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ice for hydrogen generation from
immobilised C. reinhardtii microalgae†

Anupam A. K. Das,a Mohammad M. N. Esfahani,b Orlin D. Velev,c Nicole Pammea

and Vesselin N. Paunov*a

We developed a fully biomimetic leaf-like device for hydrogen production which allows incorporated

fabric-immobilised microalgae culture to be simultaneously hydrated with media and harvested from the

produced hydrogen in a continuous flow regime without the need to replace the algal culture. Our leaf

device produces hydrogen by direct photolysis of water resulting from redirecting the photosynthetic

pathways in immobilised microalgae due to the lack of oxygen. In contrast to the many other reports in

the literature on batch photobioreactors producing hydrogen from suspension culture of microalgae, we

present the first report where this is done in a continuous manner from a fabric-immobilised microalgae

culture. The reported artificial leaf device maximises the sunlight energy utilisation per gram of algae and

can be upscaled cheaply and easily to cover large areas. We compared the production of hydrogen from

both immobilised and suspended cultures of C. reinhardtii microalgae under sulphur, phosphorus and

oxygen deprived conditions. The viability and potential of this approach is clearly demonstrated. Even

though this is a first prototype, the hydrogen yield of our artificial leaf device is twenty times higher per

gram of algae than in previously the reported batch reactors. Such leaf-like devices could potentially be

made from flexible plastic sheets and installed on roofs and other sun-exposed surfaces that are

inaccessible by photovoltaic cells. The ability to continuously produce inexpensive hydrogen by

positioning inexpensive sheets onto any surface could have an enormous importance in the field of

biofuels. The proposed new concept can provide a cleaner and very inexpensive way of bio-hydrogen

generation by flexible sheet-like devices.
Introduction

Molecular hydrogen is produced in a range of living systems, is
widespread and is aided by a diverse group of enzymes collec-
tively known as hydrogenase.1,2 Hydrogen producing pathways
vary widely among prokaryotic and eukaryotic organisms.3 It
has been shown that hydrogen is generated by many photoau-
totrophic organisms4 as a part of their metabolism as a by-
product of respiration.5–7 Some anaerobic bacteria generate
hydrogen by degrading carbon substrates via anaerobic
fermentation, while other organisms, such as green microalgae,
generate hydrogen photosynthetically by splitting water and
simultaneously producing oxygen.8 Hydrogen generation
processes aided by microorganisms can involve direct photo-
lysis, indirect photolysis, dark fermentation and photo-
fermentation. Here we use the process of photosynthetic
ll, Hull, UK. E-mail: v.n.paunov@hull.ac.
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tion (ESI) available. See DOI:

698–20707
hydrogen production from water by green microalgae which
was rst discovered by Gaffron and Rubin in 1942.9 It is based
on conversion of protons to molecular hydrogen by accepting
electrons aided by hydrogenase enzyme in the absence of ATP.10

There are many disadvantages of this process, which is usually
based on green microalgae suspended in a batch- or tube-based
bioreactor, including scale up challenges, large space require-
ments and high maintenance costs. The light conversion effi-
ciency of microalgae to hydrogen in commercial installations
can be as low as 0.24%,11 hence the requirement to increase the
light conversion efficiency for efficient hydrogen evolution.

In this work, we report a new photobioreactor design, based
on immobilising green microalgae cultures on a fabric-hydrogel
composite (Fig. 1) which addresses some of these challenges.
For example, cell immobilisation allows their separation from
the circulating culture media. Our design also allows a signi-
cant increase of the cell surface density and increases the light
utilisation on a per unit mass of cells used. The novel device
combines two independent vascular networks for nutrient
delivery and hydrogen harvesting adjacent to the layer of
immobilised biocomposite. The idea for this design is borrowed
from Nature's plant leaves but utilises green microalgae
This journal is © The Royal Society of Chemistry 2015
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(unicellular) cultures and produces hydrogen in the presence of
light and nutrients.

