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An electrochemically functional layer of hydrogenase extract on
an electrode of large and tunable specific surface area

Stefanie Schlicht,® Loic Assaud,*t Moritz Hansen,® Markus Licklederer,” Mikhael Bechelany,*
Mirjam Perner® and Julien Bachmann?®*

Electrode supports are generated by electrospinning of polyacrylonitrile fibers and subsequent coating of a thin electrically

conductive TiO, layer by atomic layer deposition. The supports are then functionalized with a [NiFe]-hydrogenase-

containing membrane fraction from Escherichia coli and are characterized structurally and electrochemically. The

hydrogenase suspension generates a micron-thick organic film around the fiber mat, which exhibits electrocatalytic activity

for hydrogen evolution. Furthermore, the electrode geometric surface area is varied systematically via the electrospinning

procedure, which reduces the charge transfer resistance and increases the hydrogen evolution current density to

>500 puA cm™ at 0.3 V overpotential.

Introduction

On the background of our society's need to capture and store
renewable energy, molecular hydrogen provides a promising 'energy
currency' which could be obtained via electrolytic or
photoelectrolytic conversion of water and later release energy in
fuel cells. A major drawback of currently available hydrogen-
converting electrocatalysts is their dependence on noble metals. In
addition to their exorbitant cost, noble metals are plagued by their
intolerance to carbon monoxide (CO) and sulfides.* Hydrogenase
enzymes, the biological electrocatalysts for the reversible
interconversion of H, and 2H" + 2 e  in ambient conditions, are
expressed in phylogenetically diverse microorganisms, and are
based on three distinct types of inorganic reaction centers:
heterodinuclear, homodinuclear and mononuclear (categorized as
[NiFe], [FeFe] and [Fe], respectively).*® While some hydrogenases
are more commonly associated with H, uptake and others with H,
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evolution, the direction of the reaction largely depends on the
redox potential of the components able to interact with the
enzyme.’ Thus, hydrogenases offer a large set of 'natural’
alternatives to noble metals and present a correspondingly broad
spectrum of reactivities. Firstly, the turnover rates vary widely and
can be comparable to those reached with the best artificial
catalysts.’®*? Furthermore, hydrogenases may or may not be
tolerant to impurities such as CO."™™ Finally, their stability to
aerobic oxygen represents the major challenge,’*™" but a number of
hydrogenases are quite tolerant to it.2"**®? Unfortunately, an
enzyme combining all of those favorable properties is yet to be
discovered or engineered.

Auspicious research has been dedicated to the incorporation of
hydrogenase biocatalysts, mostly as a molecular monolayer
covalently bound to a planar surface, and in some cases on surfaces
of more complex geometry, into man-made electrochemical devices
for the conversion of hydrogen.*'**** However, hydrogenase-
based devices featuring high turnover and oxygen stability
simultaneously have remained elusive to date. Furthermore, the
selective covalent functionalization of a solid surface with purified
hydrogenase enzyme is a challenging experimental task. This
manuscript establishes an experimentally simple approach to
electrode surfaces functionalized with a hydrogenase-containing
organic layer and the specific surface area of which can be varied
systematically. This feature allows for a corresponding increase of
the hydrogenase turnover. We envision that robust but slow
hydrogenases coated on a nanostructured surface could give rise to
an overall turnover similar to that obtained with faster (but
sensitive) enzymes on a planar surface.>**® For a proof of concept,
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we focus on a simple system consisting of membrane-bound
hydrogenase enzymes from Escherichia coli, extracted and
applied to the electrode by dipping in a micellar suspension of
the protein-containing membrane fraction. The electrode
consists of TiO,-coated electrospun polyacrylonitrile (PAN) fiber
mats. The electrically conductive oxide is deposited all around
the fibers as a thin, continuous film by atomic layer deposition
(ALD). The density of the fibrous mat and thereby the
electrochemically active area (available for immobilization of the
hydrogenase) are controlled by the duration of the electro-
spinning procedure. Indeed, electrospinning produces mats of
fibers with tunable composition and geometry. The highly
porous structures obtained by this technique not only have high
specific surface area, they are also advantageous in terms of
mass transport across the mats.*** We note that the present
piece of work establishes a preparative method and
demonstrates electrochemical function, but does not investigate
the mechanism of electron transport and electrochemical
turnover.

