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With a century of optimization, the Haber–Bosch process 
has become the most successful procedure at fixing ele-
mental N2. About 180 million metric tons of artificial 

NH3 is annually synthesized in centralized plants worldwide1,2—
and with its widespread usage for fertilizers to increase crop yields, 
it is one of the greatest achievements of human civilization in the 
twentieth century. Due to the nature of N2-fixing chemistry, the 
Haber–Bosch process demands not only harsh conditions for high 
reactivity (typically, 300–500 °C and 150–250 bar3,4) but also molec-
ular H2 as the key reactant along with N2. In fact, the H2 genera-
tion used for NH3 synthesis heavily rests on the reforming of fossil 
fuels (dominantly, natural gas), using approximately 1% of global 
energy supply and contributing to 1–2% of total CO2 emissions3,5. 
Furthermore, the essential requirements for harsh conditions as well 
as molecular H2 pose great challenges for economically downscal-
ing the process to distributed NH3 production, which is preferred in 
remote areas or underdeveloped regions where transportation and 
storage are prohibitively costly6,7. Stimulated by the growing interest 
in exploring sustainable and/or economical distributed NH3 synthe-
sis, electrochemical and photochemical approaches have emerged 
as promising candidates.

The past few years have witnessed remarkable research activities 
into the electrocatalytic nitrogen reduction reaction (NRR) under 
desirably milder conditions8,9, and metal-based materials (such as 
metal oxides and metal alloys) have been used as NRR catalysts with 
varying approaches. Yet, the true source of the produced NH3 was 
recently appealed for by the research community10–12, and a rigorous 
protocol with 15N isotopic labelling was offered for careful exami-
nation12. Nitrogen leaching from certain NRR catalysts, such as 
metal nitrides, has been carefully studied13–16 as elemental nitrogen 
is present in their known chemical compositions; however, the lev-
els of the nitrogen-containing impurities in more general commer-
cial catalysts used for NH3 electrosynthesis have been overlooked, 

largely due to the long-built trust in the high quality of chemicals 
from mainstream chemical vendors.

In this work we selected a group of metal oxides and metallic 
iron for the focus of our analysis, in light of their frequent usage in 
the preparation of catalytic materials in different NRR systems17–21. 
The contents of nitrogen-containing impurities in their commer-
cial products were carefully examined. Surprisingly, high levels of 
NO3

− and NO2
− ions were detected in some commercial oxides 

(for example, 1,610 ± 48 ppm of total NOx
−-N in one commercial 

Bi2O3 sample), and the content of nitrides-N in one commercial 
iron was as high as 7,297 ± 99 ppm. Various analytical techniques—
including HPLC, UV, thermogravimetric analysis–mass spec-
trometry (TGA–MS), X-ray photoelectron spectroscopy (XPS), 
scanning electron microscopy–energy dispersive X-ray spectros-
copy (SEM–EDS) and NMR—were utilized to validate the amount 
and nature of those nitrogen-containing species. Supported by our 
findings on the substantial levels of nitrogen-containing impuri-
ties in many commercial metal oxides, a case analysis was carried  
out on the previously reported H2O–NaOH–KOH system19 with 
both 15N-isotopic labelling and nitrogen elemental tracking, reas-
signing the true reactant of putative NH3 electrosynthesis from  
gaseous N2 to nitrogen-containing impurities in the Fe2O3 catalyst.