Different techniques have been used to immobilise green
microalgae for various applications such as waste water treat-
ment12 and production of commercially important metabo-
lites.13 In other applications, microalgae cells have been
immobilised on glass bres. It has also been demonstrated that
the cell immobilisation signicantly increased the duration of
hydrogen production with rates similar to the suspension
culture.14 However, the irregular deposition and colonisation of
the glass bre surface by the microalgae, has resulted in inef-
cient distribution of light and nutrients for hydrogen
production across the immobilised microalgae population.
Algae cells have also been immobilised on fumed silica parti-
cles15 but this did not signicantly increase their hydrogen
production rate, although it allowed easier separation of the
microalgae from the depleted nutrient media for continuous
hydrogen production. Other authors reported immobilisation
of microalgae by use of latex particles which can trap the cells in
thin porous coatings.16 The hydrogen producing bacteria Rho-
dopseudomonas palustris were immobilised in latex coatings for
efficient hydrogen production.17 This process did show a higher
hydrogen production rate but the cells failed to maintain their
viability during the drying step for the latex lm formation.
Microbial cells have routinely been immobilised using hydro-
gels based on alginate and other media.12,13 Heterotrophic18,19

and photosynthetic bacteria20–23 were successfully immobilised
using alginate and other kinds of hydrogels for efficient
hydrogen production. The immobilisation of algae cells in
hydrogel has many advantages. Hydrogels such as alginate are
natural polymers and are not toxic to the algae. The pH of the
native hydrogel solutions (as prepared) is about 7 which is
favourable for cell growth and division. Alginate hydrogel
setting takes place in the presence of Ca2+ ions which are
biocompatible with the microalgae and do not change the pH in
the hydrogel matrix resulting in good cell viability. The hydro-
gel-like alginate and agar are readily available and can be
Fig. 1 Conceptual design of the artificial leaf device showing the
vascular networks for nutrient delivery to the cells at the bottom and
hydrogen extraction from above the C. reinhardtii–fabric composite.

This journal is © The Royal Society of Chemistry 2015
produced in large quantities from renewable sources. Micro-
algae cells have previously been immobilised in alginate in the
form of beads,24–26 but alginate beads have low light utilisation
efficiency. Thin layers of alginate hydrogel have sufficient
transparency, however they are mechanically unstable, hence
there is need for a substrate to provide mechanical stability to
cells entrapped in alginate in the form of biolms. We solved
this problem by using a composite of a specially selected fabric
whose pores act as an attachment framework for alginate
hydrogel lms in which the microalgae cells are entrapped.

We fabricated C. reinhardtii–fabric–hydrogel composite
materials with adjacent vascular systems in order to enable
photosynthesis similar to plant leaves that provide the cells with
minerals, nutrients and water for the generation of hydrogen as a
by-product. It has been shown previously how microalgae can be
coated onmicrouidic supports for gas transport and harvesting
by-products.27,28 Our current study shows that it is possible to
immobilise cells using hydrogel on different substrates and then
use one network of microuidic channels to provide these bio-
composites with the required nutrients and another one for
extraction of desired by-products. The schematic of the concept
design of our articial leaf device is shown in Fig. 1.

We demonstrate that the immobilization of microalgae in a
fabric–hydrogel composite allows uniform media distribution
whilst maintaining complete anaerobic conditions for the effi-
cient production of hydrogen.
Materials and methods
Materials

Microalgae cultures were grown in Tris-Acetate–Phosphate
(TAP) culture medium with an incubation temperature of 30 �C.
The culture medium for C. reinhardtii consisted of TAP
salts (ammonium chloride, NH4Cl; magnesium sulphate,
MgSO4$7H2O and calcium chloride CaCl2$2H2O), phosphate
buffer solution and Hutner's trace elements solution (EDTA
disodium salt, ZnSO4$7H2O, H3BO3, MnCl2$4H2O, CoCl2$
6H2O, CuSO4$5H2O, FeSO4$7H2O, (NH4)6Mo7O24$4H2O), all
purchased from Sigma-Aldrich, UK. Poly(allylamine hydro-
chloride) (PAH, M.W. 70 kDa) was also purchased from Sigma-
Aldrich. Deionised water produced by a Milli-Q reverse osmosis
system (Millipore, UK) was used in all experiments.
Algal strain and growth conditions

The C. reinhardtii cc-124 strain was kindly provided by the
Flickinger Research Group at North Carolina State University,
USA. The cells were grown photoheterotrophically in acetate-
rich medium in 100, 250 and 500 mL Erlenmeyer asks con-
taining 50, 150 and 250 mL of standard Tris-Acetate–Phosphate
(TAP + S) medium at pH 7.0.29 The ask was placed in a water
jacket connected to a thermostatic water bathmaintained at 25–
30 �C and placed on amagnetic stirrer with a stirring bar to keep
the culture agitated at 500 rpm. The setup was illuminated
using two 23 W cool white lights (2800 Lux) providing photo-
synthetically active radiation of 36.4 mE m�2 s�1. The cells were
grown up to three days and harvested in the late logarithmic
J. Mater. Chem. A, 2015, 3, 20698–20707 | 20699
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growth phase by centrifugation at 3000 rpm for 5 min. All
glassware was autoclaved at 121 �C for 20 min before use for cell
growth.