When grown anaerobically, E. coli synthesizes three membrane-
associated [NiFe]-hydrogenases (Hyd).*** Hyd-1 and Hyd-2 are
respiratory enzymes oriented towards the periplasm and couple
hydrogen oxidation to the reduction of the quinone pool. Hyd-3
faces the cytoplasm and participates in the formate
hydrogenlyase (FHL) complex. A fourth [NiFe]-hydrogenase has
been identified in E. coli which encodes homologues of the FHL
complex.*

Experimental section

The preparation is performed in three majors steps. (1) A mat of
PAN fibers is electrospun onto an Al foil substrate, then
annealed for improving the polymer stability via crosslinking.
(2) A conformal, 8-nm thick, electrically conducting layer of TiO,
was generated by ALD around the PAN fibers, followed by
annealing. (3) The fibers are coated with the enzyme-containing
membrane fraction by direct exposure to it.

Hydrogenase extract preparation

Hydrogenases were extracted from E. coli DH5a (Invitrogen, Life
Technologies). E. coli was cultivated in anaerobic N,-flushed (N,
5.0, Westfalen AG) LB medium overnight at 37 °C in serum
bottles sealed with rubber stoppers under an atmosphere of
H, / CO, (80% : 20%) (Westfalen AG). Cell suspensions were
centrifuged at 11000 g (Sorvall RC 6 Plus, Thermo Fisher
Scientific Inc.) and washed in anoxic 50-mM Tris buffer at pH 8.
All further steps were carried out in an anaerobic chamber (Coy
Laboratory Products) and 50 mM Tris pH 8 supplemented with
5 mM 1,4-dithiothreitol (Tris-DTT) was used as the buffer.
Hydrogenases were partially purified with a few variations as
described elsewhere.”*** In short, cells were broken by
sonication (UP50H, Hielscher Ultrasonics GmbH) and soluble
and membrane associated enzymes were separated by
ultracentrifugation at 40000 g for 1h (LM-8 Ultracentrifuge,
Beckman Coulter Inc., Brea, CA, USA). The pellet (i.e. membrane
fraction) was resuspended in Tris-DTT buffer and subsequently
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saturated with 15%, 45% and 70% ammonium sulfate, each
followed by pelleting proteins by ultracentrifugation at 40000 g
and resuspension of the pellet in Tris-DTT buffer. The protein
concentration of all fractions was determined according to the
Bradford method.”* They were 44 pg/mL, 6 pg/mL, 5.5 pg/mL,
2.5 pyg/mL and 33 pg/mL in the 15%, 45% and 70% ammonium
sulfate fractions, the 70% ammonium sulfate supernatant, and
the soluble fraction, respectively. Proteins of the different
partially purified fractions were separated by SDS-PAGE
demonstrating that proteins with molecular masses comparable
to those of the hydrogenase small and large subunits of hyd-1
(40 and 66 kDa), hyd-2 (40 and 62.5 kDa), hyd-3 (28 and 65 kDa)
and hyd-4 (28 and 64 kDa) were present in the distinct fractions
(Figure 1). The hydrogenase activity of the soluble proteins and
membrane fractions saturated at 15%, 45% and 70% ammonium
sulfate were determined by uptake activity measurements as
described before.”” The 15% ammonium sulfate fraction
exhibited significantly higher hydrogen uptake activity than all
the other fractions (see Figure S1 in ESI) and was chosen for
subsequent analyses. The partially purified membrane fractions
used for the following experiments exhibited a H, uptake activity
of 0.25(£0.026) pmol H, min™ mg™, which is comparable to
what has been measured before for partially purified
hydrogenase enzymes from E. coli.** This membrane fraction
with hydrogenase activity was then stored anaerobically at
-20 °C and used for coating the electrodes within two days after
preparation. Preliminary tests showed that the hydrogenase
enzyme activity remains stable for at least 7 days when kept at
—20 °C (Figure 2). An extract serving as a negative control was
generated by boiling a membrane fraction extracted and
purified in the same manner, in order to inactivate its enzymes.

