activity due to the decrease in metal sites. Fig. 4(e) also confirms the 266 

occurrence of the SMSI effect in the case of Ru-Ni/BaTiO3 since an overlayer is 267 

found between the Ru-Ni metal particle and the BaTiO3 support. 268 

 269 

 270 

Fig. 5. CO2-TPD profiles of the Ru-M/BaTiO3 catalysts 271 
 272 

The basicity of Ru-M/BaTiO3 catalysts was evaluated using CO2-TPD, as 273 

presented in Fig. 5. The desorption peaks centered in the low temperature region (50–274 



300℃) correspond to physical adsorption and the adsorption on Brønsted basicity 275 

sites of the Ru-M/BaTiO3 catalysts. Meanwhile, the desorption peaks centered in the 276 

medium temperature (300–600℃) and high temperature (> 600°C) regions 277 

correspond to the desorption of CO2 on medium and strong basic sites, respectively, 278 

indicating the desorption of CO2 from Lewis basicity sites [37, 38]. Compared to 279 

Ru/BaTiO3, the introduction of dopant M into the Ru-M/BaTiO3 catalysts improved 280 

the density of both weak and strong basic sites. The increase in the density of weak 281 

basic sites in the presence of dopant M is believed to be related to the 282 

surface-adsorbed hydroxyl groups[38], while the medium and strong basicity are 283 

associated with the chemisorption on oxygen species such as electron-rich O2-, O2- 
2  284 

and O- species [39], which are related to CO2 adsorption on surface OV sites [40]. To 285 

better quantify the strength of basicity in the Ru-M/BaTiO3 catalysts, the CO2-TPD 286 

profiles were deconvoluted and the amount of CO2 desorbed was listed in Table S1. 287 

The results showed that the amount of CO2 desorbed from medium and strong basic 288 

sites of the Ru-M/BaTiO3 catalysts were 54.2 μmol g-1 for Ru-Ni/BaTiO3, 50.5 μmol 289 

g-1 for Ru-Co/BaTiO3, 48.2 μmol g-1 for Ru-Fe/BaTiO3 and 31.9 μmol g-1 for 290 

Ru/BaTiO3, respectively. These findings indicate that there was an increased density 291 

of Lewis basic sites on the surface of the Ru-M/BaTiO3 catalysts, with Ru-Ni/BaTiO3 292 

exhibiting the highest density of Lewis basic sites. 293 

 294 



 295 
Fig. 6. N2-TPD profiles for the Ru-M/BaTiO3 catalysts 296 

 297 

As presented in Fig. 6, the N2-TPD desorption profiles for the Ru-M/BaTiO3 298 

catalysts can be deconvoluted into 5 peaks. The first two peaks, centered below 200°C, 299 

correspond to the desorption of physically adsorbed N2, while the peaks centered 300 

above 200°C can be attributed to the desorption of chemisorbed N2 [41]. In 301 

comparison to Ru/BaTiO3, the desorption profile of Ru-Ni/BaTiO3 catalyst showed a 302 

similar pattern with a significantly higher N2 desorption amount. However, the 303 

introduction of Fe or Co to the catalyst resulted in the inhibition of both physical and 304 

chemical adsorption of N2. The amount of N2 chemisorption, which was determined 305 

by N2 desorption amount above 200°C, follows the order of Ru-Ni/BaTiO3 (53.2 306 

μmol g-1) > Ru/BaTiO3 (48.8 μmol g-1) > Ru-Co/BaTiO3 (37.9 μmol g-1) > 307 

Ru-Fe/BaTiO3 (24.1 μmol g-1). Such chemisorption of N2 is necessary for N2 308 



activation, but the diffusion of some key intermediates, such as N and NHx radicals 309 

that bind too strongly to the metal surface, may be impeded [42]. 310 

 311 

 312 
Fig. 7. High-resolution XPS spectra for Ru-M/BaTiO3 catalysts: (a) Ru 3p and Ti 2p; 313 

(b) O 1s 314 

 315 

Fig. 7(a) presents high-resolution XPS spectra of the Ru 3p and Ti 2p orbits. 316 