Microalgae immobilisation procedure

The procedures for cell and medium preparation and immo-
bilization are schematically shown in Fig. 2. The substrates
used for the immobilisation of cells were polyester fabrics
purchased from Boyes Stores Ltd (UK) with pore sizes of 1000,
500 and 250 mm, respectively. The fabrics were pre-treated with
the cationic polyelectrolyte PAH in order to improve their
adhesion properties for the alginate hydrogel. The fabric was
rst incubated in 1% (w/v) PAH solution in 1 mMNaCl for 1 h. It
was then washed several times with 1 mM NaCl solution and
dried. The microalgae cells were grown in TAP + S media in
aerobic conditions until the culture reached the late log phase.
The cells were washed thrice with Milli-Q water by centrifuga-
tion at 3000 rpm for 5 min and dispersed in Milli-Q water. The
cell suspension was thenmixed with aqueous solution of 5% (w/
v) alginate (sodium alginate from brown algae, W201502, Sigma
Fig. 2 Schematic of the microalgae immobilisation process. The C.
reinhardtii cells were grown in suspension culture in aerobic condition
and harvested by centrifugation. They were homogenised together
with sodium alginate at 5% (w/v) concentration, poured over the
synthetic fabric on a glass plate and spread uniformly over the fabric
using a sterile glass rod. The alginate films were polymerised by
spraying 2% CaCl2 (w/v) solution.

20700 | J. Mater. Chem. A, 2015, 3, 20698–20707
Aldrich, UK). The sodium alginate gel had been prepared using
a thermostat water bath set at 95 �C and a homogenizer (Ultra
Turrax IKA T25 digital at 11 000 rpm). The gel was completely
dissolved in water and sterilized in an autoclave (Prestige
Medical 2100) at 121 �C for 20 min. The temperature was low-
ered to 40 �C in order to mix with the cell suspension. Cells of 1–
2 g wet cell weight were dispersed in the aqueous solution and
equilibrated at 40 �C for a few minutes before mixing. Next, the
aqueous cell suspension was mixed with sterile 5% (w/v) algi-
nate pre-warmed at 40 �C. Following this, the microalgae
suspension in alginate solution was poured onto the fabric
patch (25 cm � 10 cm). The gel was uniformly spread across the
fabric using a glass rod and allowed to cool down to room
temperature as shown in Fig. 2.

The fabric was then sprayed on both sides with 2% (w/v)
CaCl2 aqueous solution at room temperature for further
strengthening of the sodium alginate hydrogel layer.

Hydrogen production controls

The C. reinhardtii cells were washed thrice with TAP–P–S
medium using a centrifuge at 3000 rpm for 5 min and re-sus-
pended in the same medium in the designed bioreactor for
hydrogen production. The bioreactor used for hydrogen
production process was custom made using borosilicate glass
with Rodaviss joints (Sci Labware, UK) which provided a high
vacuum seal while holding the glassware without a clamp. The
outside of the joint was externally threaded to t a CG-183 cap
and a corresponding CG-305 O-ring to form a non-grease seal.
The sampling ports were sealed using the Chromacol 18 mm
magnetic screw cap & seal and chlorobutyl septum (Thermo
Scientic, UK). The tubing used for the gas collection was
hydrogen-proof Tygon tubing (Cole Parmer, UK) with an inner
diameter of 0.8 mm and length of 30 cm. A 21 gauge 38 mm
Neolus stainless steel needle (Terumo, UK) was used for
sampling and gas collection. The ask was sealed and ushed
with argon gas for 1 h to remove any residual oxygen in the
system and initiate anaerobiosis aer which it was exposed to
the light source (23 W cool white light, average 50 cm distance
from source to photobioreactor surface) with a hydrogen gas
collection unit attached to neck of the ask. The reactor was
stirred using a magnetic stirrer at a rate of 500 rpm at all times.
The gas was collected in an inverted cylinder lled with water on
top of a beaker as shown in Fig. 3a.8 A photo of the experimental
setup is shown in Fig. 3b for suspended C. reinhardtii cells and
Fig. 3c–d for the sheet of fabric composite of alginate hydrogel
immobilised cells placed in the same bioreactor for comparison
purposes.

