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Experimental

Vertical graphene (VG) synthesis

The deposition of VG was carried out in a radio-frequency (RF) inductively coupled plasma chemical vapor 

deposition (CVD) system (shown in Figure S8 of the Supporting Information). Ni foam (purity: > 99.99%, 

porosity: ≥ 95%, surface density: 346 g m-2, MTI co. USA) was used as the base electrode. After loading the 

Ni foam into the deposition chamber, the chamber pressure was evacuated to attain a base pressure of 4.0 Pa. 

Then the gas mixture of Ar (10 sccm), CH4 (20 sccm) and H2 (10 sccm) was introduced into the chamber 

using mass flow controllers and constant pressure of 4.0 Pa was maintained. Then the plasma was generated 

at a constant power of 1000 W for 10 min to synthesize the vertical graphene on Ni foam. Vertical graphene 

synthesis was done in a high vacuum chamber, using a highly purified gases which makes the vertical graphene 

to be devoid of possible nitrogen contamination during the synthesis.1

RuO2 and CeO2 thin film deposition 

After the synthesis of vertical graphene (VG), RuO2 and CeO2
 nanoscale thin films were deposited using a 

custom-made magnetron sputtering system (CSIRO Manufacturing). The system was equipped with an axial 

turret magnetron head and power supply (AJA DCXS-750). The turret head was mounted vertically in the 

bottom of the vacuum system. The RuO2 and CeO2 target materials (purity: 99.9%) used for the film 

deposition. The nominal size of the sputter targets was 2 inches (50 mm) diameter and the distance between 

the target and the substrate was set at 60 mm. The films were deposited onto the vertical graphene coated on 

Ni foam. The deposition system was equipped with rotary and cryogenic pumps and a controlled gas 

introduction system. A base pressure of 1×10−4 Pa was attained in the chamber before the deposition. The high 

purity O2 reactive gas and high purity Ar inert gas were introduced into the chamber. The deposition pressure 

could be set independently of the gas flow by adjusting a throttle valve. The deposition pressure was set 2.0 

Pa and the film depositions were performed at room temperature. The RF power were set at 125 W. The 

deposition times varied between the two nanolayer films; 5 min for RuO2 and 15 min for the CeO2 film.

Material Characterizations 

High-resolution field emission scanning electron microscopy (FE-SEM) images were obtained using a Zeiss 

Auriga microscope operated at 5 keV electron beam energy with an In Lens secondary electron detector. An 

energy dispersive X-ray spectroscopy (EDX; Oxford instrument) measurement was operated at 18 keV 

electron beam energy to obtain the elemental analysis data. Raman spectroscopy was performed using a 

Renishaw in via spectrometer with laser excitation at 514 nm with a spot size of ∼ 2 μm. The surface chemical 
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composition and electronic state of the electrode catalyst layer were analyzed via X-ray photoelectron 

spectroscopy (XPS) using an AXIS Nova spectrometer (Kratos Analytical Inc., Manchester, UK) with a 

monochromated Al Kα source at a power of 180 W (15 kV x 12 mA) and a hemispherical analyzer operating 

in the fixed analyzer transmission mode. The total pressure in the main vacuum chamber during analysis was 

typically between 10-9 and 10-8 mbar. Survey spectra were acquired at a pass energy of 160 eV and step size 

0.5 eV. To obtain more detailed information about chemical structure and oxidation states, high resolution 

spectra were recorded from individual peaks at 40 eV pass energy and step size 0.1 eV, typically yielding a 

FWHM of < 0.8 eV for the Ag 3d5/2 peak and < 0.85 eV for the ester peak in PET during performance tests. 

