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1. Experimental details

The DBD reactor employs a quartz tube (inner diameter 20 mm, outer diameter 24 

mm) as the dielectric barrier layer, around whose outer wall a meshed stainless-steel 

wire serving as the grounding electrode is wound, with an effective discharge length of 

150 mm. Inner quartz electrode rods (outer diameter 14 mm) are placed along the axis 

of the quartz tube as high-voltage electrodes, with a discharge gap of 3 mm. A 

sinusoidal high-voltage power supply (Suman, CTP-2000KP) was used to apply 

voltage, generating discharge plasma within the quartz tube. The working frequency 

was approximately 9.6 kHz. After capacitive voltage division (ratio 1:1000), the voltage 

at both ends of the reactor was measured using an inductive voltage probe (Tektronix, 

TPP0201). All electrical signals were collected by a dual-channel digital oscilloscope 

(Tektronix, TBS1102C). The discharge power was calculated by integrating the area of 

the Q-U Lissajous figure. To reduce digital image noise, the electrical signals required 

for drawing the Lissajous figure were processed through three averaging samplings. 

The exhaust gas after the reaction enters the chemical absorption device to capture the 

generated NH3.

Typically, 100 mg catalysts were fixed in the gap between the high voltage 

electrode and the quartz tube. N2 and H2 were transported to the packed DBD plasma 

reactor in a certain proportion. Under the synergistic action of the catalyst, energy was 

input into the reaction system through alternating current power supply to conduct the 

ammonia synthesis reactions. The configured 0.005 mol·L-1 dilute H2SO4 solution 

absorption device was used to absorb and detect the NH3. 



2. Supporting Figures and Tables

Fig. S1 Schematic diagram of the plasma-catalytic NH3 synthesis reaction system.

Fig. S2 (a) N2 adsorption-desorption isotherms, (b) Pore size distribution curves of 

TiO2-x-z supports.



Table S1 Physical properties of TiO2-x-z supports and Ru-Co/TiO2-x-z catalysts.

Samples

Specific 

surface area 

(m2·g-1)

Pore 

volume 

(cm3·g-1)

Average pore 

size (nm)

Anatase

 (%)a

TiO2 175.99 0.318 5.48 87.1

TiO2-x-300 171.71 0.303 5.31 86.3

TiO2-x-500 81.92 0.187 6.63 89.7

TiO2-x-700 0.68 0.003 38.86 1.2

Ru-Co/TiO2 22.87 0.162 23.37 19.5

Ru-Co/TiO2-x-300 20.24 0.164 27.40 19.1

Ru-Co/TiO2-x-500 29.47 0.126 13.24 73.9

Ru-Co/TiO2-x-700 4.27 0.033 30.19 1.7

a Anatase(%) was calculated by XRD: 

Anatase%=Ianatase(101)/(Ianatase(101)+1.4Irutile(110))*100.
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Fig. S3 Pore size distribution curves of Ru-Co/TiO2-x-z catalysts.



Fig. S4 XRD pattern of TiO2-x-z supports.

Fig. S5 HRTEM images of Ru-Co/TiO2-x-z catalysts. 



Fig. S6 XPS spectra comparison of (a) Ru 3d spectra for Ru/TiO2-x-500 and Ru-

Co/TiO2-x-500 catalysts, (b) and Co 2p spectra for Co/TiO2-x-500 and Ru-Co/TiO2-x-500 

catalysts.

Fig. S7 Concentrations of Ru0, Co2+, oxygen species (Ti3+-O) and Ti4+ on the catalyst 

surface based on the Ru 3d, Co 2p, O 1s and Ti 2p XPS spectra of Ru-Co/TiO2-x-z 

catalysts.



Table S2 Quantitative Analysis of Co 2p, Ru 3d, O 1s, and Ti 2p Orbitals of Ru/TiO2-

x-500, Co/TiO2-x-500 and Ru-Co/TiO2-x-z Catalysts.