These spectra were deconvoluted using the Lorentzian-Gaussian function. Generally, 317 

the binding energies (BE) of Ru 3p1/2 and Ru 3p3/2 were centered around 483.7 and 318 

461.7 eV, respectively. For Ru/BaTiO3, the BE of Ru 3p1/2 was 483.92 eV, which was 319 

lower than the standard BE of Ru 3p1/2 at 484.8 eV, indicating that the Ru particles on 320 

the BaTiO3 surface were in an electron-rich state [43]. The BE of Ru 3p1/2 for the 321 

Ru-M/BaTiO3 catalysts further decreased compared to the Ru/BaTiO3 catalyst, for 322 

example, the BE of Ru 3p1/2 for Ru-Fe/BaTiO3 was 483.88 eV, while it shifted to 323 

483.33 eV for Ru-Ni/BaTiO3.    324 



Regarding the Ti 2p spectra of the Ru-M/BaTiO3 catalysts, two main peaks from 325 

the Ti 2p3/2 and Ti 2p1/2 orbits at around 459 eV and 464 eV, respectively, were clearly 326 

observed along with two satellite peaks. The BE of Ti 2p3/2 for Ru/BaTiO3 was 459.28 327 

eV, and it shifted to 458.96 eV and 458.45 eV for Ru-Fe/BaTiO3 and Ru-Ni/BaTiO3, 328 

respectively. The shift of characteristic peaks in the Ti 2p3/2 and Ti 2p1/2 orbits can be 329 

attribute to the generation of Ti3+ and are related to the generation of OV [44, 45]. 330 

Fig. 7(b) presents the high-resolution XPS spectra of the O 1s orbit for the 331 

Ru-M/BaTiO3 samples. The peaks centered around 530.58 eV belong to lattice 332 

oxygen species (Oα), which mainly exists in the form of Ba-O-Ti [46]. The peaks 333 

centered around 531.90 eV correspond to Oβ, which is the oxygen species in the 334 

vicinity of the OV, and the peaks centered around 533.37 eV could be attributed to 335 

surface adsorbed oxygen species (Oγ) like OH- or O2- 
2 , CO2- 

3 
 [33, 47]. The introduction 336 

of dopant M led to the left shift of the BE of Oα and an increase in the area of Oβ 337 

peaks, suggesting an increased density of OV on catalyst surface [48, 49]. The relative 338 

OV density of the Ru-M/BaTiO3 catalysts, defined as Oβ/(Oα + Oβ + Oγ), was as 339 

follows: Ru-Ni/BaTiO3 (15.35%) > Ru-Fe/BaTiO3 (14.18%) > Ru-Co/BaTiO3 340 

(7.90%) > Ru/BaTiO3 (1.73%). This order is in agreement with the order of the 341 

binding energy of Ti 2p. 342 

 343 

3.2. Optical emission spectrum diagnosis 344 



 345 

 346 
Fig. 8. (a) Optical emission spectra for plasma discharge over Ru-M/BaTiO3 (plasma 347 

discharge power is 15 W and exposure time is 400 ms); (b) normalized relative 348 
intensity of reactive species 349 

 350 

Fig. 8(a) shows the N2 second positive system (SPS) indicating the vibrational 351 

excitation reaction of N2. The Hα atomic line at 656.3 nm indicates the dissociation of 352 

H2. The strong intensity of N2 at 337 nm caused the NH band at 336.1 nm to overlap 353 

and become indistinguishable. Therefore, the NH band at 327.1 nm was chosen to 354 

determine the relative intensity of the NH bands. The selection of emission lines and 355 



corresponding transitions are listed in Table S2. The intensities of the selected 356 

emission lines of these reactive species were normalized using the method proposed 357 

by Wang et al. [19], and the results are presented in Fig. 8(b).  358 

As shown in Fig. 8(b), compared with Ru/BaTiO3 and Ru-Fe/BaTiO3, the 359 

relative intensity of N* 
2  emission line was lower in the presence of Ru-Ni/BaTiO3 and 360 

