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Introduction
Thin film and low-dimensional structure technologies in conjunction 
with microtechnology are rapidly replacing many technologies and 
devices based on conventional bulk materials, particularly in medical 
and energy-related applications. Thin film photocatalytic and photo-
active materials are now used in a number of applications not possible 
with bulk materials, including photolytically driven electrochemistry 
(PDEC), energy storage, photovoltaic devices, dye sensitized solar cells, 
self cleaning surfaces, drug delivery and fuel cell electrodes [1-11]. 

PDEC processes are being developed primarily to generate oxygen 
using photons to “split” water. This and many of the above applications 
are inspired from Photosystem II which is an integral subprocess of 
photosynthesis [12]. Photosystem II (or water-plastoquinone oxido-
reductase), shown in Figure 1, is the first protein complex in photon 
activated reactions occurring in photosynthesis, and is located in the 
thylakoid membrane of plants, algae, and cyanobacteria [2]. Photons 
absorbed by this enzyme are used to eject  electrons that are then 
transferred through a variety of coenzymes and cofactors to reduce 
plastoquinone to plastoquinol. The energized electrons are replaced 
by oxidizing water to form hydrogen ions and molecular oxygen. By 
obtaining these electrons from water, Photosystem II provides the elec-
trons necessary for photosynthesis to occur. This process has several 
steps: (1) photons (UVA + visible) are absorbed by chromophores (D1 
and D2), (2) charge separation occurs with the ejection of an electron, 
leaving the hole behind, (3) a chemical change from redox reaction 
driven by electrons to H+ flow occurs due to energy capture to produce 
chemical products ATP and NADPH+, and (4) an O2 molecule is 
formed from water supplying the electrons. Referring to Figure 1, water 
is “slit” by the following reaction [2]:
2H2O → 4H+ + O2 + 4e-

Figure 1. Schematic of Photosystem II.

Figure 2 depicts the various types of photocatalytic reactions and 
Figure 3 compares these reactions with basic photosynthesis processes. 
Each uses photocatalytic activity differently to achieve a specific func-

tion, as depicted in Figure 1. Comparing this to photosynthesis, we see 
that oxygen is generated using Photosystem II [2], and the fundamental 
photosynthesis reactions can be summarized as
6CO2 + 12H2O  --[hν + chlorophyll] → C6H12O6 + 6O2 + 6H2O

Figure 2. Types of photocatalytic reactions.

Figure 3. Comparison of photocatalytic reaction with photosynthesis.

Thus, all these phenomena rely on the creation of an electron-hole 
pair (exciton) when the surface is illuminated with ultraviolet radiation, 
usually in the 350 nm – 400 nm spectral range and the absorption of a 
photon. Reactions that can occur after creation of the electron hole pair 
are:

– electrons can be used to form a photocurrent
– TiO2 + hν → e + h
– holes can perform hydrolysis (photolysis)
– 2H2O + hν  → Active oxygen (AO) + 2H+ + 2e-

– holes can oxidize organics by
– 2H2O + hν       →      + OH-

– OH- + organic → CO2 + H2O

In this work we report on development of photocatalytic TiO2 
films for use in an artificial lung device employing the above PDEC 
technology and discuss future improvements needed to increase oxygen 
generation. Motivation for the artificial lung device is the significant 
increase of chronic lung disease (COPD) over the past several 
decades. Other technologies addressing this problem are based on the 
delivery of oxygen gas to the bloodstream via permeable hollow fibers 
and thus require differential gas pressure to drive O2/CO2 exchange and 
over come gas/liquid and intramembrane diffusion barriers. These barriers 
together slow mass transport and result in the need for large device 
surface area to achieve physiological gas eous flux. We have developed 
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an alternative approach for regulating intravascular respiration in 
which dissolved oxygen (DO) and oxyhemoglobin are generated from 
the water content of whole blood based on the indirect interaction of 
ultraviolet (UV) light with a nanocrystalline titanium dioxide thin film. 
This process uses photocatalytic TiO2 to simulate the chromophores 
mimicking Photosystem II in photosynthesis (see above).