Design and assembly of the hydrogen generation device

The microuidic system for nutrient delivery and hydrogen
collection was drawn using CAD/CAM soware (Solidworks).
The designed structures were milled into 5 mm thick sheets of
poly(methyl methacrylate) (PMMA) (Kingston Plastics, UK)
using a CNCmachine (DatronM7). The aluminiummetal frame
(HE 30 grade) to hold the device was procured from Carters
Metals, UK. The schematics in Fig. 4 show the design of the
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) Schematics and (b) optical photograph of the batch photobioreactor for hydrogen production from C. reinhardtii cc-124 strain with an
inverted graduated cylinder filled with water in order to measure the volume of hydrogen gas produced. (c) Schematics and (d) photograph of
fabric-hydrogel-immobilised C. reinhardtii cells suspended in TAP–P–S medium in a batch reactor for bio-hydrogen production. Note that here
the C. reinhardtii cells are not freely suspended in the batch medium.
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‘articial leaf device’ for hydrogen production. This design was
aimed to allow uniform hydration of the microalgae–hydrogel
composite with medium from below and simultaneous extrac-
tion of the produced hydrogen from above the composite. The
top micro-compartment of the device featured PMMA “islands”
as shown in Fig. 4b designed to press onto the fabric-hydrogel
composite and secure its position on top of the nutrient delivery
channels. The integrated device setup is shown in Fig. 4c where
the microalgae culture immobilised on the fabric support was
sandwiched in-between an underlying system of microuidic
channels (Fig. 4a) delivering aqueous media free of oxygen and
sulphur and a topmicro-compartment area (Fig. 4b) from where
the released hydrogen was collected. The total length of the
bottom and top transparent sheets was 300 mm with the
channels positioned within the inner 260 mm. The device cross-
sectional assembly of the top and bottom compartments with
the sandwiched microalgae–fabric composite is shown in Fig. 5
in more detail. The fabric–hydrogel layer was sealed using a
Viton O-ring (RS Components, UK) placed between the top and
the bottom vascular system of channels and compressed tightly
This journal is © The Royal Society of Chemistry 2015
using two metal frames: one from the top and the other from
the bottom tightened using screws and nuts. The top layer
consisted of two outlets: one for the collection of hydrogen and
the other for ushing the system with argon to evacuate out any
residual air out of the system. The bottom layer consisted of an
inlet for the media and an outlet for disposing of the nutrient
depleted media aer use.

There were two different clamps used to secure the micro-
alga–fabric composite in its place. The rst one was positioned
in the underside of the top layer which held the composite
between the channels without impeding the ow of media as
shown in Fig. 5a. The other clamp was xed at the edge of the
device in the form of a hill and valley lock system where the hill
was a part of the bottom layer and the valley to t the hill
perfectly was part of the top layer as shown in Fig. 5b. The fabric
was held in-between these two parts in order to stop it from
impeding the ow of the media and also to prevent it from ling
the top compartment where the produced hydrogen was
collected. The total length of the device was similar to that of the
bottom and top layers.
J. Mater. Chem. A, 2015, 3, 20698–20707 | 20701

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5ta07112g


Fig. 4 Schematics of the components of the artificial leaf device (a)
bottom layer, (b) top layer, (c) sandwiched C. reinhardtii–fabric
composite between the top and bottom layer and (d) the photograph
of C. reinhardtii–alginate fabric composite inside the assembled
device.

Fig. 5 (a) Expanded view of the ‘artificial leaf device’ showing the
different parts of the assembly: the top layer, C. reinhardtii cc-124
composite and the bottom layer. (b) Schematics of the cross-section
of the assembled device. The thickness of the compartments and the
biocomposite layer is not in scale on this diagram.