The samples were analyzed at a nominal photoelectron emission angle of 0º w.r.t. the surface normal. Since 

the actual emission angle is ill-defined in the case of rough surfaces as in this study (ranging from 0º to 90º) 

the sampling depth may range from 0 nm to approximately 10 nm. Data processing was performed using Casa 

XPS processing software version 2.3.15 (Casa Software Ltd., Teignmouth, UK). All elements present were 

identified from survey spectra. The atomic concentrations of the detected elements were calculated using 

integral peak intensities and the sensitivity factors supplied by the manufacturer. Binding energies were 

referenced to the C 1s peak either at 284.8 eV (adventitious carbon) or at 284.5 eV (graphene). The accuracy 

associated with quantitative XPS is ca. 10-15%. Precision (i.e. reproducibility) depends on the signal/noise 

ratio but is usually much better than 5%. The latter is relevant when comparing similar samples. To analyze 

the microstructure of CeO2/RuO2/VG electrode, transmission electron microscopy (TEM) samples were 

prepared using a conventional drop-casting method. The samples were investigated by analytical TEM (JEOL, 

JEM-ARM200F) at 200 kV equipped with a cold field-emission gun (CFEG) and an energy-dispersive X-ray 

spectrometer (EDS, Oxford). The distribution of CuO2/RuO2 film was determined by STEM-EDS. The 

electrochemical impedance spectroscopy (EIS; VSP, BioLogic) was further performed under potentiostatic 

mode at -0.6 V vs. RHE at excitation amplitude of 10 mV in the frequency range from 100 kHz to 1 Hz.

The concentration of produced NH3 was determined by the indophenol blue method. 

In brief, ammonia products (2 mL) were collected from the solution trap (100 mL, 0.05M H2SO4) and then 

mixed with 2 mL of 1 M NaOH solution containing salicylic acid (5 wt%) and sodium citrate (5 wt%). 

Subsequently, 1 mL NaClO (0.05 M) and 0.2 mL C5FeN6Na2O·2H2O (1 wt%) were added into the above 

solution. After standing at room temperature for 2 hr, the UV-Vis absorption spectrum was measured at a 

wavelength of 675 nm. The concentration-absorbance curve was calibrated using standard NH4Cl solution 

with the concentrations of 0.0, 0.1, 0.2, 0.5, 1.0 and 2.0 μg mL−1 in 0.05 M H2SO4. The fitting curve (y 

=0.0941x - 0.004, R2 = 0.985) shows good linear relation of absorbance value with NH3 concentration.

The hydrazine was estimated by the method of Watt and Chrisp.
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In addition, a possible by-product hydrazine (N2H4) was also determined by the method of Watt and Chrisp.2 

In brief, 5 mL electrolyte and 5 mL color reagent (5.99 g 4-(dimethylamino)benzaldehyde dissolved in 30 mL 

concentrated HCl and 300 mL ethanol) was mixed and placed at room temperature for 10 min. The UV-Vis 

absorption spectrum was measured at a wavelength of 457 nm. The concentration-absorbance curve was 

calibrated using standard N2H4 solution with the concentrations of 0.0, 0.2, 0.4, 0.6, 1.0 and 2.0 μg mL−1 in 

0.05 M H2SO4. The fitting curve (y =1.437x – 0.028, R2 = 0.99833) shows good linear relation of absorbance 

value with N2H4 concentration. It shows that negligible amounts of hydrazine (~20 ppb level in 100 ml of 0.05 

M H2SO4 solution) was detected during all consecutive NRR cycle tests.
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Figure S1. Image of an optimized glass H-type cell with a two-compartment chamber with a three-electrode 

configuration. The H-type cell consists of a working (ammonia synthesis side) and a counter (water oxidation 

reaction side) electrode chambers and separated by a Nafion 115 membrane. Pt gauze (1 cm x 1 cm,100 mesh, 

99.9%, Aldrich) and Ag/AgCl, 3 M KCl were employed as the counter and reference electrodes, respectively.
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Figure S2. Additional FE-SEM images of (a) pristine Ni foam, (b) RuO2/VG on Ni foam, and (c) 

CeO2/RuO2/VG on Ni foam. 

Figure S3. (a) BSE image with EDX element maps of (b) C, (c) Ce, (d) O, and (e) Ru of CeO2/RuO2/VG on 
Ni foam reveals the good and uniform coverage of VG, CeO2 and RuO2 is observed. 
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Table S1. Surface compositions as measured by XPS, expressed in atomic concentrations (%). Shown are 

mean values (+/- deviation) of two measurements per sample.