Revealing unexpected NOx
− impurities in commercial metal 

oxides
NOx

− species (x = 2 or 3) are highly soluble in water and known 
to exist widely in nature. Here we first extracted both NO2

− and 
NO3

− by soaking the catalyst samples in an alkaline solution (0.1 M 
KOH) and then quantified them by analysing the soaking solu-
tion with an HPLC equipped with a UV detector (Figs. 1 and 2a, 
and Supplementary Fig. 2). The nitrogen content of NO3

− in the 
commercial Fe2O3 (Alfa Aesar no. 45007) was determined to be 
563 ± 21 ppm. In addition to the Fe2O3 (Alfa Aesar no. 45007), we 
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further quantified the NOx
− contents in another six commercial 

oxides from Alfa Aesar and six iron oxides from other vendors. 
The results, listed in Fig. 1, showed that 8 of 13 oxide samples con-
tain appreciable levels of NO3

− and/or NO2
− impurities; it is quite 

unexpected to discover that such high levels of NOx
− exist in those 

metal oxides. Note that aside from Fe2O3, other oxides such as Bi2O3  
(ref. 17), CeO2 (ref. 18) and ZnO (ref. 22) are also included here as 
they have been actively involved in NH3 electrosynthesis, although 
the commercial products were not used directly. The NO3

− impu-
rities in the iron oxides can be reduced by 99% via washing with 
0.1 M KOH solution, or by 95% via a 12 h heat treatment at 180 °C 
(labelled as Fe2O3-washed and Fe2O3-HT, respectively).

In addition to the determined NOx
− impurities from HPLC, we 

also directly observed NO—the signature product evolved during 
thermal decomposition of NO3

−—from TGA–MS analysis (Fig. 2b). 
The NO signal (m/z = 30) appeared at ~150 °C, which is in good 
agreement with the decomposition temperature of metal nitrates23,24.

In fact, the arc-discharging technique was employed to manu-
facture some commercial oxide products25 (for example, some Alfa 
Aesar catalysts manufactured by NanoArc), which might explain 
the origin of the NOx

− contamination that exists in a spectrum 
of oxides. After all, the use of non-catalytic electric arc had been 
proven effective at fixing N2 oxidatively (that is, the Birkeland–Eyde 
process26) in the early twentieth century.

Revealing unexpected nitrides impurities in commercial 
metallic irons
Metallic iron is the precursor for industrial production of nanoscale 
Fe2O3 (ref. 25) and a benchmark catalyst for heterogeneous N2 fixa-
tion. Historically, the iron nitrides as impurities in metallic iron 

catalysts had confused some pioneered researchers in early N2 fixa-
tion (that is, Wilhelm Ostwald in 190027) even before the invention 
of the Haber–Bosch process. We cautiously examined the nitrogen 
impurities of five commercial iron products by dissolving them in 
0.1 M H2SO4 (nitrides-N was hydrolysed to NH4

+) and then deter-
mining the concentration of NH4

+ in the resulting solution via the 
well-established indophenol blue colourimetric method28. As shown 
in Fig. 2c and Supplementary Fig. 3, NH4

+-N was observed in all five 
iron sample solutions, presumably from nitrides. In particular, the 
iron product (Alfa Aesar no. 40337) contains 7,297 ± 99 ppm-N (or 
3 at%), and the high level of nitrogen impurities was further verified 
in the quantitative NH4

+ measurement by NMR (7.78 × 103 ppm). 
The other four commercial iron samples contain 300–400 ppm of 
nitrogen impurities, which is in strong contrast to the clean back-
ground (0.1 M H2SO4).

The presence of iron nitrides in iron samples is understandable 
because of the high chemical affinity between iron and nitrogen. In 
fact, chemisorption of nitrogen on metallic iron surfaces has been 
extensively studied in the past (that is, by Ertl and co-workers29) and 
the formation of surface nitrides was identified as a crucial step in 
heterogeneous N2 fixation. It should be pointed out that the chemi-
cal composition of iron nitrides in those commercial iron products 
is not exactly the same from one to another. For example, the distinc-
tive XPS nitrogen 1s signals were observed: 399.6 eV for Alfa Aesar-
40337 (7,297 ppm-N) versus 403.5 eV for Sigma-Aldrich-255637 
(391 ppm-N; Fig. 2d), that is, at values comparable with that of the 
bulk nitrides30 (~397 eV). The difference in the position of the nitro-
gen 1s peak could probably be attributed to the different numbers of 
oxygen atoms linked to nitrogen30,31, considering the identified XPS 
signals from nitrosonium (NO+, 399–402 eV) and nitrite (NO2