Co species(%) Ru species(%) Oxygen species(%)
Ti 

species(%)
Catalysts

Co2+ Co3+ Ru0 Ru4+
Ti-

OH

Ti3+-

O

Ti4+-

O
Ti4+ Ti3+

Ru/TiO2-x-500 - - 54.5 45.4 5.4 8.8 86.5 - -

Co/TiO2-x-500 44.3 55.7 - - 8.8 13.4 76.7 - -

Ru-Co/TiO2 40.5 59.5 53.2 46.8 24.8 10.4 64.8 100 -

Ru-Co/TiO2-x-

300
45.1 54.9 53.3 46.7 11.8 11.2 77.0 75.9 24.1

Ru-Co/TiO2-x-

500
45.5 54.5 55.2 44.8 12.5 13.4 74.1 69.9 30.1

Ru-Co/TiO2-x-

700
46.2 53.8 56.3 43.7 22.4 30.9 46.6 53.3 34.6
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Fig. S8 Ti 2p XPS spectra of Ru-Co/TiO2-x-z catalysts.

Fig. S9 XPS spectra of TiO2-x-z (a) O 1s (b) Ti 2p.



Table S3 Quantitative Analysis of O 1s Orbitals of TiO2-x-z samples.

Samples Ti-OH Ti3+-O Ti4+-O

TiO2 11.3% - 88.7%

TiO2-x-300 6.8% 10.6% 82.6%

TiO2-x-500 5.9% 11.3% 82.8%

TiO2-x-700 9.2% 24.2% 66.6%

Fig. S10 High-resolution XPS peaks of O 1s spectra for (a) Co/TiO2-x-500, and (b) 

Ru/TiO2-x-500 catalysts.

Table S4 The surface basicity of Ru-Co/TiO2-x-z catalysts.

Samples CO2 desorption (mmol·g-1)

Ru-Co/TiO2 0.521

Ru-Co/TiO2-x-300 0.439

Ru-Co/TiO2-x-500 0.488

Ru-Co/TiO2-x-700 0.302
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Fig. S11 NH3 synthesis rate and energy efficiency over pure TiO2-x-z supports.

Fig. S12 NH3 synthesis rate and energy efficiency over Ru/TiO2-x-500 and Co/TiO2-x-
500 catalysts.
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Fig. S13 NH3 concentration over Ru-Co/TiO2-x-z catalysts at various total gas flow 
rates.

 Fig. S14 (a) NH3 synthesis rate and (b) Energy efficiency over Ru-Co/TiO2-x-z 
catalysts at various SEI (at a fixed flow rate of 120 mL·min-1).
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Fig. S15 The stability tests of Ru-Co/TiO2-x-500 catalysts for 6 cycles.

Fig. S16 (a) XRD pattern of pristine and spent Ru-Co/TiO2-x-500 catalysts. (b) Raman 

spectra of pristine and spent Ru-Co/TiO2-x-500 catalysts.



Table S5 Performance comparison of recently reported plasma-catalytic ammonia 

synthesis catalysts in DBD reactors at atmospheric pressure.

Discharge 

parameters
Reaction conditions

Catalysts
f

(kHz)

U

(kV)

P

(W)
N2/H2

Qgas

(mL·

min-1)

T

(oC)

SEI

(kJ·L-1)

RateNH3 

(μmol·g-

1·h-1)

EE

(gNH3·k

Wh-1)

SBA-151 8.0
7.5-

9.5
1:1 20 - - 5337 1.04

VN2 10 -

(Inpu

t)

