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Experimental 
Preparation of catalysts

N-doped CeO2 supports with different N amounts were synthesized by thermal pyrolysis of 

urea in a nitrogen atmosphere at 500 oC. Briefly, 1.0 g of CeO2 (US3136, 99.97%, 50 nm) was 

mixed with urea powder (Sigma-Aldrich, min. 99%) at various weight ratios (urea/CeO2 = 1.0, 

2.0, and 3.0) and then placed inside a horizontal tubular quartz reactor on a ceramic boat. The 

pyrolysis process was conducted using a temperature-controlled electric furnace, with an inert 

N2 gas flow (50 mL/min) introduced into the reactor at 500 °C. The reactor temperature was 

raised at 4°C/min and maintained at the target temperature for 5 h before being cooled to room 

temperature under the same N2 gas flow. The prepared support materials were designated as 

1N-CeO2, 2N-CeO2, and 3N-CeO2, corresponding to the urea-to-CeO2 ratios.

The 2 wt% Ru-based catalysts were synthesized via solvothermal synthesis. First, 1.0 g of CeO2 

or N-doped CeO2 support described above was suspended in a mixture of 30 mL of D.I. water 

and 30 mL of Ethylene Glycol (99.5%, Samchun). The suspension was stirred for 30 minutes, 

then 1.27 mL of Ru(NO)(NO3)x(OH)y (Sigma-Aldrich, Ru, 1.5%) was added and stirred for a 

further 30 minutes. Then, the mixture was transferred to an autoclave for convection drying at 

160 °C for 8 h. After cooling to room temperature, the precipitate was collected by filtration 

and washed thoroughly with hot D.I. water and ethanol several times before vacuum drying at 

110 oC for 12 h. 

Characterization

Ru loading was quantified by inductively coupled plasma mass spectroscopy (ICP-MS) using 

an Agilent 720 spectrometer. For N2 physisorption studies, a Micromeritics ASAP 2020 system 

was employed. Before analysis, the catalyst samples were vacuum degassed at 110°C for 6 h 

to remove adsorbed contaminants. Specific surface areas were measured using the Brunauer–

Emmett–Teller (SBET) model. Bulk crystallinity was assessed by X-ray diffraction (XRD) on a 

Rigaku D/Max instrument equipped with Cu Kα radiation (λ = 1.5406 Å), operating at 40 

kV/40 mA. Surface chemical states were probed using X-ray photoelectron spectroscopy 

(XPS) on a Thermo Fisher Scientific Sigma Probe system with Al Kα excitation (1486.6 eV). 

Charge correction referenced adventitious carbon (C 1s at 284.8 eV). Synchrotron-based X-ray 

absorption spectroscopy (XAS) at the Ru K-edge (22,117 eV) was studied by the 7D beamline 
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of the Pohang Accelerator Laboratory (PLS-II, 3.0 GeV), utilizing a Si(111) double-crystal 

monochromator. XANES and EXAFS data were collected in fluorescence mode and processed 

using Athena and Artemis software.

Morphology features were observed by transmission electron microscopy (TEM) and high-

angle annular dark-field scanning TEM (HAADF-STEM), with corresponding energy-

dispersive X-ray spectroscopy (EDS) mapping, on a FEI Titan G2 microscope operated at 300 

kV. Defect characterization was studied by Raman spectroscopy (Horiba LabRAM HR 

Evolution, at 514 nm from Argon ion laser, 1 cm-1 resolution) and electron paramagnetic 

resonance (EPR) spectroscopy (Bruker A300, X-band frequency 9.64 GHz, ambient 

temperature).

Ru dispersion measurements employed pulsed CO chemisorption (BELCAT-II) using a 

modified O2-CO2-H2-CO titration protocol to minimize spillover.1 Reducibility was probed 

through hydrogen temperature-programmed reduction (H2-TPR) in 9.99% H2/Ar (50 mL/min, 

50–900 °C ramp). Acidity and basicity were determined via NH3 and CO2 temperature-

programmed desorption (TPD) on a BELCAT-II system, respectively: samples were pretreated 

in He at 110 °C (1 h), cooled to 35 °C, saturated with probe gas (9.99% NH3/He or pure CO2), 

purged, then heated to 900 °C (10 °C/min) under the He flow. N2-TPD followed similar 

protocols using 99.99% N2 adsorption at 100 °C for 1 h after in-situ H2 reduction (500 °C, 2 

h). NH3-TPSR was conducted over reduced catalysts with a calculated 5% NH3/He volume, 

corresponding to a mass of the loaded sample adjusted to achieve a WHSV of 6,000 

mLNH3/gcat./h. The TPSR and TPD profiles were monitored by mass and thermal conductivity 

detectors.