−, 
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Fig. 1 | NOx
− impurities detected in commercial metal oxides. The NOx

− contents were determined by the two-step procedure (alkaline treatment followed 
by HPLC analysis). Briefly, the samples of commercial metal oxides were treated with an alkaline solution (0.1 M KOH) under ultrasonication for sufficient 
time. After treatment, the solids were filtered out and the remaining solutions were analysed by the calibrated HPLC for the contents of both NO3

− and 
NO2

− (see Methods). The error bars represent the standard deviation of NO3
− and NO2

− contents determined from three independent samples with 
the same lot number. The vendors, item numbers, lot numbers, labelled assays and values of NOx

−-N content of the tested samples are summarized in 
Supplementary Table 1.
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402.5–403.5 eV) on the surface of a nitrided iron on exposure to 
oxygen30. Due to the very high content of nitrogen impurities in 
Alfa Aesar-40337, a discernible nitrogen signal was even shown in 
the SEM–EDS analysis (Supplementary Fig. 3).

A case analysis on the H2O–NaOH–KOH system
Based on the above findings, we have carefully examined the H2O–
NaOH–KOH system previously reported19 to reduce N2 to NH3 cata-
lysed by nanoscale Fe2O3 in an undivided cell (Supplementary Figs. 
4–7). We first conducted the electrolysis in a H2O–NaOH–KOH 
electrolyte containing 40 wt% of water and equal moles of NaOH 
and KOH (denoted as 40% H2O–NaOH–KOH hereafter) at 200 °C, 
loaded with Fe2O3 (Alfa Aesar no. 45007) catalyst. Under a con-
stant applied current of 250 mA, the total catalyst mass-normalized 
NH3 production was 39.2 ± 1.3 μmol NH3 g�1

cat
I

, which is very close to 
the content of NO3

− impurities in Alfa Aesar-45007 determined by 
HPLC (563 ± 21 ppm-N, equivalent to 40.2 ± 1.5 μmol-N g�1

cat
I

), cor-
responding to a total nitrogen match of 97.5% on average (Fig. 3a and 
Supplementary Fig. 5). Similarly, ~100% nitrogen balance was also 
obtained using the other seven NOx

−-containing metal oxides under 
the same conditions, except for Bi2O3 (Alfa Aesar no. 45582) due to 
the competition between Bi2O3 reduction and NOx

− reduction.

We also performed longer-term measurements using 15N2 
with a closed-loop gas circulation system (Supplementary Fig. 4). 
To reevaluate the NRR in the H2O–NaOH–KOH electrolyte as 
described in ref. 19, the H2O–NaOH–KOH electrolyte with mini-
mum water content (also referred to as molten NaOH–KOH) was 
used here. With 14N2 or 15N2 being circulated in the system, two 
conditions were tested: (1) 1 g of metallic iron (Sigma-Aldrich no. 
255637) without electrolytic current for 12 h; and (2) electrolysis 
at 20, 100, 250, 500, 1,000 mA (2.5 h for each current) with 5 g of 
Fe2O3-washed. Only 14NH4

+ was detected for both 15N2 circulating 
experiments, and the cumulative 14NH3 generations fell in the range 
of the background signal (Fig. 3b). The results of both 15N-labelling 
experiments and the accurate balance of elemental nitrogen are 
highly consistent with the discovery of nitrogen impurities in the 
catalysts and collectively suggest that the true source of the electro-
chemically produced NH3 should be reassigned from gaseous N2 to 
the nitrogen-containing impurities in the Fe2O3 catalyst.

