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PHOTOASSISTEO CATALYT[C UISSOCIAHON OF HzO AND 
REDUCT ION OF Nz TO NH3 ON PARHALLY 

REDUCED FezOJ 

Mahmoud M. Khader+ and Norman N. Lichtin++ 
Gerard H. Vurens, Miquel Salmeron and Gabor A. Somorjai 

Materials & Molecular Research Division, Lawrence Berkeley Laboratory 
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ASS TRACT 

Hz and NH3 were produced when suspension of Fez03 catalyst particles 

or sintered pellets in water were illuminated with light of energy 

greater thari Z.3eV. Catalytic action was demonstrated by detecting Hz 

yields many times the stoichiometric equivalent of the measured (by 

X-ray diffraction, Nossbauer spectroscopy and oxidimetry) Fe( [I) content 

of the catalyst up to 80x for H2 and ZOx for NH3. The initial rate 

of formation of Hz was 40~oles/hr.g catalyst and of NH3 was 

lO~moles/hr.g catalyst. The formation of Oz was prov~d by mass 

spectrometric observation using 18o labelled water. 

END OF ABSTRACT 

We report here the catalytic photoassist~d splitting of water into Hz 

and Oz and the photo.1ssisted reduction of N2 with water to NH3. The C.:Italyst 

determined by x-ray diffraction. ~1ossbauer experiments ;llso detect the presence 

could also be present in sm;1ll :llnounts. 

a-Fezo 3 is an n-type semiconductor with a b:!lld gap of about 2 .Je~V 1• 

rt can absorb at least ~0% of the solar flux. lt h;1s, acc<)rJingly, been 

investigated as a light 3bsorbing electrode for photoassi.sted electrolysis 

of waterZ-lZ, and as a catalyst in the photoassisted reduction of Nz to 

+on leave from the Dept. of Chemistry, Haston University. 
++Dept. of Chemistry, H~ston University. 



ammonia by waterl3 or by aqueous organic solutionsl 4 • The photoassisted 

production of Hz from H2o using Mg-doped Fe2o 3
15 • 16 and of NH3 from N2 using 

Fe-doped Tio2
17 •18 has already been reported. Because of the poor 

yields, the catalytic nature of these processes could not be assessed. 

The iron oxide catalyst that we report here is much more active than 

the iron containing samples that were previously utilized. The catalytic 

nature of the reactions could thus be demonstrated. 

We used the catalyst both in the forms of powder and as sintered 

pellets. [t can be prepared in powder form by exposing a-Fe 2o3 (Alfa 

prod. 99.9%) for 8 hours at 450°C and 1 atm to a flowing mixture of 70% Hz 

and 30% H2o vapor and then heating in o2 or air at 450°C for 10 min. One­

half inch diameter sintered pellets of iron oxide were prepared by pressing 

the powder to 7000 Kg/cm2 and then heating in air for 20 hr at ll50°C. 

The• pellets could be activated by reacting firs·t with 70i.Hz-30%Hz0 at 

50U°C and 1 atm for_ 10 min. and then with o 2 or air at 450.°C for 10 min. 

The composition of the catalyst was estimated from its X-ray 

powder diffraction pattern by comparing the ratio of the inte:~rated 

intensities of the (220) spinel and (012) corundum reElections with 

kncJwn standards of spinel and crFezOJ. This analysis indicrJted that 

the material cont,1ins more than 90% Fez01 and less than lOY. F'e304. rh~ 

''lossbauer spectrum also indicated that the major co1nponent is crF<::!2U~\ 

(H=5l5 kOe, t:=O.l2mm/s, [S=0.60mm/s with respect to SNl>). Fe304 was 

d·~tectable but constituted less than 10% of the catalyst. Oxidimetric 

:t11:1lysis of solutions of the dissolved cat;1lyst in aq. HCl with KNno4
1 y 

indicated that 3-5 atom% of the iron in the catalyst is Fe(ll). 13!::T 

measurement showed a surface area of \.~:iS m2/g of the powdered catalyst. 