Fig. 6 Photograph of the complete setup of the artificial leaf device
for the generation of hydrogen using C. reinhardtii–fabric composite.
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The bottom channel was pre-lled with TAP–P–Smedia before
placing the C. reinhardtii composite on the channels in order to
avoid trapping air bubbles inside the channels aer incubation.

The device was sealed and initially ushed with argon
through the two outlets in the top compartment. The device was
illuminated with visible light from the transparent top
compartment. The TAP–P–S media was degassed before it was
pumped into the device.

Hydrogen production from the ‘articial leaf device’

Aer harvesting themicroalgae cells were washed thrice in TAP–
P–S media using the centrifuge at 3000 rpm for 5 min, weighed
20702 | J. Mater. Chem. A, 2015, 3, 20698–20707
and re-suspended in Milli-Q water. The cells were homogenized
together with alginate solution at a total hydrogel concentration
of 5% (w/v) using the Ultra Turrax at 11 000 rpm for 1 min. The
polyester fabric was pre-treated with 1% (w/v) PAH solution in
1 mM NaCl to enhance the hydrogel adhesion. Once deposited
in the voids of the fabric, the microalgae suspension in the
alginate solution was hardened by spraying with 2 wt% aqueous
solution of CaCl2. The channels of the bottom compartment
were prelled with TAP–P–S media before the enclosure of the
microalgae–fabric composite for hydrogen production. The
head space was washed using argon for 1 h. The rate of the ow
of media through the device was maintained at 0.26 mL min�1.
This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Photographs ofC. reinhardtii cells mixed with aqueous 5% (w/v)
sodium alginate solution immobilised on different kinds of fabric
substrates. (a) The suspension of algae cells in alginate solution was
layered on the polyester fabric; (b) cell alginate completely spread over
the fabrics; polyester fabrics with a pore size of (c) 1000 mm, (d)
500 mm and (e) 250 mm. All unlabelled scale bars are 10 mm.
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The light source used were two 23W cool white light which emit
a photosynthetic proton ux density of 36.4 mmol s�1 m2

determined on the surface of the device. The setup of the device
for the generation of hydrogen is shown in Fig. 6.

Results and discussion
Microalgae immobilisation on fabric–hydrogel composites

The cell immobilisation procedure described in the methods
section was used to entrap the microalgae cells within the
fabric–alginate hydrogel composite while maintaining their
viability and ability to produce hydrogen. The properties of the
support material should satisfy important criteria in main-
taining the viability of the immobilised cells. The substrate
chosen should have sufficient porosity, durability and longevity,
low cost, low toxicity, inertness, ease of availability and stability
for the device to function efficiently. Furthermore, the cell
deposition procedure should allow a high density of immobi-
lised cells to be retained on the fabric substrate.

We chose poly(ethylene terephthalate) (PET) fabric as the
substrate as it is strong, lightweight and resistant to wrinkling.
It is also inexpensive and readily available.30 The presence of the
fabric in the alginate matrix increased the mechanical stability
of the cell–hydrogel composite.

Samples of the microalgae–hydrogel composite deposited on
polyester fabric with pore sizes of 1000, 500 and 250 mm are
shown in Fig. 7. The stability of the composite depended on the
pore size of the fabric. The higher pore size of 1000 and 500 mm
retained a smaller amount of cells where some of the voids were
completely empty as the cells were only retained on the surface
of the bres of the fabric. However, the fabric with pore size 250
mm was found to be a good compromise and the hydrogel lms
lling the fabric pores where stable enough and lled with cells
(see ESI†). Hence the polyester fabric with a pore size of 250 mm
and bre diameter of 110 mmwas chosen for as the substrate for
the immobilisation of the C. reinhardtii cells in the articial leaf
device for the generation of hydrogen.

The adhesion of the microalgae–hydrogel composite to the
fabric in presence of the TAP–P–S media is very important for
the integration of the immobilised cells on the fabric hydrogel-
composite into the articial leaf device for hydrogen generation.
It is understood that possible separation of the cells from the
substrate may potentially cause clogging of the nutrient delivery
channels and decrease in the rate of hydrogen production due
to the loss of microalgae cells in the process. All hydrophobic
bres like synthetic polyester bres possess a high negative
zeta-potential in water.31 This is due to the fact that hydroxyl
ions, released due to the dissociation of the water molecule
absorb on the hydrophobic surface and this in turn makes the
interface negatively charged.