Recommendation on screening NOx
−/nitrides impurities in 

catalyst materials
The substantial levels of NOx

−/nitrides impurities in the com-
mercial catalysts are surprising. It is worth noting that researchers  
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in the long history of nitrogen fixation were periodically  
perplexed and impacted by the issues that arise from nitrogen  
contamination11,32. The observed NOx

−/nitrides impurities  

in commercial metal oxides/metallic irons provide another  
account of impurity identification, on top of nitrogen-containing 
contaminations observed in various experimental materials  
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Fig. 3 | Electrolysis in the H2O–NaOH–KOH systems. a, A comparison between the determined NOx
− contents by HPLC (left columns) and the observed 

(catalyst) mass-normalized NH3 production (right columns, divided into half-hour periods) during electrolysis for commercial oxides. The error bars 
represent the standard deviation of NOx

− content, or total NH3 production from Fe2O3 (Alfa Aesar no. 45007) for six independent tests (Supplementary 
Fig. 5). Such a comparison signifies the nitrogen-element balance. The first half-hour corresponds to the initial period of gas purging with no applied 
current, and electrolysis was performed in the subsequent half-hour periods until the NH3 generation became negligible. The applied current was 250 mA 
for all cases except for Bi2O3 (where the current was 1,000 mA due to the competition between Bi2O3 reduction and NOx

− reduction). The nitrogen balance 
reached ~100% for most cases within the first hour of electrolysis. b, NMR spectra (2,048 scans) of trapping solutions that contain NH4

+ produced 
in longer-term N2 circulation experiments in the molten NaOH–KOH electrolyte. Only 14NH4

+ (triplet peaks) was detected for both 15N2 circulating 
experiments, with no identifiable 15NH4

+ signal (doublet peaks if existing). The cumulative 14NH3 generations fell in the range of the background signal. 
c, Nitrogen balance for electrolysis at different currents with 20 mg of standard KNO3 or KNO2 in 40% H2O–NaOH–KOH. The error bar represents the 
standard deviation of nitrogen balance for three independent electrochemical tests with KNO3 at 250 mA.
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including electrolytes33, membranes34, feeding gases35 and  
even nitrile gloves12.

In light of this discovery, we call attention to the necessity to 
screen the NOx

−/nitrides impurities in commercial materials before 
employing them for future evaluation in NH3 electrosynthesis, as the 
nitrogen-containing impurities are commonly not listed in vendors’s 
assay documents. Laboratory-made catalysts might also be subject 
to NOx

−/nitrides impurities screening when nitrogen-containing 
materials are involved in catalyst preparation and handling. And a 
simple two-step procedure (alkaline treatment for NOx

− or acidic 
treatment for nitrides, followed by either HPLC or UV–vis analysis) 
is thereby recommended as a reliable protocol for researchers, as the 
procedure has been proven to be highly effective in quantifying the 
level of NOx

−/nitrides impurities in metal oxides and metallic irons. 
Note that using deionized water instead of the alkaline solution to 
treat the catalysts in the first step of the procedure resulted only in 
partial extraction of NOx

− (Supplementary Fig. 2).
We also suggest the reporting of (catalyst) mass-normalized NH3 

production, in addition to the area-normalized NH3 production for 
future research. Figure 4 compares the mass- and area-normalized 
NH3 production from catalysts reported in NH3 electrosynthesis. 
The area-normalized NH3 production ranges across three orders 
of magnitude (from 2 × 10−11 to 2 × 10−8 mol cm−2 s−1), as does the 
mass-normalized NH3 production (from 0.05 to 50 mmol g−1 h−1); 
however, the area-normalized NH3 production does not always align 
with the mass-normalized NH3 production. One could be cautious 
to the catalyst with high area-normalized NH3 production yet low 

mass-normalized one. Furthermore, reporting mass-normalized 
NH3 production might help compare N2 fixation across different 
approaches (Supplementary Fig. 8) to reasonably locate and evalu-
ate the catalytic activity of a system.