Sample Ni foam VG on Ni foam
RuO2/VG 

on Ni foam

CeO2/RuO2/VG 

on Ni foam

Mean Dev. Mean Dev. Mean Dev. Mean Dev.

C 24.49 0.12 98.83 0.11 74.86 0.62 29.24 0.45

O 38.66 0.27 1.14 0.15 15.15 0.28 44.68 0.22

N 0.04 0.04 1.18 0.06 0.12 0.12

Cl 0.39 0.07 0.05 0.02

Ni 36.45 0.21

Ru 8.77 0.27 0.23 0.11

Ce 25.73 0.00
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Figure S4. XPS wide-scan spectrum of CeO2/RuO2/VG on Ni foam. XPS reveals that there is negligible 

presence of nitrogen affecting or contributing to the ammonia production from the samples. 

Figure S5. Brunauer-Emmett-Teller (BET) measurement (BEL JAPAN Inc., Japan) under N2 

adsorption/desorption isotherms at 77 K. Particle size distribution of VG and CeO2/RuO2/VG on Ni foam.
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Figure S6. Ion-selective electrode (ISE) method of measuring ammonia contents. Photograph showing the 

one of a method which was used to measure the ammonia production rate. 
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Figure S7. (a) NH3 formation rates and Faradaic efficiencies of CeO2/VG, RuO2/VG and CeO2/RuO2/VG 

catalysts on Ni foam at -0.6 V vs. RHE in N2-saturated 0.1 M KOH electrolyte. The NH3 in the trap chamber 

was determined by indophenol-blue method.  (b) Nyquist plots of CeO2/VG, RuO2/VG and CeO2/RuO2/VG 

catalysts during NRR at -0.6 V vs. RHE in N2-saturated 0.1 M KOH. 
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Figure S8. HR-TEM analysis of the CeO2/RuO2/VG catalysts after the long-term performance test. (a-c) 

reveals the HR-TEM images of CeO2/RuO2/VG catalysts. (d-e) shows the Revealing the HAADF-STEM 

images of CeO2/RuO2/VG. (f) Showing the elemental composition of CeO2 and RuO2 nanoparticles 

distributed on the vertical graphene sheets. Through the HR-TEM analysis, it can be noted that the CeO2 and 

RuO2 nanoparticles remained intact on the vertical graphene sheets and minimal chemical modification 

occurred for the CeO2 and RuO2 nanoparticles during the long-term performance test. 
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Figure S9. (a) UV-vis absorption spectra of indophenol blue method. (b) Calibration curves used for 

determining NH4
+ ions (ammonia concentration) and distinctive colour change is observed depending on the 

concentrations of ammonia in this method. 
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Figure S10. 1H nuclear magnetic resonance (NMR) spectra were obtained from the durability test as per Fig. 

6. The produced ammonia (NH4
+ in 0.05M H2SO4) from the cathode chamber was identified under the 14N2 

experiment using a 900 MHz 1H liquid-state nuclear magnetic resonance (1H NMR) spectroscopy.
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Figure S11. (a) UV-vis absorption spectra of Watt and Chrisp’s method for detecting hydrazine (N2H4). (b) 

Calibration curves used for determining hydrazine concentration. (c) Hydrazine concentration curves during 

during all consecutive NRR cycle tests as per Fig. 6.
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Figure S12. DFT calculation of HER process using CeO2 and RuO2 and Graphene surfaces. 
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Table S2. Table showing the recent literatures on electrochemical production of ammonia. 