The alginate hydrogel in itself is anionic in nature and its
molecular network is negatively charged.32 Hence, in order to
increase the adhesion of the hydrogel with the trapped cells to
the fabric used as a substrate, the fabric was pre-treated with the
cationic polyelectrolyte PAH. We tested the viability of the cells
immobilised in the fabric by using FDA aer they were depos-
ited on the PAH pre-treated fabric and observed by a uorescent
This journal is © The Royal Society of Chemistry 2015
microscope. The immobilised cells were found to be highly
viable as shown in Fig. 8. The results also show that the
microalgae cells were not only present in the alginate hydrogel
J. Mater. Chem. A, 2015, 3, 20698–20707 | 20703
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Fig. 8 Microscope images of cells immobilised in a polyester fabric
using 5% (w/v) sodium alginate hydrogel. (a) Optical microscopy image
of a part of the microalgae biocomposite on the synthetic fabric; (b)
fluorescence microscopy image showing the viability of the micro-
algae cells; (c) optical microscope image of a single pore in the
synthetic fabric showing the hydrogel immobilised C. reinhardtii cells
in the void and (d) a fluorescence microscopy image showing the
viability of the cells in the composite embedded in a single pore of the
fabric. The cells were treated with FDA after their immobilisation in the
fabric for the determination of its viability.
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lms in the fabric pores but also on the sides of the bres. These
results indicate that the use of sodium alginate can be efficient
in the immobilisation of the C. reinhardtii cells and is fully
biocompatible with them.
Fabrication of the ‘articial leaf device’

Here we discuss the designs and performance of the channel
networks for nutrient delivery (bottom layer) and harvesting
hydrogen (top layer) in the device. We tested several different
designs of the microuidic system in order to achieve uniform
ow of the nutrient media in the device (described in the ESI†).
Initially, we tested a design shaped as a leaf for the device and a
single channel that ran horizontally and vertically from the inlet
to the outlet. In an alternative design the main channel was
Table 1 Amounts, rates of hydrogen gas produced, the efficiency, and
suspension culture in a batch bioreactor, (ii) immobilised culture in a batc
total time of incubation for the batch reactor and the device was betwe

Type of culture
and reactor used

Amount of
C. reinhardtii
cells (g)

Average rate of
hydrogen produced
(mol s�1 g�1)

Highest rat
hydrogen p
(mL h�1 g�

(i) Suspension culture
in batch reactor

12.5 4.3 � 10�10 0.0817

(ii) Immobilised
culture in batch
reactor

1.68 3.1 � 10�9 0.7937

(iii) Immobilised
culture in the ‘articial
leaf device’

1.72 2.3 � 10�9 0.5814

20704 | J. Mater. Chem. A, 2015, 3, 20698–20707
interconnected by four other parallel channels. However, in
both cases we found that distribution and the ow of media
were not uniform through the channels and resulted in
formation of stagnant ow regions and the clogging of the
device (see ESI†). These designs did not work well for hydrogen
generation due to irregular distribution of the media.

The successful design on which we based our working device
prototype had a rectangular shape and a single channel of
dimensions ranging from 1 mm width and 0.4 mm depth to
2 mm width and 0.8 mm depth. The results obtained from the
distribution experiment lead to the use of this rectangular
design of the uidic system for delivering the nutrient media to
the C. reinhardtii composite in the nal prototype of the leaf
device for hydrogen production. We also faced a challenge due
to the movement of the fabric–hydrogel composite inside the
device and the build-up of a high backpressure in the device
media inlet. This problem was resolved by the subsequent
design as the gap between the channels and islands that were
introduced in-between the channels from the top layer in order
to hold the fabric-gel composite rmly against the bottom layer
of the device.