The following properties are important to enhance the performance 
of this device:
• High surface area of the TiO2 film exposed to blood
• High photoactivity/quantum efficiency (O atom /photon in this case)
• Strong UV absorption
• Minimal exposure of blood to UV radiation

High porosity is important to expose mobile holes to a high surface 
area in as small a volume as possible in order to react with water in 
the blood and oxygenate blood, i.e., a high surface area/volume ratio 
is optimum. High quantum efficiency (charge carrier or O2/photon) is 
needed to utilize as many photons as possible and reduce the size and 
surface area of the device. As in many photolytic devices, the goal is to 
keep electrons and holes from recombining so that hole can reach the 
surface of the TiO2 film. To this end, high UV absorption is needed to 
introduce as many photons as possible into the TiO2 film. Thus tuning 
the band gap of the photoactive film to the light source is critical. We 
will see that low dimensional structures show promise for this improve-
ment. UV radiation heats and damages blood. Blood exposure to UV 
radiation must be minimal so as not to harm the blood.

Layer structure and mechanisms occurring in the PDEC device are 
shown in Figure 4. The device is illuminated with 365 nm radiation 
through a UV transparent window. An antireflection coating tuned at 
365 nm is applied to the window to increase transmittance. An indium 
tin oxide (ITO) layer (not shown in the Figure) is used as a transparent 
electrode for collection of electrons (while ITO is not the best possible 

TCO to use for this application, it is acceptable for device testing). 
Thickness of the photoactive TiO2 layer ranges from 1 μm to 2 μm. This 
structure is placed into an electrolytic cell for testing, described in a later 
section.

Figure 4. Schematic of PDEC device.

A DC bias is applied to the TiO2 layer. After exciton formation, holes 
migrate through solid uniformly in every direction by hopping pro-
cesses. When a hole reaches the surface of the TiO2 photocatalyst film 
it can then react with water. Electrons migrate via the conduction band. 
For high quantum yields, it is critical that electrons and holes do not 
re combine. The DC bias keeps electrons and holes separated and pre-
vents recombination, since holes are needed to generate atomic oxygen 
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(AO). This applied voltage is not required for the produc tion of excitons, 
but rather as a means to minimize electron- hole recombination. It 
should be noted that the anatase phase of TiO2 is generally preferred for 
photocatalytic applications, but mixtures of anatase and rutile phases 
have also shown significant photoactivity. Ultimately the need for and 
externally-applied DC bias will be eliminated in advanced designs.

Photocatalytic Reactions
We use the second reaction bulleted above to generate AO in the TiO2 
matrix, which is ultimately absorbed by the blood [10]. Reaction 1 
energetically drives reactions 2 through 5. Blood pH is not significantly 
affected. The following reactions, derived from the second bullet above, 
take place to oxygenate the blood:
Reaction 1.  Photolysis yielding charge separation and active oxygen.
Reaction 2.  AO migration to the thin film surface and hydration to   
 adsorbed peroxy species.
Reaction 3.  Disproportionation
Reaction 4.  Oxygenation of hemoglobin
Reaction 5.  CO2 removal using physiological chemistry, in volving   
 protonation
Reaction 6.  Spontaneous catalyzed dehydration
Reaction 1 is defined by 

   where scb indicates that the electron resides in the conduction band 
(semiconductor conduction band) and [TiO2]bulk is the absorption site.

AO designates the solid-state active form of oxygen resulting from 
hole interactions: 

AO contains a peroxo species,      , or equivalent. Square brackets 
represent the process of photon absorption and the displacement of 
electron holes (or h+) within the TiO2 film. In films with uniform 
nanostructure, AO is short lived because it electronically migrates 
(not an ion/atom diffusion process) to the surface of the photocatalyst 
in contact with the aqueous solution (which in the current setting is 
blood) termed  [TiO2-OH2]surf. This migration step, reaction 2, reforms 
the photon absorption site, [TiO2]bulk as follows: 

Water (H2O) is present in blood and contacts the TiO2 surface at a 
relatively large concentration (approximately 55 M). Dissolved oxygen 
(DO) is then generated by spontaneous disproportionation of the sur-
face peroxo species, without involving a gaseous O2 phase in reaction 3, 
as follows: 

and the hydrated surface TiO2 species is simultaneously regenerated. 