To measure the hydrogen yield, the reaction was performed in a 
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closed loop with either Nz or Ar circulating through a suspension of 

30mg of catalyst in )Oml of·deionized water i.n a thermostated pyrex 

cell (Temperature 29-30 C). The suspension was illuminated with 

20mW of light from a lSOW Xe lamp. The gas stream was periodically 

leaked into a UHV chamber whe.re it was analyzed with a calibrated 

quadrupole mass spectrometer. rn its ·pure form neither a-FezOJ nor the 

reduced form of the oxide, Fe304, are active as photocatalyses. Assuming 

that all the catalyst particles were active during the experiment, the 

initial rate of hydrogen formation was 40 u moles/hr.g catalyst. 

To determine the yield of ammonia, Nz gas was bubbled through the 

aqueous slurry of catalyst and illuminated by 20mW of light. The gas 

stream was subsequently passed through a trap containing dilute aq. 

HCl at 0-4°C. Aliquots of solution from both the cell and the trap 

were analyzed spectrophotometrically by the trichlora~ine method20 

The initial rate of ammonia formation was 10 umoles/hr .g catalyst. 

We can roughly express the rate in terms of catalyst surface area. For 

our ~xperimental conditions the result is 100 u moles/hr.m2 (which would 

be equivalent to 0.5 \.1 A/cm2), assumi:-~g that only half of the particles are 

illuminated on one side at any given time. 

t)y using.Ar instead of ~2 as the circuL1ting g;.~s, ::~mmc)lli.1 prt>duction 

was l~ss than tlte d~tectlon limit of the trichlc)r:llni.cle tn~tlwd(:.! x ltl-,') ~lol.~s)2!) 

[n the case of Hz, the yield was unaffected by using Ar i.nst~ad of Nz as 

the ci.rcc1lating gas. NH3 and H2 and 0-z thus appear to he fonned in parallel 

The production of both Hz and NH3 was only observed when the catalyst 

was illuminr~.ted with light of waveleng;th shorter than 540nm. \Jllen the 
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reaction was carried in the dark neither Hz nor NH3 was observed. 

The formation of Oz was demonstrated by using a pellet suspended 

in 3ml of water labelled with lao and detecting products of mass 36, 34 

and 3Z mass-spectrometrically. 

The observed Oz to Hz ratios varied between 0.41 and O.Sl in four 

different measurements. 

The oxidation products formed in the Nl~ reaction are not yet known 

at present. 

The results of these experiments are presented in the figureo Our 

studies demonstrate that the catalyst remains active for production of 

both NH3 and Hz for about 450hr. Assuming that the catalyst contained 

5 atomi. of Fe(II) (in the form of Fe304), the yield of Hz obtained in 

about 450hr would be equivalent to 80 times the stoichiometric reducing 

capacity of the catalyst whtle the yield of NH3 obtained in about 

580hr. of illumination would~ be: equivalent- to 20 times the stoichiometric 

reducing capacity of the catalyst. In fact, no significant consumption 

of Fe(ll) was detected either by X-ray di.ffrCiction or by oxidimetric 

measurements on samples of the used catalyst. [t can he C<)llCluded 

that the observed reactions are catalytic. As can be seen in the 

figure a significant decay of cat:dytic activity w;1s ubserved aftt!r 

several hundred hours of i_ llumination. Th(~ re:1sons t•Jr this decay 

are under investigation. A rnore detailed account Df these :l!ld •>ther 

experiments will he published i.n a forthcoming paper. 
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FIGURE CAPT[ON 

Cumulative amounts of Hz and NH3 obtained from photodissociation 

of HzO and photoreduction of Nz by ZO~W of light of energy greater 

than Z.3eV. The catalyst consist of aqueous suspensions of partially 

reduced particles of iron oxide. For comparison we indicate the 

amounts of Hz that would correspond to the stoichiometric oxidation 

of Fe(II) by HzO in samples containing 100% and 5% Fe([[) respectively. 
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