Ru-Co/BaTiO3. Considering that the generation of N * 
2 is mainly derived from 361 

electron-impact reactions in gas phase, which are a function of electron energy and 362 

electric field strength. The lower relative intensity of N* 
2  suggests a lower degree of 363 

vibrational-excitation of N2, indicating that the electric field was relatively lower for 364 

the case of Ru-Ni/BaTiO3 and Ru-Co/BaTiO3. For all Ru-M/BaTiO3 catalysts, the 365 

relative intensity of the H atomic line was roughly the same around 0.99. In addition, 366 

Ru-Co/BaTiO3 showed the highest relative intensity of the NH emission line, while 367 

Ru-Fe/BaTiO3 and Ru-Ni/BaTiO3 exhibit a lower relative intensity of 0.8, indicating a 368 

relatively lower concentration of NH radical generated in the plasma discharge region. 369 

 370 

3.3. Plasma-catalytic NH3 synthesis over Ru-M/BaTiO3 371 

3.3.1 Electrical characteristics of plasma discharge 372 



 373 
Fig. 9. Lissajous figures of Ru-Ni/BaTiO3 packed DBD reactor 374 

 375 

Fig. 9 shows that the Lissajous figures have a parallelogram shape, indicating the 376 

presence of filamentary discharge in the plasma region [50]. The Lissajous figures 377 

were used to calculate several parameters, including total capacitance (Ccell), effective 378 

capacitance (Ceff), transferred charges (Qtrans), and breakdown voltage (Ub), using the 379 

method described in the supporting information (Section 1). As presented in table S3, 380 

increasing the plasma discharge power resulted in a significant increase in Ceff, Qtrans, 381 

and Ub. For example, when the plasma discharge power increased from 5 W to 20 W, 382 

Ceff increased from 61.43 pF to 103.75 pF. The increase in Ceff suggests that 383 

increasing the discharge power promotes the generation of filamentary discharge 384 

channels and the spatial expansion of the plasma discharge region [51]. When the 385 

dielectric barrier is broken down, gas molecules are ionized and a large number of 386 

charged particles are generated, and electrons are directionally moved under the 387 

action of the electric field to form filamentary discharge channels [52]. As the plasma 388 

discharge power gradually increased from 5 W to 25 W, the Ub increased from 0.27 389 



kV to 1.23 kV. The increased Ub resulted in a higher electric field strength in the 390 

plasma discharge region, and the electron escape velocity was accelerated, which 391 

promoted the development of the electron avalanche. As a result, the density of the 392 

filamentary discharge channel increased significantly, and the value of Ceff increased 393 

with the increase of discharge power. Considering the higher Ub and Ceff, it could be 394 

deduced that the discharge mode changed from partial discharge to uniform 395 

filamentary discharge when plasma discharge power increased from 5 W to 25 W. 396 

Correspondingly, the increased plasma discharge also promoted electron transfer per 397 

half-cycle via plasma discharge, which increased from 0.27 μC (5 W) to 0.97 μC (20 398 

W). 399 

 400 

 401 

Fig. 10. U-I profiles of Ru-Ni/BaTiO3 packed DBD reactor during plasma discharge 402 
 403 

Fig. 10 presents the electrical signals at different plasma discharge power. Both 404 



voltage and current waveforms exhibit a sinusoidal pattern, but with numerous spikes 405 

near the voltage peak, which further confirms the presence of filamentary discharges. 406 

The intensity and density of micro-discharges were evaluated by the spikes per 407 

discharge cycle [53]. Only a few spikes could be observed at a plasma discharge 408 

power of 5 W. Increasing the plasma discharge power enhanced the intensity and 409 

density of filamentary discharge, leading to more transferred charges and a higher 410 

effective capacitance, as confirmed by the Lissajous figures. This phenomenon 411 

confirms that increasing plasma discharge power can promote NH3 synthesis by 412 

expanding the discharge region and increasing the number of filamentary channels. 413 