These changes resulted in much more efficient and uniform
distribution of the media and were selected for the nal design
of the device for hydrogen generation. We present below some
of the results with hydrogen production with this device and
compare it with the performance of the batch photobioreactors.
Hydrogen generation

The TAP–P–S medium was degassed before it was pumped into
the articial leaf device. The cell–fabric composite was main-
tained in the device for up to 220 h with an average yield of 37
mL hydrogen gas. The rate of hydrogen production obtained
from the device was 1 mL h�1, and similar in magnitude to that
of the hydrogen production from suspension culture but with a
considerably smaller amount of microalgae cells. The rate of
hydrogen produced from the device on per gram of cell basis
was about 0.7937 mL h�1 g�1 compared to the batch reactor
which was about 0.0817 mL h�1 g�1. The cells were efficiently
maintained and used in the device and produced hydrogen. The
the theoretical energy yield by C. reinhardtii cells in the form of (i)
h bioreactor and (iii) immobilised culture in our artificial leaf device. The
en 200–250 hours. All experiments were conducted in triplets

e of
roduced
1)

Highest rate of
hydrogen produced
(mol h�1 g�1)

Surface
area
(m2)

Theoretical
energy per
amount of cells
(kJ g�1)

Efficiency
(hC%) per g
of cells

3.34 � 10�6 0.053 0.061 0.02

3.24 � 10�5 0.025 0.211 0.38

2.37 � 10�5 0.025 0.212 0.29

This journal is © The Royal Society of Chemistry 2015
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uidic design was successfully implemented for hydration of
the whole cellular composite and supplying them with essential
nutrients (minerals) for survival and hydrogen production. We
found that a considerably higher amount of energy will be
derived from the immobilised culture in the bioreactor as well
as the device compared to the suspended culture as shown in
Table 1 and Fig. 9. The light energy conversion efficiency hC

showed in Table 1 was calculated using eqn (1):

hC ¼ DG
�
H2
RH2

EsA
(1)

where DG� is the standard Gibb's energy of the reaction
generating the product H2 (237 200 J mol�1 at 298 K), RH2

is the
rate of the reaction (mol s�1), Es is the solar irradiance (1 mE ¼
0.214 J, the energy of 1 mol of 560 nm photons) and A is the
illuminated area (m2). The surface area was calculated using the
formula for surface area calculation for geometric solids like
rectangle in case of the device and cylinder in case of the
suspension bioreactor. The theoretical energy produced from
hydrogen per gram of cells was calculated using the standard
enthalpy of formation for water vapour considering there would
be enough oxygen to react with the hydrogen as shown in
the reaction (H2 + 1/2O2 / H2O, DH

�
f ¼ �241.81 kJ mol�1) and

eqn (2).

Theoretical energy (kJ) ¼ DH
�
f (kJ mol�1) � moles of H2 (mol)

(2)

The rate of hydrogen production obtained from the device
was much higher compared to that of the suspension culture in
the photobioreactor on a per gram cell basis. The efficiency data
Fig. 9 The volume of the produced H2 gas (in mL) as a function of the
incubation time per gram of suspended and immobilised C. reinhardtii
cells in a 1 litre batch photobioreactor (dashed line and solid line) and
the artificial leaf device (dotted line) in anaerobic condition suspended
in TAP–P–S media in a system pre-flushed with argon. The three
systems were illuminated with the same light source and media
conditions.

This journal is © The Royal Society of Chemistry 2015
of the hydrogen production system (per gram of cells) are shown
in Table 1. It is clearly evident that immobilised cell systems are
superior compared to the cell suspension system for hydrogen
production. The immobilised microalgae system has the addi-
tional advantage that it allows regeneration of the trapped
microalgae by switching the nutrient depleted media with
growth nutrient media. These results showed that immobilised
microalgae cultures in amicrouidic system as our articial leaf
device can be much more efficient in hydrogen generation.
Previously, the systems used for microalgae production of
hydrogen showed efficiencies of 0.24% (suspension culture)11

and 0.36% (immobilised on glass bres)33 in a photobioreactor.
The data in Table 1 show that we have attained similar effi-
ciencies with immobilised cell culture.

Conclusions

We developed an articial leaf device based on immobilised
microalgae culture. The device is based on a fabric–hydrogel–
microalgae biocomposite sandwiched between two adjacent
systems of channels for nutrient delivery (bottom layer) and
harvesting hydrogen (top layer). The device was designed with
the main aim of uniform media distribution and complete
anaerobic conditions. Both of these aims were achieved,
resulting in the efficient production of hydrogen from the C.
reinhardtii composite. We produced stable fabric-based
composites of C. reinhardtii (microalgae) cells using alginate
hydrogel trapping and polyelectrolyte mediated adhesion of the
hydrogel onto the fabric. This allowed us to control and opti-
mise the exposure of the immobilised cells to light and increase
the hydrogen production efficiency. The microalgae immobili-
sation also allowed us to separate the cells from the liquid
media phase, which considerably increased the cell density and
hence allowed higher light utilisation on a per area basis. The
fabric-based composite of hydrogel-immobilised cells was effi-
ciently integrated in a microuidic device reminiscent of an
articial leaf. We resolved the challenge to maintain the
viability of the immobilised microalgae cells in the prepared
hydrogel–fabric composites during the immobilisation proce-
dures and the hydrogen production regime.