DFT Calculation

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

Simulation Package (VASP).2, 3 In the computations, the Bayesian error estimation functional 

with van der Waals correlation (vdW-BEEF) was employed within the generalized gradient 

approximation (GGA).4 During the calculation, a kinetic cutoff energy of 450 eV was applied. 

The stopping criteria for the electronic and geometric steps were set to 10-2 eV and 10-4 eV, 

respectively. A 2 × 2 × 1 gamma-centered k-point mesh grid optimized surface structure. The 

bottom layer was fixed during relaxation in the surface slab model, and a 10 Å vacuum was 

applied. The formation energy (ΔEint) and free formation energy (ΔGint) were defined as 
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follows.5

(1)
Δ𝐸 𝑖𝑛𝑡

𝑁𝑥 ∗ = 𝐸(𝑛𝑁 = 𝑥) ‒ 𝐸𝑠𝑙𝑎𝑏 ‒‒ 𝑛𝑁𝐸𝑁2
/2

(2)Δ𝐺 𝑖𝑛𝑡
𝑁𝑥 ∗ = Δ𝐸 𝑖𝑛𝑡

𝑁𝑥 ∗ + ∆𝑍𝑃𝐸 ‒ 𝑇∆𝑆

where  is the electronic energy of the slab with the adsorbate and  is the energy 𝐸(𝑛𝑁 = 𝑥) 𝐸𝑠𝑙𝑎𝑏

of the slab.

The ideal gas assumption and harmonic limit approximation were applied to the gas and 

adsorbate, respectively. To accurately evaluate formation energies with the vdW-BEEF 

functional, the electronic energies of N2 (g) were corrected as in the previous literature.6, 7

The oxygen vacancy forming energy of the CeO2 surface  was calculated as follows:𝐸𝑓, 𝑛

(3)
𝐸𝑣𝑎𝑐 = 𝐸𝐶𝑒𝑂2_𝑣𝑎𝑐 + (𝐺𝐻2𝑂 ‒ 𝐺𝐻2

) ‒ 𝐸𝐶𝑒𝑂2

where  is the electronic energy of the CeO2 surface containing one oxygen vacancy, 
𝐸𝐶𝑒𝑂2_𝑣𝑎𝑐

and  is the electronic energy of the pristine CeO2 surface. The Gibbs free energy of 
𝐸𝐶𝑒𝑂2

oxygen ( ) was estimated from those of water ( ) and hydrogen ( ).𝐺𝑂
𝐺𝐻2𝑂 𝐺𝐻2

Catalytic Activity Evaluation

The catalytic decomposition of NH3 was systematically investigated in a fixed-bed flow reactor 

under ambient pressure. A quartz tubular reactor (7 mm internal diameter) was loaded with 100 

mg of catalyst sieved to 45–80 mesh. Before the reaction, the catalyst was in situ reduced under 

a flow of 30 mL/min pure H2 at 500 °C (with a 4 °C/min ramp rate) for 2 h. Residual H₂ was 

removed with pure Ar (30 mL/min) for 1 h before cooling to the reaction setup temperatures. 

Then, NH3 (anhydrous, 99.99%) was introduced at 10 mL/min, yielding a weight hourly space 

velocity (WHSV) of 6,000 mLNH3/gcat./h. WHSV was incrementally increased to 30,000 

mLNH3/gcat./h by adjusting the NH3 flow rate (50 mL/min). Temperature-dependent activity was 

assessed by stepwise heating from 350 °C to 450 °C in 50 °C increments, with around 30 

minutes of stabilization at each temperature to ensure steady-state operation. The exit stream 

was analyzed using a gas chromatograph (YL Instrument 6500GC) equipped with a Porapak-

N and a MoleSieve 13X column, both connected to a thermal conductivity detector (TCD). 
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Catalytic performance was quantified by calculating the NH3 conversion ( , H2 formation 
𝑋𝑁𝐻3

)

rate ( ), and turnover frequency ( ):
𝑟𝐻2 𝑇𝑂𝐹

𝑋𝑁𝐻3
 (%) =  

[𝑁𝐻3]𝑖𝑛 ‒  [𝑁𝐻3]𝑜𝑢𝑡

[𝑁𝐻3]𝑖𝑛
 ×  100     (4)

𝑟𝐻2
 (𝑚𝑚𝑜𝑙/𝑔𝑐𝑎𝑡./ 𝑚𝑖𝑛) =  

𝑉𝑁𝐻3

22.4
.𝑋𝑁𝐻3

.1.5

𝑚𝑐𝑎𝑡.
     (5)

𝑇𝑂𝐹 (𝑠 ‒ 1) =  
𝑟𝐻2

. 𝑀𝑅𝑢 

𝐷𝑅𝑢.%𝑅𝑢
  (6)

 / - NH3 concentration in the feed stream/exit stream (mol/mL); - NH3 [𝑁𝐻3]𝑖𝑛 [𝑁𝐻3]𝑜𝑢𝑡 
𝑉𝑁𝐻3

flow rate (mL/min); - catalyst mass (g); - Ru molecular weight (g/mol); - Ru 𝑚𝑐𝑎𝑡. 𝑀𝑅𝑢 𝐷𝑅𝑢

dispersion (%); - Ru percentage (%)%𝑅𝑢

The apparent activation energy ( ) of Ru-based catalysts was calculated by the Arrhenius 𝐸𝑎

equation below after collecting data at low NH3 conversion (less than 20%).