Conclusions
Substantial levels of NO3

−-N and nitrides-N were unexpect-
edly revealed from some commercial metal oxides (for example, 
563 ± 21 ppm-N in Alfa Aesar-45007) and metallic irons (for exam-
ple, 7,297 ± 99 ppm-N in Alfa Aesar-40337), respectively. A simple 
two-step procedure (alkaline treatment for NOx

− or acidic treat-
ment for nitrides, followed by either HPLC or UV–vis analysis) is 
recommended as a reliable protocol for screening NOx

−/nitrides 
impurities in catalyst materials. We also suggest reporting both 
(catalyst) mass-normalized and (electrode) area-normalized NH3 
production in future research. With both 15N-labelling experiments 
and the accurate balance of elemental nitrogen, the true source of 
the electrochemically produced NH3 in the electrolysis with the 
H2O–NaOH–KOH system was correctly reassigned from gaseous 
N2 to the nitrogen-containing impurities in those catalysts. Our 
findings on the considerable levels of nitrogen-containing impuri-
ties in many commercial metal oxides in the present Analysis are 
to serve the nitrogen-fixation community in a positive manner by 
raising awareness of the presence of high-level nitrogen-containing 
impurities in some commercial materials so as to avoid the misin-
terpretation (in the early research stage) of synthesized NH3 origi-
nating from N2 rather than from NOx

−-based impurities.
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Although ineffective at reducing N2 (as shown in the preceding 
results), the H2O–NaOH–KOH system exhibited the efficacy to 
reduce NOx

− to NH3 with ~100% selectivity (Fig. 3c). Conceptually, 
an alternative route can be constructed by coupling NOx

− reduc-
tion and direct oxidation of N2 with O2—the latter process could 
be achieved at low energy consumption and high efficiency, espe-
cially via non-thermal plasma, as discussed in a review article by 
Chen and colleagues6. Compared with the established route36 of 
N2 → Li3N → NH3, the route N2 → NOx

− → NH3 does not involve 
the use and regeneration of flammable lithium metal. As a possi-
ble candidate for NH3 electrosynthesis, the potential merit of such 
route warrants future research in both technical advancement and 
economic evaluation. Further exploration of facile biological, bio-
chemical, chemical, photochemical and electrochemical oxidation 
of N2 to NOx

− may open up additional productive pathways to the 
low carbon-footprint production of NH3 from air and water.

Methods
Quantification of NO3

− and NO2
− in commercial metal oxides. A sample 

(500 mg) was accurately weighed and mixed with 30 ml of 0.1 M KOH (≥85 wt% 
of KOH and water as the remnant, Sigma-Aldrich no. 221473) solution. The 
sample was dispersed in the KOH solution by 30 min of ultrasonication, followed 
by centrifugation at 8,500 r.p.m. for 10 min. The solid was then filtered out of the 
KOH solution with a surfactant-free cellulose acetate filter (Corning, 0.20 μm of 
pore size). After extraction, the NOx

− in the resulting solution was then analysed 
by HPLC37 (Agilent Technologies, 260 Infinity II LC System) equipped with a 
variable wavelength detector (Agilent 1260 Infinity Variable Wavelength Detector 
VL). The wavelength of 213 nm was chosen for NOx

− detection. A C18 HPLC 
column (Gemini 3 µm, 110 Å, 100 × 3 mm) was used for analysis at 25 °C with 
a binary gradient pumping method to drive mobile phase at 0.4 ml min−1. The 
mobile phase consisted of 0.01 M n-octylamine (99+%, Acros Organics) in a 
mixed solution containing 30 vol% methanol (HPLC grade, Fisher Chemical) 
and 70 vol% deionized water (18.2 MΩ cm, Barnstead E-Pure), and the pH of the 
mobile phase was adjusted to 7.0 with phosphoric acid (85%, Fisher Chemical). 
The running time was kept at 30 min for every sample and the retention time for 
NO3

− and NO2
− was around 18 and 16 min, respectively. The calibration solutions 

for NO3
− or NO2

− were prepared with KNO3 (≥99.0%, Fisher Chemical) or KNO2 
(97%, Acros Organics), respectively, in the concentration range of 0.0625–2 mM 
(Supplementary Fig. 1).