DO then diffuses from the nanoporous surface at a DO flux pro-
portional to the source intensity, quantum yield, and overall rates of 
Reactions 1, 2, and 3. DO then migrates through the blood only a few 
microns where it is taken up via reaction 4 rapidly and efficiently by the 
hemoglobin (Hb) of red blood cells (RBC),

H+ ions of Reaction 2 are consumed in two ways, some by Reaction 3 
and the balance by the critical need to release excess CO2 from  
in the blood. CO2 removal using physiological chemistry, in volving pro-
tonation via reaction 5:

Water and CO2 are liberated in reaction 6 is as follows:

PDEC Device Fabrication
All thin films used in this device, including the antireflection coating 
and TiO2 layer, were deposited by reactive magnetron sputtering and are 
described elsewhere [7,8]. Deposition conditions for TiO2 layers were 
chosen to optimize photoconductivity. The TiO2 film was deposited 
over a 5–10 Å-thick Ni0.5Cr0.5N adhesion layer. Test structures were 
deposited on 5 cm square fused silica windows with masking on oppo-
site sides for electrical contacts. Surface morphology of TiO2 films was 
characterized using atomic force microscopy - AFM (Veeco Nanoscope 
III) and crystalline phase composition determined by grazing incidence 
x-ray diffraction (GIXRD) [9].

Samples were mounted in a reaction chamber for testing. Ultraviolet 
A (UVA) light from an EFOS Lite unit was directed to the reaction 
chamber through a liquid light pipe after being filtered to produce light 
of only 365 nm. The light power at this wavelength was 88.1 mW/cm2 
determined at the exit point of the light pipe with a Tama rack Model 
157 hand-held traceable photometer. A modified FM01-LC Electrolyser, 
operating in a divided cell mode with a NafionTM cation exchange mem-
brane, was used to promote contact between flowing medium and the thin 
film. The catho lyte was Locke’s-Ringer solution and the anolyte was fresh 
whole bovine blood containing heparin sulfate. Fluids were maintained 
at 37oC using an in-line heat exchange jacket and flow was maintained at 
80 mL/min by a Harvard peristaltic pump. Data collected included pH, 
current, temperature, DO, and oxyhemoglobin.

Both AFM and x-ray diffraction revealed that the TiO2 films were 
highly textured and the anatase crystalline phase was dominant. As 
shown in Figure 5, strong 2θ peaks occurred at 25°, 37°, 48°, and 54°, 
which indicated that the primary crystal phase of the TiO2 film was 
anatase with a probable rutile secondary phase (see inset). The average 
anatase and rutile phase crystallite sizes, determined from the width 
of the (101) and (110) dif fraction peaks, were 85 ±10 Å and 55±10 Å 
nanocrystals, respectively. AFM measurements, shown in Figure 6, 
demon strated a relatively uniform array of submicron (0.25 μm − 
0.5 μm diameter) agglomerates constituting the photoac tive thin film. 
2D RMS roughness was 13–15 nm. Figure 6 also shows a cross section 
surface profile of the film, showing a peak-to-valley height of 70 nm 
(red triangles) on a vertical scale of ±100 nm. These results demonstrate 
that reactive magnetron sputtering results in a stochastically uniform 
array of nanocrystallites on the sur face.