100

2:3 100 100 - 8423 1.43

Co/BCN3 - - - 1:3 40 75 - 2478 2.09

Co/SiO2
4 2 N2+H2O 6.2

122-

144
19 3700 3.20

Co SACs5 - - 59 2:3 25 - 142 10647 0.31

Co-Ni/MOF-

746
- - 35 1:1 200 - 11 2609 0.72

Ru/α-Al2O3
7 - - 38 2:1 120 - 19 1186 1.89

Ru/Al2O3 

membrane8
21.5 - 127 1:3 30 - 254 960 0.37

Ru/LDH-P9 8.1 12 13 1:1 20 - 39 4500 1.70

Ru-Mg/Al2O3
10 1200 4:1 2000 300 36 565 35.70

Ru-Co/AC11 - - 40 1:1 120 - 20 7547 3.21

Ru-Co/TiO2-x-

500

(This work)

- - 40 1:1 120 - 20 15000 6.38



Fig. S17 In-situ DRIFTS spectra of plasma-catalytic NH3 synthesis over pure TiO2-x-

500 support.

Fig. S18 In-situ DRIFTS spectra of plasma-catalytic NH3 synthesis over (a) Co/TiO2-x-

500 (b) and Ru/TiO2-x-500 catalysts.
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Fig. S19 The characteristic peak intensity ratios (1630 cm-1/2334 cm-1, *NHx/*N2) of 

intermediate species during plasma-catalytic ammonia synthesis over Ru/TiO2-x-500 

and Co/TiO2-x-500 catalysts.
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Fig. S20 H2-TPD profiles of Ru/TiO2-x-500 and Co/TiO2-x-500.



Table S6. Summary of vibrational peak assignments for adsorbed species on catalyst 

surfaces.

Absorbed 
specie

Vibrational peak 
(cm-1) Assignment Literature value

NH4
+/NH3 2980, 2896 NH4

+ 2980, 28901213, 289414

1055 N-H 105614

1400,1404 NH deformation 139214, 1427, 1414, 
144015

1238,1296 H-N-H bending of 
NHx species 123814, 124214

1558 (NH2) -NH2 wagging 153116, 1535, 154317

NHx

1638,1640 δas (NH3) 1639, 164418, 1620, 1628

2212 N-N stretching 2241, 2250, 226817

*N2
2169,2334 2100-230017

Fig. S21 In-situ DRIFTS spectra of plasma-catalytic NH3 synthesis over Ru-Co/TiO2-

x-z catalysts. (Discharge time = 6 min)



3. Theoretical calculations methods

Density functional theory (DFT) calculations were performed using the Vienna Ab 

initio Simulation Package (VASP).19 Electron–ion interactions were described with the 

projector augmented-wave (PAW) method.20 The exchange–correlation energy was 

described using the PBE functional.21 Dispersion interactions were included using 

Grimme’s D3 correction.22 The k-point mesh was generated with a VASPKIT k-point 

density of 0.04 (2π Å-1).23 A plane-wave kinetic-energy cutoff of 450 eV was used. 

Electronic and ionic relaxations were converged to 1e-5 eV and -0.02 eV·Å-1, 

respectively. Spin polarization was included throughout. For slab models, a vacuum 

region of ~15 Å was introduced along the surface-normal direction. During slab 

relaxations, the bottom 1 layer was fixed while the remaining atoms were relaxed. On-

site Coulomb interactions were treated within the DFT+U framework using the 

Dudarev approach (U_eff = U − J), with U_eff values of Co: 3.52 eV.24 Post-processing 

and data analysis were carried out using VASPKIT.23 Adsorption energies were 

calculated as E_ads = E_surf+ads − E_surf − E_adsorbate, where E_surf+ads is the total energy of 

the adsorbate–surface system, E_surf is the clean-surface energy, and E_adsorbate is the 

isolated adsorbate energy.



Fig. S22 Side and top views of Ru-Co/TiO2 (a and b) and Ru-Co/TiO2-x-500 model (c 

and d) for Bader charge analysis. 

Fig. S23 The optimized adsorption configurations of N2 molecules with their 

corresponding charge distribution on the surface of (a) Ru-Co/TiO2, and (b) Ru-

Co/TiO2-x-500 catalysts.
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