Furthermore, the Lissajous figures overlapped with each other in the presence of 414 

different Ru-M/BaTiO3 catalysts as shown in Fig. S3, indicating that the dopant M has 415 

only a limited effect on plasma discharge characteristics. 416 

 417 

3.3.2 Plasma-catalytic NH3 synthesis performance 418 

419 



 420 

Fig. 11. Plasma-catalytic NH3 synthesis performance over Ru-M/BaTiO3 catalysts (a) 421 
outlet NH3 concentration; (b) energy yield 422 

 423 

Fig. 11 illustrates the NH3 synthesis performance of Ru-M/BaTiO3 (M = Fe, Co 424 

and Ni) catalysts based on the outlet NH3 concentration at the plasma discharge power 425 

from 5 W to 25 W. It is evident that the NH3 concentration showed an upward trend 426 

following the increasing plasma discharge power. Among the tested catalysts, 427 

Ru-Ni/BaTiO3 exhibited the highest NH3 concentration, followed by Ru/BaTiO3, 428 

Ru-Co/BaTiO3, Ru-Fe/BaTiO3 and BaTiO3 over the discharge power range. The NH3 429 

concentration over Ru-Ni/BaTiO3 increased significantly from 994 ppm at 5 W to 430 

3083 ppm at 15 W, and then gradually to 3895 ppm at 25 W. In contrast, the 431 

introduction of dopant Co and Fe reduced the NH3 concentration compared to 432 

Ru/BaTiO3. For all tested catalysts, the energy yield initially increased from 5 W to 10 433 

W and then decreased from 10 W to 25 W, as shown in Fig. 11(b). Specifically, for 434 

Ru-Ni/BaTiO3, the energy yield increased from 0.34 g kWh-1 at 5 W to 0.39 g kWh-1 435 

at 10 W and then decreased to 0.26 g kWh-1 at 25 W. Similar trends were observed in 436 



previous works [54, 55].  437 

 438 

3.3.3 Enhancement mechanism of Ru-Ni/BaTiO3 439 

Instead of N2 directly dissociating in the gas phase through electron-impact, the 440 

plasma promotes N2 dissociation on the catalyst surface by activating N2 to the 441 

vibrational state, which improves the dissociative sticking probability and reduces the 442 

dissociation energy barrier of N2 on the catalyst surface, as reported in previous 443 

studies [56, 57]. In this work, we found that the relative concentration of N* 
2  in the 444 

presence of Ru-Ni/BaTiO3 was lower than that of Ru/BaTiO3. This is likely due to the 445 

high dispersity of the Ru-Ni particles, which facilitates the breakover of plasma 446 

discharge current, but is unfavorable for enhancing the electric field [58, 59]. Based 447 

on the relatively lower degree of N2 excitation in the presence of Ru-Ni/BaTiO3, it can 448 

be deduced that the enhancement of NH3 synthesis performance mainly results from 449 

the activation of N2 on the catalyst surface, followed by hydrogenation through 450 

heterogeneous reactions.  451 

The introduction of dopant M caused changes to the lattice structure of BaTiO3 452 

by partially substituting Ti4+. This led to a distortion of the coordination environment 453 

of the B site in BaTiO3, which facilitated the generation of OV on the support of 454 

Ru-M/BaTiO3. In the present study, the density of OV was significantly increased in 455 

the presence of dopant M, with the order being Ru-Ni/BaTiO3 (15.35%) > 456 

Ru-Fe/BaTiO3 (14.18%) > Ru-Co/BaTiO3 (7.90%) > Ru/BaTiO3 (1.73%). The 457 

generation of OV on the catalyst surface enhanced the Lewis basicity of the catalysts, 458 



which in turn promoted the adjacent active metal into the electron-rich state via the 459 

classical SMSI effect [60]. Based on the CO2-TPD results, the Ru-Ni/BaTiO3 catalyst 460 