The highest rate of hydrogen production obtained from the
device was 1 mL h�1 similar to that of the immobilised culture
hydrogen production in the photobioreactor but with one order
of magnitude smaller amount of cells in case of the immobi-
lised culture. The rate, amount and the theoretical energy
produced from hydrogen on a per gram basis of cell showed that
the immobilisation of algae had a considerable effect on
hydrogen production; about 20 times more hydrogen was
produced in the immobilised microalgae culture compared to
the suspension culture in a batch reactor.

The development of the hydrogen producing articial leaf
device containing immobilisedmicroalgae cells and its superior
efficiency to hydrogen production from suspension culture in a
photobioreactor is to our knowledge reported here for the rst
time. We believe that the hydrogen production system from
immobilised culture of microalgae cells has these major
advantages compared to hydrogen production from suspension
J. Mater. Chem. A, 2015, 3, 20698–20707 | 20705
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culture. This system of immobilised cell will be easy to scale up
and also would require less amount of space compared to the
scaled up suspension culture in bioreactors as the fabric-based
algae composite can in principle be stacked up in multilayers.
This could potentially lower the cost required for the mainte-
nance of the large scale bioreactor. The microalgae immobili-
sation in planar substrates would result in the separation of
cells from the liquid media phase, which can considerably
increase the cell density and hence allow higher light utilisation
on a per device surface area basis. The light conversion effi-
ciency for hydrogen production of the immobilised algae cells
in the bioreactor and the articial leaf device is higher due to
the increased hydrogen production in case of the immobilised
cells. The immobilisation of cells in the articial leaf device also
provided the opportunity for the continuous hydrogen
production. These results provide a proof of concept that using
immobilised microalgae cultures in the articial leaf device can
be more efficient way for bio-hydrogen generation.
Further outlook

The other disadvantage of the suspended cells in liquid media
is the difficulty to recycle the batch system between the process
of sulphur deprivation and sulphur re-addition for continuous
hydrogen production, since this process needs large energy
input for the required pumping and centrifugation step for the
separation of the algae cells from the sulphur-depleted media to
be regenerated in TAP + P + S media. The immobilised cells in
the articial leaf device can be easily cycled between the sulphur
depletion phase and the sulphur repletion condition by
pumping the desired media through the channels and can
potentially open the way to a simpler, cheaper and quicker
method for continuous hydrogen production. The C. reinhardtii
cells immobilised in the system may produce hydrogen in
anaerobic conditions and cells can be regenerated by pumping
in TAP + P + S media in aerobic conditions. The hydrogen gas
collected can be used further in an adjacent fuel cell. A further
improvement could be the use of biodegradable fabrics for
Fig. 10 Schematic representation of the life-cycle of a bio hydrogen
generating system based on immobilised C. reinhardtii.

20706 | J. Mater. Chem. A, 2015, 3, 20698–20707
immobilisation which would increase the sustainability of the
process. The residual algal biomass at the end of the device life-
cycle could be fermented by cyanobacteria for further hydrogen
generation or used as animal feed as shown in Fig. 10.

There is a huge scope for the further development of the idea
for the immobilisation of the photosynthesising cells in arti-
cial leaf devices for hydrogen production. One of the most
important feature of these devices is that they can be made in
the form of exible, foldable and inexpensive sheets, bound by
polymer lms. These sheet-like hydrogen producing devices can
be deployed in many areas, which are presently unsuitable for
larger andmore expensive photobioreactors.35,36 There are many
different kinds of microorganisms which can utilise light for
hydrogen production and which can be tested with this system
for more efficient light utilisation and thereby hydrogen
production. Recently, C. reinhardtii cells were genetically
modied and the hydrogen production was increased ve
folds.34 This microalgae composite can be integrated in the
device for more superior hydrogen production.
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