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Photon up-converting devices
for solar fuels
Karl Börjesson, Damir Dzebo, Bo Albinsson, and
Kasper Moth-Poulsen

Employing a molecular solution capable of triplet-triplet annihilation
in a layered microfluidic device enables the solar spectrum to be locally
modified toward the UV, increasing solar energy system efficiency.

Solar power production and solar energy storage are important
technologies on the road toward obtaining a sustainable society,
independent of access to fossil fuels. To achieve this goal, chal-
lenges must be overcome regarding intermittency (the inherent
changeability in the supply of solar energy) and load leveling
(the variability in consumer demand for electricity). As a con-
sequence, technologies for solar energy storage in the form of
latent electrical power (voltaics) and energy-rich chemical bonds
(solar fuels) are becoming increasingly important.

Solar energy reaches the earth in quanta known as photons,
which can then be converted into useful energy. Although pho-
tons from solar irradiation vary in intensity, from the UV to the
near-IR, the desired chemical transformations in solar fuels typ-
ically require high-energy photons. Since the requisite UV pho-
tons account for less than 10% of the total solar spectrum, this
presents a problem for the overall efficiency of practical devices.

A process known as triplet-triplet annihilation (TTA) photon
up-conversion provides a possible strategy toward circumvent-
ing this issue. A material capable of performing TTA can com-
bine two low-energy photons to form one with high energy via
annihilation.1–4 In a typical system, a triplet sensitizer molecule
is excited by the absorption of solar light. This excited sensi-
tizer then transfers its triplet energy to an annihilator molecule,
also in a triplet state. At a sufficient intensity of irradiation, it
becomes likely that two excited annihilator molecules will com-
bine, emitting excess energy in the form of a high-energy photon.
Lower-energy photons are thereby converted to higher-energy
photons that can be used to drive solar fuels. TTA has tradi-
tionally required laser light and strict oxygen-free conditions
to work efficiently, but the process was recently demonstrated
even under lighting conditions analogous to natural sunlight.1, 2

Figure 1. A schematic showing how a molecular solar thermal system
could work. The arrows denote the path of the molecular solar thermal
fluid flowing through the system.6 (Reproduced with permission from
the American Chemical Society.)

Furthermore, new systems have been developed that operate in
the presence of oxygen.5

We have fabricated a device that employs TTA photon up-
conversion to increase the energy absorbed by a molecular
solar thermal fluid. This fluid undergoes a molecular transition
(isomerization) when photons are absorbed, enabling chemical
energy storage. An example of an energy storage system based
on this process can be seen in Figure 1.6–8 In a practical device,
either thermal energy or a catalyst is then used to initiate the
energy-releasing reaction when required.7

Without photon up-conversion, the process has a maximal
efficiency of about 10%. One of the limiting factors is the
small fraction of UV photons in the solar spectrum,6 since
the photochemical reaction typically requires photons with UV
wavelengths (less than 450nm) to occur.8 The molecular sys-
tem absorbs photons at these wavelengths, but is transparent
to lower-frequency photons. Our device, shown in Figure 2(a),
consists of a top layer that filters out UV light from the so-
lar spectrum, allowing truncated white light through. The sub-
sequent layers are fabricated using quartz glass, into which
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Figure 2. (a) Device employing photon up-conversion for solar energy
storage. The upper (first) layer filters out UV light. The second layer
consists of a microfluidic system sintered into quartz glass, through
which a molecular solar thermal fluid is pumped. The microfluidic sys-
tem of the third layer contains a molecular solution capable of per-
forming triplet-triplet annihilation (TTA). Light that is not energetic
enough to be absorbed by the second layer passes through to the third,
where it can be up-converted and transferred back. (b) Solar energy
conversion as a function of residence time with (blue) and without (red)
photon up-conversion.4 (Reproduced with permission from the Royal
Society of Chemistry.)

channels have been sintered to create microfluidic systems. The
molecular solar thermal fluid—bis-(1,1-dimethyl-tridecanyl)-
fulvalene-dirutheniumtetracarbonyl—is pumped through the
second layer of the device. Long-wavelength photons are
transmitted through this layer and into a third, containing a
solution made up of sensitizer and annihilator molecules—2,
3,7,8,12,13,17,18-octaethyl-21H,23H-porphine palladium(II) and

9,10-diphenylanthracene, respectively—dissolved in toluene,1, 2

which facilitate TTA. The photons are up-converted and trans-
mitted back to the second layer of the device as high-energy
photons, which in turn drive the photochemical energy storage
reaction. This technique leads to a considerable increase in the
conversion percentage: see Figure 2(b).

In summary, we have fabricated a device capable of con-
verting lower-energy to higher-energy photons by employing a
solution that enables TTA interactions. The molecular photon
up-conversion system has enabled us to improve the efficiency
of our device by 130% for truncated white light. This success
highlights the potential use of photon up-conversion technolo-
gies in the context of solar energy fuel generation in the future.4

We are currently working to improve the energy efficiency of
both the molecular solar thermal fluid and the photon up-
conversion process.
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