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with H2O and O2 molecules, leading to the formation of
reactive oxygen species (ROS).

The reaction mechanism can be depicted as follows (eqs
1−3):

λ+ < → +− +hv e hTiO ( 390 nm)2 (1)

+ → ++ • +h H O OH H2 (2)

+ →− −e O O2 2 (3)

Photocatalytic reactions can be initiated by the resulting ROS.21

Additionally, recent studies have shown that the resultant ROS
can diffuse far from the surface and induce remote gas phase
oxidation in the vicinity of the TiO2 surface.22−31 Remote
photo-processes were first observed by Tatsuma et al.22 In their
studies, aromatic and aliphatic substances were reported to be
photooxidized into CO2 by ROS that were generated at the
TiO2 surface and then desorbed into the gas phase.22,23 The
impact distance has been shown to be quite high, up to 2.2
mm.23 Direct detection of the presence of ROS confirmed the
diffusion of ROS away from the TiO2 surface.27−31

Furthermore, the diffusion of ROS is thought to occur in all
media, including gas, liquid, and solid phases, and to be an
important part of these photocatalytic processes.24

Species that form upon irradiation can reduce and/or oxidize
environmental pollutants adsorbed on the TiO2 surface,
including volatile organic compounds (VOCs), leading to the
breakdown of these pollutants into low-molecular weight
products. The photolysis of TiO2 is a main feature developed
as a usage of TiO2-based materials by adding TiO2 or applying a
TiO2 coating to conventional building materials for environ-
mental remediation.32,33 The potential self-cleaning applica-
tions of TiO2 are related to window materials, cement, tiles,
paving stones, and other building materials and paints, which
stay clean themselves in the presence of sunlight due to their
ability to break down atmospheric organic species.34−36 TiO2
surface chemistry and photochemistry and its applications in
environmental remediation have been extensively reviewed very
nicely in several publications.8,36−41

The greatest interest and focus of this review is the potential
impact of TiO2 photocatalysis on the atmospheric environment.
While short wavelength (<290 nm) solar radiation is adsorbed
in the stratosphere and the upper troposphere, a significant
solar actinic flux reaches the Earth’s surface.42 At high noon, the
actinic flux of solar radiation in the lower troposphere in the
near UV region, 300−390 nm, is on the order of 1013 quanta
cm−2 s−2. Photon energies in this region are sufficient to
activate TiO2, with the formation of separated electron-hole
pairs, as discussed above.43 TiO2 can be found as a minor
component of Aeolian dust particles. The mass mixing ratios of
TiO2 in atmospheric dust sources are in the range of 0.1−10%
depending on the source from which they originated prior to
uplifting into the atmosphere.44 Additionally, TiO2 particle
surfaces have been recently reported in urban airsheds,
suggesting that there may be some anthropogenic release due
to its widespread usage.45,46 Although TiO2 is a relatively minor
component in the environment, its interaction with solar
radiation can initiate a number of photochemical processes, and
therefore, it potentially plays a role in daytime atmospheric
chemistry. Understanding the photocatalytic behavior of TiO2
is expected to fill a gap in our knowledge of atmospheric
chemistry, which previously has not considered the impact of
TiO2 photocatalysis on the chemical balance of the troposphere
to any great extent.
The intent of this paper is to review several aspects of our

current understanding of the role of TiO2 in atmospheric
chemistry. In particular, potential sources of TiO2 that may play
a role in atmospheric chemistry are discussed. This is followed
by a summary of the interaction of TiO2 surfaces with water
vapor and molecular oxygen, given that both adsorbed water
and oxygen play an important role in TiO2 surface processes
and these are abundant gases in the atmosphere. The
mechanisms and kinetics of heterogeneous chemistry and
photochemistry of atmospheric gases, including carbon dioxide,
nitrogen oxides, nitric acid, sulfur dioxide, ozone, hydrogen
peroxide, and VOCs, on TiO2 particle surfaces are then
reviewed. Finally, future research directions in TiO2 photo-
catalysis in atmospheric chemistry are discussed.

2. POTENTIAL SOURCES OF TIO2 SURFACES IN THE
ATMOSPHERE OR IN CONTACT WITH
ATMOSPHERIC GASES

TiO2 has been widely reported to be present in airborne
particulate matter (PM).47−59 For example, analysis of total
suspended particles (TSP) in the atmosphere in southeast
Beijing reported that on average there was 250−520 μg m−3 of
TSP for the different seasons from autumn 2005 to summer
2007 with 0.75−1.58 μg m−3 of that TSP composed of TiO2.