Determination of nitrogen content in commercial iron. Specifically, ~50 mg of 
the commercial iron sample was accurately weighed and charged into 100 ml of 
0.1 M H2SO4 (TraceMetal Grade, Fisher Chemical) for complete dissolution. For 
the Alfa Aesar-40337 sample, a twofold dilution was applied to keep the NH4

+ 
concentration in the calibration range. The concentration of NH4

+ in the solution 
was determined by the colourimetric method (detailed below) after removing the 
iron ions by precipitation with 200 μl of 6 M NaOH (≥98%, Sigma-Aldrich no. 
S5881) solution followed by filtration. The low-solubility product (Ksp) values38 
for Fe(OH)2 (4.87 × 10−17) and Fe(OH)3 (2.79 × 10−39) ensured both Fe2+ and 
Fe3+ can be effectively removed at pH 13 (the final pH of the solution before the 
colourimetric test). NMR measurement (detailed below) was also carried out for 
the Fe2+-containing sample solution (Supplementary Fig. 3).

Colourimetric quantification of NH3. Ammonia in 0.1 M H2SO4 was quantified 
by the well-established method with indophenol blue colourimetry. Four reagents 
were freshly prepared, including (1) colouring solution, containing 0.4 M 
sodium salicylate (≥99.5%, Sigma-Aldrich) and 0.32 M NaOH; (2) oxidizing 
solution, containing 0.75 M NaOH in NaClO solution (available chlorine: 
4.00–4.99%, Sigma-Aldrich); (3) catalyst solution, containing 10 mg ml−1 of 
Na2[Fe(CN)5NO]·2H2O (≥99%, Sigma-Aldrich); and (4) 6 M NaOH solution. 
Specifically, 200 μl of 6 M NaOH solution was added into 4 ml of the testing sample. 
Afterwards, 50 μl of the oxidizing solution, 500 μl of the colouring solution, and 
50 μl of the catalyst solution were added sequentially, followed by ultrasonication 
for 10 s to mix the reagents. The absorbance measurement was performed on a 
UV–vis spectrophotometer (Shimadzu UV-2700) at a wavelength of 660 nm after 
2 h of colour development. The calibration curve (Supplementary Fig. 1) was 
established by examining a series of standard NH3 solutions (prepared based on 
the Hach standard solutions) from 100 ± 2 mg l−1 as NH3-N to 0–2.5 mg l−1 (in N) 
with 0.1 M H2SO4. The sample solution was diluted with 0.1 M H2SO4 if its NH4

+ 
concentration is out of the calibration range. An ammonia test kit (API) was used 
to quickly estimate the NH4

+ level and determine the dilution factor.

NMR quantification of 14NH4
+ and 15NH4

+. 1H-NMR spectra were obtained on an 
NMR spectrometer (Bruker Avance NEO 400 MHz system). The NMR sample was 
prepared by mixing 800 μl of the sample solution containing NH4

+ (in 0.1 M H2SO4 

medium) with 200 μl of DMSO-d6 (99.9% D, Cambridge Isotope Laboratories, 
Inc.)36. The standard 14NH4

+ (prepared based on NH3 solutions from Hach) and 
15NH4 solutions (prepared based on 15NH4Cl, ≥98 at% 15N, Sigma-Aldrich) were 
utilized for calibration with concentrations ranging from 0.1 to 5 mg l−1 (in 14N 
and 15N). Water suppression was carried out for all NMR measurements. The scan 
number was chosen to be 1,024 for 1–5 mg l−1 and 2,048 for lower concentrations. 
The NMR calibration curves are shown in Supplementary Figs. 3 and 6.