PDEC Device Performance and Future Work
Figure 7 demonstrates that blood was oxygenated using this test cell 
and that  dissolved oxygen (DO) was indeed generated. The UV source 
was cycled on and off and DO measured. Oxygen was generated only 
when the test cell was illuminated. When +1V was applied to the cell, a 

            hν + [TiO2]bulk → AO + 2e-
scb

          H+ + HCO3
- → H2CO3
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maximum DO generation rate of 123.3 nmol/mL/hr was obtained, and this 
increased to 171.4 nmol/mL/hr when +2V was applied. Thus, both UV 
light and bias voltage are required for oxygen generation, and direct elec-
trolysis of water was not observed even at the +2V bias voltage level. DO 
concentration significantly decreased when bias voltage was removed. 

Near saturation of venous (oxygen deficient) blood with oxygen was 
achieved by circulation through the test cell, and correspond to reactions 
1 – 4. Oxyhemoglobin increases up to 95 % were observed over a period 
of 30 – 45 minutes. 

While initial test results are encouraging, the assimilation rate of DO 
into blood must be increased by at least an order of magnitude. This can 
be accomplished by actions described previously.

The quantum efficiency for this test device is 0.83% [9]. There are 
a number of ways to improve this value, including optimizing photo-

Figure 6. Surface morphology of TiO2 film and cross section surface profile of 
film shown in Figure 5.

Figure 7. Dissolved oxygen as a function of UV illumination of the test cell and 
1V bias voltage. continued on page 50

Figure 5. Crystalline phase composition of TiO2 film determined by GIXRD.
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response of the TiO2 film, increasing UV light absorption by band gap 
engineering, reducing Bragg reflection at interfaces and increasing the 
surface area of the TiO2 in contact with blood. 

Surface area of the TiO2 exposed to blood can be increased by 
using nanoparticles, nanocomposites, nanotubes or sculpted nanowire 
GLAD films in much the same way as being developed for dye sensi-
tized solar cells (DSSC) [4,5,6,7, 13,14,15,16,17]. TiO2 nanoparticles 
are even being attached to carbon nanotubes to improve efficiency of 
DCCS’s [11,12,18]. It is not out of the question to use quantum dots. 
Figure 8 shows a picture of TiO2 nanotubes used in DCCS’s. Use of low 
dimensional structures such as nanotubes can increase the conversion 
efficiency by as much as 50%. Figure 9 shows an array of TiO2 nanow-
ires synthesized at Pacific Northwest National Labortory. Furthermore, 
it has been shown through both simulation and experimental tuning of 
the porosity that the network connectivity in nanoparticle films greatly 
affects the transport time for an electron to reach the electrode [14,15]. 
Replacing a nanoparticle network with an array of nanowires, where 
every possible point of electron injection is directly connected to the 
substrate with a minimal number of interfaces and grain boundaries 
in between, could further improve charge transport in this device. 
Electron-hole recombination will be less an issue by reducing device 
size. Hole transport times to the blood will be shorter, thus eliminating 
reducing the probability of recombination. 

Figure 8. SEM picture of TiO2 nanotube array (courtesy Professor Craig Grimes, 
Pennsylvania State University).

Figure 9. Array of TiO2 nanowires.

Conclusion
The feasibility of a device which utilizes photocatalytic TiO2 thin films 
to gener ate dissolved oxygen through photoinduction has been demon-
strated. This device separates holes from photolytically created excitons 
and reacts the holes with water in the blood. Initial test results which dem-
onstrate auto-oxygenation of whole blood via its own water content are 
encouraging. UV exposure of the photocatalyst films resulted in complete 
(95%) hemoglobin saturation within a single pass of blood flow at 0.071 
mL/min (approximately 300 seconds residence time) and significantly 
increased saturation (82%) occurred at 1.04 mL/min. Oxygenation of 
whole blood proceeds with no evidence of thrombus. Quantum effi-
ciency for this process is about 1%. Device improvement will be realized 
by increasing quantum efficiency, decreasing device size, increasing 
the surface area of the TiO2 film exposed to blood and optimizing light 
transfer into the device. This will involve low dimensional structures 
such as nanotubes, nanowires and nanocomposites. The achievement of 
nanoscale photoinduc tion to power key chemistries is expected to comprise 
a broad platform of biomedical technologies.
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