Electrospinning of PAN nanofibers

Polyacrylonitrile (PAN) was dissolved in dimethylformamide
(DMF) to prepare the solution (10wt% PAN). The
electrospinnable solution was stirred for 1 h and then heated in
an oil bath at 80°C for 10 min. Electrospinning was the
performed in a home-made setup based on a HPx 600 605
generator (Physical Instruments) and a KDS 100 syringe
pump.®** The polymer solution was electrospun in ambient air
atmosphere under an applied voltage of 25 kV with a flow rate
of 3 mLh™, using a 0.7 mm diameter syringe needle connected
to the positive output of the generator. A rotating collector
located at 25 cm from the syringe tip was connected to the
negative output of the generator. The collector was covered
with an aluminum foil serving as the support to collect the
electrospun fibers. In order to investigate the influence of active
surface on the electrodes performance, three samples with
electrospinning durations 1 h, 3 h and 6 h were prepared. The
electrospun PAN nanofibers were then annealed to 250 °C for
2 h in aerobic environment (heating rate 2 °C min) using a
muffle furnace for providing them with improved stability.

Surface preparation

A thin layer of TiO, (400 cycles, 8 nm) was deposited over the
PAN nanofibers in order to confer them with electrical
conductivity and generate a chemically well-defined surface for
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hydrogenase adhesion. The depositions were performed in a
commercial GEMStar-6 ALD reactor from Arradiance. Titanium
isopropoxide (('PrO),Ti, from Strem) and H,O were used as
precursor. The precursor pulse durations were set to 2 s and
0.2 s for (‘PrO),Ti and H,0, respectively, whereas the exposure
and pumping durations were set to 15 s and 30 s. The ('PrO),Ti
precursor bottle was maintained at 70 °C and the deposit
carried out at 120 °C. The thickness of the resulting TiO, layer
was measured by spectroscopic ellipsometry on a planar silicon
wafer serving as the reference using a EL X-02 P Spec
ellipsometer from DRE Dr. Riss Ellipsometerbau GmbH. The fits
were performed using the database of optical material
properties provided with the instrument, without any model.
The samples coated with TiO, were then annealed in air at
400 °C for 1h in a P330 muffle furnace from Nabertherm
GmbH. For electrochemical characterization, samples of well-
defined size were generated by gluing a polyamid (Kapton®)
mask featuring a laser-cut circular opening of 3 mm diameter.
For treatment with the hydrogenase fraction, the samples were
taken into inert atmosphere and first soaked in electrolyte for
3 minutes. They were then removed from the electrolyte and in
their moist state, a 10-uL droplet of hydrogenase-containing
membrane fraction was deposited onto the mask window (of
0.071 cm?* macroscopic area) to allow for the enzymes to adhere
to the fibers. After two minutes, the samples were abundantly
rinsed, and subsequently characterized.

Characterization

The morphology of the nanofibers was investigated by scanning
electron microscopy using a Jeol JSM-6400 microscope
equipped with an X-ray detector for elemental microanalysis. X-
ray diffraction and reflectivity were performed on a Bruker D8
Advance equipped with a Cu Ka source and LynxEye XE-T
detector. The electrochemical characterizations were performed
in a phosphate buffer electrolyte (10 mM NaH,PO, and 10 mM
tris(hydroxymethyl)aminomethane in water at pH8) that
reproduces the conditions in which hydrogen uptake activity
was determined in homogeneous conditions. The electrolyte
was degassed prior to electrochemical experiments by bubbling
N, for 30 min. Electrochemistry was then performed in a home-
made glovebox continuously flushed by N,. Cyclic voltammetry
as well as electrochemical impedance spectroscopy were
performed in a standard three-electrode setup using a
Gamry Interface 1000 potentiostat. Ag / AgCl / KCI 3 M
(E°=+0.21V vs. NHE) was used as the reference, whereas a Pt
mesh was used as a counter-electrode. The open-circuit
potential of the working electrode was always in the vicinity of
-0.6 V vs. Ag/AgCl. Cyclic voltammetry was performed at scan
rates from 20 to 200 mV s~ with similar results, and a scan rate
of 50mVs? was used as standard. The voltammograms
reported in the paper are the 20™ cycle recorded for each
sample. We have observed that after 20 cycles at the latest, the
CV response was stable. With this precaution, cyclic
voltammograms were reproducible within 5%. Overpotentials n
for the hydrogen evolution reaction were calculated at pH 8
from the experimental potentials £ as n = E + 0.67 V (including
the correction for the reference electrode). Electrochemical
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impedance spectroscopy was then performed in the same
experimental conditions from 100 MHz to 2 Hz.
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Figure 1. SDS PAGE of all protein fractions prepared from anaerobically
grown E. coli cells. The stacking gel was 7% and separating gel 12% poly-
acrylamid. From each fraction, 20 ug of total protein extract were
loaded on the gel, except for the 70% supernatant, where 16 ug were
used. The 70% supernatant contains 70% of ammonium sulfate, which
causes the untypical running behavior of this fraction. Marker (M)
protein sizes are given in kDa. Abbr.: 15%, 45% and 70%, resuspended
pellet after ammonium sulfate precipitation with the mentioned
percentage of ammonium sulfate; SF, soluble fraction including all
soluble proteins. Arrows indicate the expected sizes of the hydrogenase
subunits: 1, large subunit of Hyd-1, Hyd-2, Hyd-3 and Hyd-4; 2, small
subunit of Hyd-1 and Hyd-2; 3, small subunit of Hyd-3 and Hyd-4.