Determination of hydrazine. N2H4 contents were measured by the 
Watt and Chrisp method39. The colouring solution consisted of 2.0 g of 
p-dimethylaminobenzaldehyde (Fisher Chemical) in 10 ml of hydrochloric 
acid (TraceMetal Grade, Fisher Chemical) and 100 ml of ethanol (200 Proof, 
Decon). Specifically, 5 ml of the sample was mixed with 5 ml of colouring 
solution. After 15 min, absorbance measurement was performed on the UV–vis 
Spectrophotometer at the wavelength of 458 nm. Calibration solutions were 
prepared by dissolving N2H4·2HCl (99%, Acros Organics) in 0.1 M H2SO4 to 
0–2 mg l−1 (in N) (Supplementary Fig. 1).

Material characterization. X-ray photoelectron spectroscopy was performed on a 
Kratos Amicus/ESCA 3400 X-ray photoelectron spectrometer with a magnesium 
K-alpha X-ray (1,253.7 eV), and all spectra were calibrated with the carbon 1s peak 
at 284.8 eV. For the nitrogen 1s region, the scan number was increased to obtain 
distinguishable signals. SEM-EDS was performed on a field-emission scanning 
electron microscope (FEI Quanta-250) equipped with a light-element X-ray 
detector and an Oxford Aztec energy-dispersive X-ray analysis system. Samples 
were directly loaded onto the carbon tapes without applying conductive coatings. 
TGA–MS measurements were carried out on a Netzsch STA 449 F1 Jupiter 
simultaneous thermal analyser with a mass spectrometer to determine the evolved 
gases. Samples were loaded in alumina crucibles, and the ramping rate was applied 
at 10 °C min−1 from room temperature to 250 °C, followed by an isothermal step at 
250 °C for 1 h. The measurements were carried out under flowing argon (99.999%, 
Airgas) at a constant flow rate of 30 ml min−1.

Removal of NO3
− in Fe2O3 (Alfa Aesar no. 45007). The NO3

− in commercial 
Fe2O3 can be removed by an alkaline washing or heat treatment. Specifically, 
for alkaline washing, 6 g of the Fe2O3 sample was dispersed in 1 l of 0.1 M KOH 
solution by ultrasonication for 30 min, followed by vacuum filtration and finally by 
washing with 2 l of deionized water until pH of the filtrate reaches 7. After drying 
under vacuum for 12 h, the NO3

−-removed Fe2O3 sample by alkaline washing was 
obtained and labelled as Fe2O3-washed. For heat treatment, the Fe2O3 powder was 
heated in an oven at 180 °C for 12 h. The obtained NO3

−-removed Fe2O3 sample by 
heat treatment was denoted as Fe2O3-HT.

Electrolyte preparation and cell operation. We conducted the electrolysis in 
a H2O–NaOH–KOH electrolyte containing 40 wt% or 9.3 wt% of water and 
equal moles (0.73 mol each) of NaOH and KOH at 200 °C. Note that the 9.3% 
H2O–NaOH–KOH (that is, molten NaOH–KOH) was prepared by mixing 
commercial NaOH and KOH without adding any extra water, and its 9.3 wt% of 
water content was solely from the KOH chemical (containing 15 wt% of water). In 
a typical test, the catalyst powder was charged and dispersed into the electrolyte 
to form a suspension. Ultrahigh-purity N2 or argon (99.999%, Airgas) at the flow 
rate of 100 ml min−1 was bubbled throughout the test. The exhaust gas from the 
electrolytic cell was bubbled into a 0.1 M H2SO4 trapping solution (100 ml) for 
NH4

+ quantification. A constant current (typically, 250 mA) between the electrodes 
was applied by a potentiostat (WaveDriver 20 Bipotentiostat/Galvanostat) after 
30 min of gas bubbling (the first half-hour). During electrolysis, the trapping 
solution was changed every half hour for NH4

+ quantification until no considerable 
NH3 production can be detected. Photographs of the entire set-up and cell 
components are shown in Supplementary Fig. 4.

Data availability
Source data are provided with this paper. All data supporting the findings of this 
study are available from the corresponding author on reasonable request.
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