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NOTE 

Photocatalytic Oxidation of Ammonia on Zinc ‘Oxide Catalysts 

We report here the reaction between 
gaseous ammonia and oxygen, occurring at 
room temperature on ultraviolet-irradiated 
zinc oxide cat,alysts, yielding nitrous oxide, 
nitrogen, hydrogen, and water; or nitrogen, 
hydrogen, and water, depending upon the 
pretreatment of the catalyst. The photo- 
catalytic behavior of zinc oxide suspensions 
is well known, however few examples have 
been reported of vapor-phase photocata- 
lytic reactions. Equilibration of oxygen 
isotopes at 25°C (1) and the oxidation of 
carbon monoxide at 400” and 0°C (2, S) 
have been carried out on zinc oxide cata- 
lysts. Cuprous oxide films on Cu metal are 
also photocatalytically active at 25°C for 
oxidation of CO (4). 

Direct exposure of gaseous ammonia to 
ultraviolet radiation results in decomposi- 
tion to N?, and H, for ammonia pressure to 
1 atm (5). 

Hydrazine is obtained as a product in 
flow systems upon irradiation at 1849A, 
however no hydrazine is obtained upon 
static photolysis of NH, (6). The photo- 
chemical reaction of ammonia with oxygen 
gas has been reported to yield only N?, H,, 
and H,O as products (7). It has also been 
reported that this reaction yields some am- 
monium nitrate and nitrite, but that these 
compounds decompose upon prolonged ir- 
radiation into N,, H,O, and 0, (8). 

The reaction of ammonia gas with oxy- 
gen is reported to yield nitrous oxide as 
principal product on several oxide catalysts 
(9, IO), notably those of Bi, Mn, Co, Cu, 
and Fe. Krauss suggests that these oxides 
contain excess oxygen as lattice defects, 
and operate to form N,O because of t’his 

active oxygen. Optimum yields of N,O are 
obtained with these cat.alysts above 200°C. 
It is also reported that p-type semiconduc- 
tor oxides are more effective catalysts for 
this reaction than n-type oxides (II). 

EXPERIMENTAL 

Anhydrous ammonia gas and dried cyl- 
inder oxygen were passed at flow rates of 
40 ml/min into a quartz tube of 400 ml 
capacity, the inside of which was coated 
with zinc oxide. The zinc oxide coating was 
deposited by suspending approximately 5 g 
of ZnO in 25-30 ml of absolute ethanol, 
followed by removal of ethanol by vacuum 
evaporation while continuously rotating the 
quartz tube. The ZnO formed a uniform 
coating about 0.05 mm thick. The quartz 
reaction tube and quartz tube containing 
the Hanovia 550 watt Hg arc lamp were 
immersed in cooling water maintained at 
23-25°C. The dist,ance between the lamp 
and the reaction chamber was 5 cm. The 
reaction tube was then irradiated with the 
full Hg spectrum for 1 hr, after which 
samples were collected for analysis. Water 
and unreacted ammonia were removed with 
a cold trap and solid oxalic acid. Analysis 
of products was carried out by gas-solid 
chromatography (12). The presence of 
N,O was further confirmed by its infrared 
spectrum. 

RESULTS 

The results of several experiments are 
summarized in Table 1. The photolytic 
reaction of NH, and 0, and the homogene- 
ous photolytic dissociation of NH, occurred 
to a large extent on ZnO (B). 
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TABLE 1 
RESULTS OF PHOTOCATALYTIC OXIDATION OF NH, ON ZNO SAMPLES 

CatalystQ 

Products found (not 
removed by Dry Ice- 
acetone trap) Other products found Conditions of reaction 

ZnO (A) NzO - 77 y* 
Nz - 14% 
H2 - 5 to 10% 
Unreacted O2 also 

observed. 

Hz0 
HNO, (traces) 
Unreacted NH, 

Continuous irradiation 
of catalyst 

ZnO (A) 

ZnO (B) 

No reaction 
O2 only 

Hz - 45 to 50% 
Nz - 30 to 35ojo 
Unreacted 0, also 

observed. 

No reaction No irradiation of 
Unreacted NH, only catalyst 

Hz0 Continuous irradiation 
Unreacted NH, of catalyst 

a ZnO (A): Sample prepared by decomposition of ZnCOs at 550°C followed by heating under flowing H* 
at 250°C for 2 hr prior to use. 

