
Towar d a mor e eff icient  path 
t o ammonia

Agriculture depends on ammonia, a crit ical 
ingredient in most fert ilizers. Chemical 
manufacturing also relies on ammonia for 
various processes, from the product ion of 
pharmaceuticals to cleaning agents.

Outside of lightning strikes, decom-
posit ion, and specialized bacteria, 
ammonia does not readily form in nature. 
The Haber?Bosch process is the main 
industrial process for ammonia product ion. 
It  typically uses hydrogen from fossil 
sources, requires very high temperatures 
and pressures, and is a large source of 
carbon dioxide emission.

Recent experiments have suggested that 
magnetite (Fe3O4) nanopart icles in the 
presence of microdroplets of water and 
nitrogen gas under near-ambient 
condit ions offer an alternate process to 
create ammonia. Unt il recent ly the 
mechanism behind this process remained 
unclear. This new study provides the first  
direct spectroscopic evidence of surface 
hydroxylat ion (water split t ing) and 
nitrogen adsorpt ion in the product ion 
of ammonia.

Beamline data agr ees wi t h 
t heor et ical pr edict ions

Researchers from two divisions within 
Lawrence Berkeley National Laboratory 

(Berkeley Lab)? the ALS and the Chemical 
Sciences Division? collaborated to 
combine ambient-pressure x-ray photo-
electron spectroscopy (APXPS) data from 
the ALS with ab init io computat ional 
methods to clarify the role of 
hydroxylat ion and act ive surface sites on 
magnetite nanopart icles that enable 
nitrogen reduct ion.

The team used APXPS at two ALS 
beamlines. Beamline 9.3.2, which produces 
low-energy, soft  x-rays, exposed 
magnetite nanopart icles placed on gold foil 
to varying pressures of water vapor and 
nitrogen gas, as well as different 
temperatures. Under these experimental 
condit ions, the team aimed to understand 

Scient i f ic 
Achievement
Researchers studied a novel 
approach to ammonia synthesis by 
measuring the surface hydroxylat ion 
of magnetite nanopart icle catalysts 
under ambient, in situ condit ions at 
the Advanced Light Source (ALS).

Signi f icance 
and Impact
These experimental and 
modeling results pave the way 
for more efficient and economical 
ammonia product ion.

The rat ios of surface hydroxyl (open symbols) and water (closed symbols) relat ive to Fe?O 
magnet ite nanopart icles change with temperature after exposure to water vapor. The 
hydroxylated magnet ite lowers the barrier to nit rogen gas (N2) interact ion and reduct ion
and thus results in the format ion of ammonia and hydrazine.

Fr om Magnet i t e t o Ammonia, 
A New Line of Pr oduct ion
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hydroxyl formation on the nanopart icle 
surface by measuring the core level spectra 
of iron, nitrogen, oxygen, and carbon. The 
team used Beamline 9.3.1, which offers 
medium-energy, tender x-rays, to expose 
the samples to higher photon excitat ion 
and thus allowed to increase the water 
vapor and nitrogen gas pressures during 
the experiments.

In parallel, the team conducted advanced 
quantum chemistry-based simulat ions that 
clarified how water molecules split  and 
create special surface sites on the 
magnetite nanopart icles. The sites provide 
locat ions where the nitrogen reduct ion 
takes place. Ab init io molecular dynamics 
and free energy calculat ions also 
confirmed that hydroxylated magnetite 
surfaces lower energet ic barriers for 
nitrogen reduct ion, which enables diverse 
binding geometries and proton-coupled 
electron transfer mechanisms.

A mechanism explained

This is the first  study to provide an 
integrated experimental?theoret ical 
foundation for understanding the 
atomic-scale mechanism behind ammonia 
synthesis at water?magnetite interfaces 

that drive nitrogen fixat ion under 
ambient condit ions, a longstanding goal 
of sustainable chemistry. This new 
approach shifts the paradigm from viewing 
nitrogen binding as a rate-limit ing step 
that hinders ammonia product ion to 
recognizing that water act ivat ion can 

enable and enhance catalyt ic act ivity. This 
insight can guide future efforts for 
ammonia synthesis with low energy input 
and minimal carbon emissions.
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From left  to right : Teresa Head-Gordon, Moni Blum, Shane Devlin, Sruthy Ket t idathil Chandy, and Nykita Rustad analyzed samples at  Beamlines 9.3.1 

and 9.3.2 at  the Advanced Light  Source.  (Credit : Erika Riffe/Berkeley Lab)
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