57

Sources of TiO2 particles in the atmosphere include both
natural processes and human activities, which is discussed in
more detail below. It is noteworthy that, due to the limitation of
techniques for aerosol particle characterization, there are few
studies that have simultaneously detected the size, composition,
and phase of small atmospheric particles. It is generally
assumed that metals detected in the aerosols are attributed to
their corresponding metal oxides with no or limited knowledge
of the exact phase.
2.1. TiO2-Containing Mineral Dust Aerosol

The main source of TiO2 particles suspended in the
atmosphere is most likely from windblown mineral dust. As
one of the most mass abundant types of aerosols emitted into

Figure 1. Schematic of TiO2 photoexcitation to initiate electron−hole
pairs (e−/h+) and redox chemistry at the TiO2 surface. Separated
electron−hole pairs at the TiO2 surface can result in the reduction of
electron acceptors (A) by photogenerated electrons and the oxidation
of electron donors (D) by photogenerated holes. TiO2 photocatalysis
with atmospheric gases has the potential to play an important role in
atmospheric chemistry.
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• use	of	the	photoelectric	effect	at	atmospheric	pressure

• UV-light	interac=on	with	metal	surfaces	yields	low	energy	electrons

• electron	capture	forms	nega=ve	ions

• superoxide,	O2-,	represents	main	reagent	ion	when	oxygen	is	present

Background
Challenge:

• molecular	reac=on	pathways	in	photocataly=c	and	
photoelectric	processes	remain	unclear

• previously	published	mechanisms	seem	to	explain	
only	individual	cases	under	certain	selected	
condi=ons

• reac=on	mechanisms	are	required

• determina=on	of	the	presence	and	the	role	of	
reagent	ions,	like	as	for	example	O2-,	is	necessary

• differen=a=on	between	surface	bound	and	gas	
phase	ions	and	reac=ons,	respec=vely

• inves=ga=on	of	possible	molecular	level	
connec=ons	between	photoemissive	and	
photocataly=c	electron	processes

Approach:

• combina=on	of	two	well	evaluated	reac=on	
systems

‣ capillary	Atmospheric	Pressure	Electron	Capture	
Ioniza=on	(cAPECI)	[1]

‣ heterogenous	conversion	of	NO	on	commercial	
photocataly=c	dispersion	paint	[2]

• system	condi=ons	are	simplified

‣	use	of	inert	gases
‣	vacuum	condi=ons

‣	monochroma=c	light	excita=on

‣	monocrystaline	oxides

Photoexcita=on	(<	390	nm)	of	TiO2		leads	to	the	forma=on	of	e-	in	conduc=on	
band	and	h+	in	valence	band.

Photocatalysis

cAPECI

e-	ini=ate	reduc=on	of	e.g.	O2

O2	+	e-											O2-															HO2

HO2	+	NO											OH	+	NO2															HNO3

Figure	1)	 Proposed	mechanism	for	photocatalysis	
on	TiO2	surfaces	[3]

h+	ini=ate	oxida=on	of	e.g.	H2O
H2O	+	h+												OH	+	H+												

OH	+	NO2															HNO3

Experimental	Setup:

MS
Photoreactor

Photoemissive
materials
RadiaGon
sources								

Measurement
chamber
Ion	Current
measurements
NOx	monitor
Pump

Esquire	6000	QIT,	Bruker	Daltonic
custom	designed	flow	tube	type
reactor	(Fig.	2))
Sto	PhotosanNOX	(TiO2);	
monocrystaline	ZnO;	Cu;	Al
ATL	Atlex	KrF*-	excimer	laser	
(248nm);	NUV-Diode	(390	nm);	
low	pressure	mercury	lamp	
(PenRay)	(185/254	nm)
custom	designed	chamber	with
detector	and	target	plate	(Fig.	3))
Keithley	602	electrometer;
Textronix	oscilloscope
NO2	LOPAP	instrument
Pfeiffer	Vakuum	TurboDrag	Pump

ApplicaGon:

• environmental	chemistry

• nega=ve	ion	atmospheric	pressure	mass	
spectrometry

• heterogeneous	catalysis

Figure	2)	 Custom	designed	flow	tube	type	photoreactor	
based	on	cAPECI	source	design	[2]

to	MS/													
NOx	monitor

Analyte	gas	streamsMain	
gas	stream

Target	plate	with		
photocatalyGc	materialReacGon	scheme	for	the	

photocatalyGc	conversion	of	
NO

Light	
emission	

Adjustable	holders	

to	vacuum	
pump

Detector	plate
Probe	plate	carrying	target	material;

adjustable	acceleraGon	voltage

PhotocatalyGc	measurements:

• radia=on	source	is	mounted	on	top	of	the	quartz	window

• target	plate	is	adjustable	in	height,	photocataly=c	material	is	
exchangeable

• analyte	or	other	compounds	are	added	to	the	main	gas	stream	up	or	
downstream	of	the	irradiated	volume

• coupling	to	NOx	monitor	to	inves=gate	photocataly=c	ac=vity

• coupling	to	MS	to	check	for	generated	gas	phase	ions	and	to	determine	
gas	phase	composi=on	(post	ionisa=on)	

Quartz	
window

Quartz	
window

Photoemissive	measurements:

Figure	3)	 Custom	designed	measurement	chamber

• radia=on	is	directed	through	a	quartz	window	onto	the	sample	
material

• adjustable	accelera=on	voltage	is	applied	to	the	probe	plate

• distance	between	probe	and	detector	plate	is	variable

• detector	plate	is	connected	to	the	electrometer	to	measure	
ion/photo	current

• chamber	background	pressure	is	adjustable	down	to	10-5	mbar

• chamber	is	pressurized	with	N2	or	synthe=c	air	to	vary	gas	
phase	condi=ons

Laser power PressureAcceleration voltage (AV)

TiO2,	-100	V	AV:

	ZnO,	-250	V	AV:Ion	intensi=es	I(M+)	vary	with	
laser	power	PLaser	to	the	
power	of	the	number	of	
photons	required	to	generate	
photo	electrons	provided	the	
corresponding	transi=ons	are	
not	saturated:
					I(M+)	=	c	PLasern

It	follows:
					log	I(M+)		=	n	log	PLaser	+	c

above	and	le*:	Varia=on	of	the	
laser	intensity	between	1	and	10	
mJ	results	in	ion	currents	which	

correspond	to	a	range	of	n	
between	0.1	and	0.3.	We	explain	
this	observa=on	by	satura=on	of	

the	transi=ons	leading	to	
genera=on	of	photo	electrons	

due	to	the	high	laser	power	and	
the	rela=vely	small	irradiated	
area.	A	varia=on	of	pressure,	

accelera=on	voltage,	laser	
frequency	or	gas	has	no	influence	

on	the	propor=onality	slope.

	ZnO,	air,	1.4E-5	mbar,	10	mJ:right:	A	nega=ve	accelera=on	
voltage	is	applied	to	the	
probe	plate.	The	signal	
intensity	(integral	area	of	the	
=me-resolved	photo	current
signal)	increases	with	
increasing	accelera=on.
Addi=onally,	the	peak	shape	
varies	with	the	accelera=on	
voltage.	The	signal	length	
increases	with	rising	field	strength.	This	effect	is	especially	pronounced	at	
low	pressures	and	high	accelera=on	voltages.

le*:	At	elevated	pressures	a	
minimum	value	of	accelera=on	
voltage	is	necessary	to	yield	a	
measurable	ion	current.	The	

different	measurements	are	not	
comparable	with	respect	to	the	

absolute	signal	intensity	because	
of	changing	experimental	

condi=ons	(gas	phase,	electrode	
distance	and	laser	power).		

	ZnO,	N2:

le*:	The	signal	intensity	strongly	
depends	on	the	pressure.	The	

photoelectric	yield	increases	with	
decreasing	pressure.	

Addi=onally,	the	signals		become	
narrower.	

Gas

Surprisingly,	the	photoemissive	measurements	do	not	show	any	significant	
differences	between	air	or	nitrogen	being	present	in	the	chamber.	
Previous	inves=ga=ons	revealed	a	strong	dependency	on	the	oxygen	ra=o	
for	photoemissive	as	well	as	photocataly=c	effects.	For	cAPECI-MS	the	
presence	of	oxygen	is	necessary.	In	contrast,	the	used	commercial	
photocataly=c	dispersion	paint	(TiO2)	shows	photocataly=c	ac=vity	even	in	
an	oxygen-free	atmosphere,	which	is	traced	back	to	the	fact	that	water	
and/or	oxygen	is	adsorbed	on	the	surface	(see	figure	1)).	

• VUV	irradia=on	(185	nm)	leads	to	genera=on	
of	gas	phase	nega=ve	ions	when	aluminum	
as	well	as	TiO2	dispersion	paint	is	used	as	
photoemissive	material

• measured	ion	distribu=ons	are	consistent	
with	previous	cAPECI-MS	measurements

• photocataly=c	conversion	of	NO	is	
observable	using	the	TiO2	dispersion	paint	at	
390	nm

• NUV	irradia=on	(390	nm)	does	not	generate	
any	gas	phase	ions	detectable	by	the	MS
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Light	
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Outlook:

PhotocatalyGc	measurements:

Photoemissive	measurements:

• dependencies	of	the	photoelectric	yield	on	
the	accelera=on	voltage	and	the	pressure	
are	as	expected

• at	elevated	pressures	no	photoelectric	yield	
without	applying	accelera=on	voltage

• varia=on	of	laser	power	shows	a	surprisingly	
low	dependency	of	the	photo	current

• no	significant	difference	between	air	or	
nitrogen,	most	probably	caused	by	gas	
impuri=es

• used	materials	do	not	show	significant	
differences	in	their	photoemissive	proper=es

• presented	results	are	pre-examina=ons,	
further	MS-experiments	will	follow

• use	of	light	source	which	is	tunable	in	energy	
and	power	(e.g.	OPOs)

• further	inves=ga=ons	on	gas	phase	
dependencies		(water	vapor,	noble	gases,	
compounds	with	high	electron	affini=es	e.g.	
SF6)

• differen=a=on	between	photo	and	ion	
currents
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