ZnO (B): Sample prepared as (A), Hz treatment followed by heating under flowing 02 at 300°C for 2 hr 
prior to use. 

Analysis of samples by EDTA titration, Eriochrome Black T indicator: Calc.; Zn 80.60% 0 19.40% 
ZnO (A); Found Zn 81.40%, ZnO (B); Found Zn 79.95%. 

With ZnO (A), less than 15% of the 
NH, was consumed by gas phase, homo- 
geneous dissociation or homogeneous reac- 
tion with 02. The zinc oxide coating was 
not entirely opaque to passage of ultravio- 
let radiation, and it appears that N, was 
formed by the homogeneous gas-phase 
photolysis of the NH,-0, mixture. The 
compositions shown in Table 1 are anal- 
yses of samples removed from the gas 
stream after removal of H,O, unreacted 
NH,, and other products condensable at 
-78°C. From estimation of the relative 
amount of oxygen leaving the reaction 
chamber, more than 75% of the NH, was 
consumed, either by homogeneous photo- 
lytic decomposition or oxidation, or by the 
competing pathway yielding N,O. No evi- 
dence of reaction could be found in the 
absence of irradiat,ion. Upon irradiation, 
only those ZnO samples which had been 
pretreated with H, displayed catalytic ac- 
tivity for N,O formation. NO and NO, 
could not be detected as reaction products. 
The catalysts could not be activated by 
heating in vacua, treatment reported to 

activate ZnO for hydrogenation of ethylene 
(13) * 

DISCUSSION 

We are unable to state, at this time, the 
extent to which a difference in light trans- 
mission of the ZnO coatings (A) and (B) 
is responsible for the greater N, concentra- 
tion obtained on (B). Since nearly equal 
amounts of ZnO were used the thickness of 
the ZnO coatings is comparable, and it 
appears that the difference in relative 
amounts of N, obtained on (A) and (B) is 
a result of the competing reaction yielding 
N,O. 

These results may be interpreted with 
respect to photoelectric processes occurring 
on zinc oxide. Oxygen gas, under the condi- 
tions of this experiment, is desorbed dur- 
ing irradiation of zinc oxide (14). Since the 
value of the photoconductivity of zinc ox- 
ide decreases with increasing pressure of 
oxygen (15), chemisorbed oxygen is re- 
leased from the ZnO surface by capture of 
electrons or holes, and released in an active 
form. The reactive oxygen may either de- 
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sorb, or in the presence of ammonia may 
react with ammonia forming nitroxyl 
(HNO) and H,O. N,O may then be formed 
by combination of two HNO molecules, 
which is in agreement with the mechanism 
proposed by Krauss for the catalytic for- 
mation of IV,0 from NH, and 0, on oxide 
catalysts at 300°C (loj, i.e., 

hv + ZnO(s) + +(ZnO) + ee(Zn0) (a) 
e-(ZnO) + 02 + Os-(ZnO) (h) 
HNB(g) + Oe-(ZnO) + e-(ZnO) + HNO + Hz0 

(cl 
HNO + HNO + NzO + H,O (4 

Reaction (b) appears to be involved in 
many reactions with irradiated ZnO and 
0,. Evidence for reaction (c) is the forma- 
tion of N,O from gaseous NH, and 0, on 
metal oxide catalysts which contain excess 
oxygen (MnO, COO, NiO, FeaOs), this 
oxygen presumably existing as lattice de- 
fects (11). Krauss reports a uniform rise 
in catalytic activity for these oxides with 
increase in concentration of excess oxygen 
(10). However zinc oxide treated with oxy- 
gen is not an effective catalyst for this 
reaction. Similarly our oxygen-treated ZnO 
(B) is not an effective photocatalyst for 
oxidation of NH, to N,O. Irradiation of 
partially reduced zinc oxide [as in ZnO 
(A)] may make possible a release of chem- 
isorbed oxygen as a reactive species similar 
to p-type oxides previously found to be ac- 
tive catalysts for this reaction in the ab- 
sence of irradiation. 

Formation of N,O by way of a primary 
step involving photolysis in the gas phase 
of either NH,? or O,, followed by photo- 
catalyzed reaction steps on the ZnO surface 
remain as a possible mechanism. 
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