Catalyst
Active 

area
Membrane Electrolyte T Applied potential Current density NH3 yield FE% Long-term Ref

CeO2/RuO2 on 

vertical graphene
0.785 cm2 Nafion 115 0.1 M KOH Room Temp. -0.6 V vs. RHE ~ -25 mA/cm2

50.56 µg/h mgcat

1.11 x 10-10 mol s-1cm-2
2.96% 36 hr

This 

work

N-doped Cu SA 1 cm2 Nafion 211 0.1 M KOH AT -0.35 V vs. RHE -0.5 mA/cm2 53.3 µg/h mgcat 13.8% ~14 hr 10

PdRu tripods 0.25 cm2 Nafion 211 0.1 M KOH 25ºC -0.2 V vs. RHE -6.5 mA/cm2
37.23 µg/h mgcat

11.9 µg/h cm2
1.85% 20 hr 11

SA-Mo/NPC - Nafion 117 0.1 M KOH Room Temp. -0.3 V vs. RHE ~ -2.5 mA/cm2 34 µg/h mgcat 14.6% ~14 hr 12

Pd0.2Cu0.8/rGO 1 cm2 Nafion 211 0.1 M KOH Room Temp. -0.2 V vs. RHE -1 mA/cm2 2.8 µg/h mgcat ~1% - 13

C-ZIF 0.245 cm2 Half-cell 0.1 M KOH Room Temp. -0.3 V vs. RHE -0.2 mA/cm2
9.4 x 10-10 mol/s cm2

(3.4 x 10-6 mol/h cm2)
10.2% 9 hr 14
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Catalyst
Active 

area
Membrane Electrolyte T

Applied 

potential
Current density NH3 yield FE% Long-term Ref

13.1 µg/h cm2

at -0.5 V 0.1 MPa
0.05% -

Fe3Mo3C/C 0.3 cm2 Nafion 211 1 M KOH
25ºC

1 / 7 bar
-0.5 V vs. RHE ~ -133 mA/cm2

13.55 µg/h cm2

at 0.7 MPa at -0.025 V
14.74% -

15

0.1 M KOH <-10 µA/cm2 <0.01% ~14 hr
Ru

Li on Ag
- Nafion 117

0.2 M 

LiClO4

20ºC
-1 ~ -2.5 V vs. 

RHE
<-1 mA/cm2 0.6-0.7 µmol/h cm2 <10% -

16

Rh nanosheet 0.25 cm2 Nafion 211 0.1 M KOH
Room 

Temp.
-0.2 V vs. RHE ~ -20 mA/cm2 23.88 µg/h mgcat 0.217% 30 hr 17

30% Fe2O3-CNT - Nafion 0.5 M KOH 20ºC
-2.0 V vs. 

Ag/AgCl
-7 mA/cm2 1.06 x 10-11 mol/s cm2 0.164% 24 hr 18

Au THH 1 cm2 Nafion 211 0.1 M KOH 25ºC -0.2 V vs. RHE <-1 mA/cm2 1.648 µg/h mgcat 4% 18 hr 19

Ru nanoparticles - Nafion 115 0.1 M HCl 25ºC -0.15 V vs. RHE ~ -5 mA/cm2 24.88 µg/h mgcat 0.35% 24 hr 20
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Mesoporous RhRu 

film on Ni foam
1.5 cm2 Nafion 211

0.1 M 

Na2SO4
25ºC -0.05 V vs. RHE ~ 0.01 mA/cm2 30.28 µg/h mgcat 28.33% 20 hr 21

Catalyst Active 

area

Membrane Electrolyte T Applied potential Current density NH3 yield FE% Long-term Ref

TiO2 nanoarray 0.5 cm2 Nafion 117 0.05 M 

H2SO4 with 

PEG

Room 

Temp.

-0.3 V vs. RHE <-0.5 mA/cm2 1.07 μmol/h cm2 32.13% 10 hr 22

Cu coated GDE 6 cm2 Anion 

exchange 

membrane

0.32 M 

KOH

Room 

Temp.

-0.3 V vs. RHE -0.25 mA/cm2 0.86 nmol/s cm2 18% - 23

NiPS3 nanosheet 1 cm2 Nafion 0.1 M 

Na2SO4

Room 

Temp.

-0.4 V vs. RHE ~ -1 mA/cm2 118 µg/h mgcat 17% 10 hr 24
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