had the highest Lewis basic sites of 54.2 μmol g-1, which was 1.70 times higher than 461 

that of Ru/BaTiO3. Correspondingly, the BE of Ru 3p1/2 for the Ru-M/BaTiO3 462 

catalysts decreased further compared to the Ru/BaTiO3 catalyst, indicating the higher 463 

density of electron on Ru surface for the case of Ru-Ni/BaTiO3. Although the 464 

generation of OV may not be the only reason for the electron-rich state of Ru sites 465 

considering the electron transfer from Ni to Ru, it had a positive effect on improving 466 

the electron density of Ru.  467 

OV has been demonstrated to act as electron traps that can effectively activate N2 468 

by depleting electrons from the vacancy and accumulating electrons on the adsorbed 469 

N2 [61, 62]. Zhang et al. have also found that higher OV densities on TiO2 surfaces 470 

led to stronger N2 adsorption and activation capacities, suggesting that chemisorption 471 

of N2 on OV sites [63]. These findings are consistent with the observed enhancement 472 

in N2 chemisorption and increase in OV density on Ru-Ni/BaTiO3 catalysts. 473 

Conventionally, electron transfer occurs in M-N2 complexes, where transitional metals 474 

such as Fe, Mo, Ru, and Co donate their available d-orbital electrons to the π* 475 

anti-bonding orbital to activate chemisorbed N2. Therefore, two types of active sites 476 

existed on Ru-Ni/BaTiO3 and played a role in activating N2 on the catalyst surface: 477 

electron-rich metal sites and OV. The electrons in the metastable state on these active 478 

sites can transfer into the anti-bonding orbital of chemisorbed N2, promoting N2 479 

activation [63, 64]. Consequently, N2 is converted to NHx intermediates and 480 



ultimately to NH3 by stepwise hydrogenation [19, 65]. 481 

During the plasma-catalytic synthesis of NH3 from N2 and H2, H radicals can 482 

also be generated through electron-impact dissociation of H2 in the gas phase. These 483 

H species have a high probability to be adsorbed on the catalyst surface, especially on 484 

the active metal sites, resulting in hydrogen poisoning of catalyst [19, 66]. This 485 

indicates that abundant H atoms cover the active sites of Ru catalysts, inhibiting the 486 

dissociative adsorption of N2 on the metal surface and thereby limiting NH3 synthesis 487 

[67]. In addition to promoting the activation and dissociation of adsorbed N2, OV can 488 

also accept H atoms from the Ru surface, leading to the formation of H atoms 489 

confined in OV (OV-H). This process helps to suppress hydrogen poisoning and 490 

promotes the regeneration of active metal sites [68]. The HRTEM images confirmed 491 

that the SMSI effect was successfully induced in Ru/BaTiO3 and Ru-Ni/BaTiO3, 492 

which can inhibit hydrogen adsorption on the active metal sites and, consequently, 493 

facilitate N2 dissociation on catalyst surfaces [38]. However, it was observed that the 494 

metal particles tend to be fully encapsulated in Ru/BaTiO3, indicating a strong SMSI 495 

effect that could decrease the number of active metal sites as larger metal particles are 496 

more likely to be encapsulated by the migrated support, which could further limit the 497 

accessibility of active sites [69]. By doping with Ni, the overlayer generated by the 498 

SMSI effect only occurs at the interfaces between the Ru-Ni alloy and BaTiO3 support 499 

probably due to its smaller size distribution of the metal particles [35]. This way, the 500 

SMSI effect can maintain the electron transfer capacity with few active sites being 501 

covered. 502 



 503 

Fig. 12. Proposed mechanisms of plasma-catalytic NH3 synthesis over Ru-Ni/BaTiO3 504 
catalyst 505 

 506 

Based on the preceding discussions, Fig. 12 summarizes the possible 507 

enhancement mechanisms for NH3 synthesis by plasma-catalysis over Ru-Ni/BaTiO3. 508 