𝑘 =  𝐴𝑒𝑥𝑝(
‒  𝐸𝑎 

𝑅𝑇
)  (7)

- the reaction rate constant;  - the frequency factor;  - the gas constant;  - the absolute 𝑘 𝐴 𝑅 𝑇

temperature. 



6

Fig. S1. (a) Catalytic activity of Ru-supported catalysts with different N-CeO2 supports at 
WHSV = 6,000 mLNH3/gcat./h and (b) corresponding Ea plots. 
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Fig. S2. Aaberration-corrected HAADF-STEM images, EDX elemental mappings, and HR-
TEM images of Cs-Ru/CeO2.
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Fig. S3. Ru particle size distribution of Ru/CeO2 and Ru/2N-CeO2 catalysts.
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Fig. S12. Vacancy forming energies of CeO2 (111) plotted as a function of nitrogen 

concentration.
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Fig. S13. Top and diagonal views of optimized N2
* and N* adsorption configurations on 

Ru10/N1-CeO2 surface.
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Table S1. The catalytic activity of Ru-based catalysts at 450 oC.

Catalyst Ru 
content
(wt%)

WHSV

( /gcat..h)
𝑚𝐿𝑁𝐻3

𝑋𝑁𝐻3
(%)

𝑟𝐻2
(mmol/min/gcat.)

𝑟𝐻2
(mmol/min/gRu)

𝑇𝑂𝐹𝐻2
(s-1)

Ref.

30000 63.0 21.1 1406.7 4.7
Ru/2N-CeO2 1.5

6000 97.3 6.5 433.3 1.5
30000 82.0 27.5 2115.4 15.8

Cs-Ru/2N-CeO2 1.3
6000 98.9 6.6 507.7 3.8

This 
work

2K-3%Ru/MgO 2.7 30000 83.9 28.1 1040.7 6.5 8

Ru/MgAl2O4 2.2 30000 61.4 20.6 936.4 3.1 9

Ru/Ce5/MgAl(600) 2.0 30000 86.8 27.4 1370.0 3.9 10

Ru/MgO(111) 3.1 30000 100.0 33.5 1080.6 4.9 11

Ru/Ba-ZrO2 3.0 30000 23.6 7.9 263.3 5.2 12

Cs-Ru/Ba-ZrO2 3.0 30000 37.8 12.7 423.3 - 12

Ru/MgO 3.5 30000 56.5 18.9 540.0 3.0 13

K-Ru/Mg2Al 4.6 30000 42.7 14.3 310.9 1.5 14

Ru/fumed-SiO2 5.0 30000 49.7 16.7 334.0 - 15

Ru/BHA 2.7 30000 40.0 13.8 511.1 2.9 16

Ru/Rb-Y 2.0 30000 23.0 7.7 385.0 0.8 17

Ru/Sm2O3 2.0 30000 59.7 18.3 915.0 3.5 18

Ru/Y2O3 2.0 30000 47.3 14.5 725.0 1.7 19

Ru/CNTs 2.0 6000 85.4 5.7 285.0 2.0 20

Ru/MPC-ZrO2 2.0 6000 15.0 1.0 50.0 0.1 21

Ru/CaAlOx 2.5 6000 72.0 4.8 192.0 - 22

Ru/CeO2 1.8 6000 91.5 6.1 338.9 1.1 23
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Table S2. The N content was determined by Elemental Analysis over xN-CeO2 supports and 

reduced Ru/xN-CeO2 catalysts.

Support
N content

(at%)
Catalyst

N content

(at%)

CeO2 0 Ru/CeO2 0

1N-CeO2 2.4 Ru/1N-CeO2 1.0

2N-CeO2 5.6 Ru/2N-CeO2 1.4

3N-CeO2 7.8 Ru/3N-CeO2 1.7
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Table S3. Textural properties of reduced Ru-based catalysts.

a The Ru and Cs contents were determined by ICP-MS analysis.
b The N content was determined by Elemental Analysis.
c The specific area (SBET) and the total pore volume (Vpore) were measured by N2 physisorption 
analysis.
d The Ru dispersion and Ru area were calculated from CO pulse chemisorption analysis.

Catalyst

Ru 

contenta

(wt%)

Cs 

contenta

(wt%)

N 

contentb

(at%)

SBET
c

(m2/gcat.)