The superior NH3 synthesis performance of Ru-Ni/BaTiO3 over Ru/BaTiO3 was 509 

mainly attributed to the enhanced surface reactions. The key enhanced reactions are 510 

described below: The NH3 synthesis process over Ru-Ni/BaTiO3 commenced with the 511 

electron-impact excitation of reactants (R1). In particular, these reactions 512 

pre-activated N2 and facilitated its chemisorption on the catalyst surface for further 513 

activation and dissociation (R2). The introduction of Ni promoted Ru-Ni to be in an 514 

electron-rich state, which facilitated the dissociation of reactants on the metal surface 515 

and generated surface-adsorbed N and H species (R3). These N and H species could 516 

diffuse from metal sites to the support (R4). The introduction of Ni also resulted in an 517 

increased density of OV, which was a newly-generated active site for N2 activation 518 

(R5). Consequently, Ru-Ni/BaTiO3 significantly promoted N2 surface-dissociation 519 

reactions, leading to an improvement in the concentration of N reactive species on the 520 

catalyst surface. These adsorbed N reactive species could react with abundant H 521 

radicals in the gas-phase (via E-R mechanism, R6) and on the surface (via L-H 522 



mechanism, R7). As a result, more NHx (x = 1 or 2) species could be generated 523 

through the stepwise hydrogenation of N radicals, and NH3 generation was 524 

accelerated finally (R8). 525 

 (R1) 

 (R2) 

 
 (R3) 

 (R4) 

 (R5) 

 (R6) 

 (R7) 

 (R8) 

 526 

4. Conclusion 527 

Plasma-catalytic NH3 synthesis was carried out using Ru-based bimetallic 528 

catalysts (Ru-M/BaTiO3, M = Fe, Co and Ni). The NH3 synthesis performance was 529 

observed to follow the order of Ru-Ni/BaTiO3 > Ru/BaTiO3 > Ru-Co/BaTiO3 > 530 

Ru-Fe/BaTiO3, with the highest NH3 concentration (3895 ppm) and energy yield (0.39 531 

g kWh-1) obtained over Ru-Ni/BaTiO3 at 25 W and 10 W, respectively. 532 

The effect of dopant M in the Ru-M/BaTiO3 catalysts and its effect on 533 

plasma-catalytic NH3 synthesis were investigated. The basicity of the catalyst was 534 

found to increase after being loaded with M, while the loading of Ni strengthened the 535 

N2 adsorption capacity of the catalyst. Compared to Ru/BaTiO3, the introduction of 536 

* * *
2 2 2 2N  or H  + e N  or H  + e®

* *
2 2N N (s), on catalyst surface®

* *
2 2N (s) or H (s) N (s) or H (s), on metal sites® × ×

N (s) or H (s)  on metal sites N (s) or H (s), on support× × ® × ×，

*
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N (s) + H (s) NH (s)xx× × ®

3 3NH (s)+ (3- )H(s) NH (s) NH (g)x x ® ®



dopant Ni increases the density of Lewis basic sites and amount of chemisorbed N2 on 537 

the surface of Ru-Ni/BaTiO3, which were 1.70 times and 1.09 times higher, 538 

respectively. The Ru-Ni/BaTiO3 catalyst also had a smaller metal particle size, which 539 

prevented the encapsulation of Ru-Ni particles by the BaTiO3 support, improving the 540 

accessibility of active metal sites for NH3 synthesis compared to Ru/BaTiO3. On the 541 

one hand, these properties increased the amount of chemisorbed N2 on the catalyst 542 

surface. On the other hand, they increased the electron density on the surface of Ru. 543 

These facilitate the activation of N2 on the metal sites via the electron-donating effect, 544 

as well as on the catalyst surface. As a result, N2 could be stepwise hydrogenated to 545 

form NHx species and ultimately NH3. This study demonstrated that the incorporation 546 

of dopant Ni could be an effective means of further improving catalyst activity in the 547 

plasma-catalytic NH3 synthesis process, as it could act as both an electronic and 548 

structural promoter in Ru-based bimetallic catalysts. 549 
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