Vpore
c

(mL/gcat.)

DRu
d

(%)

SRu
d

(m2/gcat.)

Ru/CeO2 1.9 0 0 28 0.09 28.3 1.97

Ru/2N-CeO2 1.5 0 1.4 29 0.08 50.4 2.76

Cs-Ru/CeO2 1.4 2.2 0 21 0.07 23.7 1.21

Cs-Ru/2N-CeO2 1.3 2.2 1.1 15 0.06 22.6 1.07
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Table S4. Nitrogen (N) content and N2 physisorption properties of CeO2 and 2N-CeO2 
supports.

a The N content was determined by Elemental Analysis.
b The specific area (SBET), the total pore volume (Vpore), and the pore diameter (dpore) were 
measured by N2 physisorption analysis.

Sample
N contenta

(at%)

SBET
b 

(m2 gcat
-1)

Vpore
b

(cm3 gcat
-1)

dpore
b

(nm)

CeO2 0 19 0.08 25

2N-CeO2 5.6 15 0.05 31
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Table S5. H2 consumption amount of Ru-based catalysts as determined by H2-TPR analysis.

*The number in the parentheses indicates the corresponding temperature of the peak.

Sample 1st peak 2nd peak 3rd peak H2 consumption ratio

Ru/CeO2 0.21 (248)* 0.27 (282) 0.06 (416) 0.54

Ru/2N-CeO2 0.49 (298) 0.14 (346) 0.20 (368) 0.83

Cs-Ru/CeO2 0.38 (208) 0.13 (252) 0.25 (394) 0.76

Cs-Ru/2N-CeO2 0.47 (334) 0.36 (352) 0.17 (379) 1.00
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Table S6. XPS and Raman data analysis.

XPS Raman

Ru 3p Ce 3d O 1s
 Catalyst

Ru0

(%)

Ruδ+

(%)
Ruδ+/Ru0

Ce3+

(%)

Ce4+

(%)

OL

(%)

OV

(%)

OC

(%)

𝑅𝑢 ‒ 𝑂 ‒
Ce

𝐷𝑒𝑓𝑒𝑐𝑡 𝑠𝑖𝑡𝑒𝑠 

)(𝑂𝑣

Ru/CeO2 22.2 77.8 3.5 11.2 88.8 68.7 15.3 16.0 1.4x10-2 0.6x10-2

Ru/2N-CeO2 23.0 77.0 3.3 16.7 83.3 54.5 30.5 15.0 2.1x10-2 1.2x10-2

Cs-Ru/CeO2 25.0 75.0 3.0 13.5 86.5 66.1 22.2 11.7 1.2x10-2 0.7x10-2

Cs-Ru/2N-CeO2 28.8 71.2 2.5 17.5 82.5 41.2 34.6 24.2 1.9x10-2 1.4x10-2
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Table S7. Raman analysis results of CeO2 and 2N-CeO2 supports.

Sample
 / Ov𝐷𝑒𝑓𝑒𝑐𝑡 𝑠𝑖𝑡𝑒𝑠

I597/I460

𝑃𝑒𝑟𝑜𝑥𝑖𝑑𝑒 𝑠𝑝𝑒𝑐𝑖𝑒𝑠

I983/I460

CeO2 0.04 -

2N-CeO2 0.20 0.11
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Table S8. The percentage of each acid and basic site contribution over the Ru-based catalysts.

Amount of each acid site a

(a.u.)

Amount of each basic site b

(a.u.)
 Catalysts

Wea
k Medium Strong Desorbed 

NH3 ratio Weak Medium Strong Desorbed 
CO2 ratio

Ru/CeO2 0.53 0.21 0.16 0.90 0.46 0.07 0.34 0.87

Ru/2N-CeO2 0.56 0.34 0.10 1.00 0.32 0.47 0.14 0.93

Cs-Ru/CeO2 0.32 0.19 0.09 0.60 0.59 0.23 0.08 0.90

Cs-Ru/2N-CeO2 0.31 0.30 0.03 0.64 0.42 0.54 0.04 1.00

a The amount of each acid site was determined by NH3-TPD analysis.
b The amount of each basic site was determined by CO2-TPD analysis.
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Table S9. N2
* and N* free formation energy over various Ru10/CeO2 and Ru10/N1-CeO2 

surfaces. T = 425 ℃ and P = 50 bar.

Free formation energy of N2
* Free formation energy of N*

Surface Interfacial layer 

site

External layer 

site

External layer 3-

fold hollow site

Lateral 3-fold 

hollow site

Lateral 4-fold 

hollow site

Ru10/CeO2 -0.84 -1.13 -0.55 -0.41 -0.25

Ru10/N1-CeO2 -0.57 -1.19 -0.56 -0.37 -0.41
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