Results and discussion
Preparative principle

The samples to be tested electrochemically are generated by
the following steps: (1) a mat of PAN fibers is electrospun onto
an Al substrate, then annealed; (2) a conformal, electrically
conducting layer of TiO, is generated by ALD around the PAN
fibers, then annealed; (3) the fibers are coated with the enzyme-
containing membrane fraction. This strategy has the advantage
that as each component (fibers, ALD coating, and enzyme
extract) can be easily replaced with another independently of
the others. Step (1) defines the sample's specific surface area,
regardless of the chemical identity of the surface. Step (2) then
confers the inert, electrically insulating sample with electrical
conductivity, and could be performed with a number of metals
and semiconductors. Finally, (3) generates the functional layer,
which could consist of various molecular catalysts or biological
particles, either as self-assembled monolayers or in more
loosely bound aggregates. The method is applied to a
hydrogenase-containing membrane fraction from E. coli with
high catalytic activity. Electrophoretic analysis of the membrane
fraction (Figure 1) evidences the presence of polypeptide chains
of the expected lengths. Furthermore, Figure 2 demonstrates
that the enzymes maintain activity for up to a week when stored
appropriately, whereas our experiments were always performed
within 3 days after extraction.

J. Mater. Chem. A, 2016, 00
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Figure 2. Time evolution of the H, uptake activity a of E. coli enzyme
extracts stored under different conditions. The enzyme activity was
determined immediately after preparation and after 1, 2, 7 and 28 days.
The enzymes were kept anaerobically at 4 °C, at —20 °C, and in 50%
glycerol at —20 °C, respectively. Activity after 28 days at 4 °C not
measured.

Fiber mat functionalization

The thin film coating technique used to deposit the electrically
conducting layer must fulfill quite stringent requirements: it
must generate an uninterrupted film of homogeneous thickness
without shadow effects despite the complex geometry, and it
must take place in conditions sufficiently mild that the organic
support remains stable. Atomic layer deposition (ALD) is ideally
suited to those requirements, since it relies on complementary,
self-limiting surface reactions of molecular precursors with the
surface at low temperature.”* Because the method circum-
vents the transport control inherent to most thin film
techniques from the gas phase, it is particularly well capable of
conformally coating non-planar or porous substrates.” We use a
well-established hydrolysis ALD reaction to deposit TiO, as an
amorphous layer,”**® which crystallizes to a conductive anatase
crystal phase upon annealing.*

Figure 3a-c shows scanning electron micrographs (SEM) of the
three types of TiO,-coated fiber mats used as electrode
substrates. The fibers feature a quite homogeneous diameter of
approximately 500 nm, and their density increases systema-
tically with the duration of electrospinning from 1h to 6 h,
causing a concomitant increase in the electrochemically active
surface area. Energy-dispersive X-ray spectroscopic analysis
(Figure 3d) attests the exclusive presence of the elements C, O,
N and Ti expected after ALD coating. After treatment with the
hydrogenase-containing membrane fraction (Figure 3e,f), the
fibers are enshrouded in an organic layer of micrometer
thickness. Note that this layer does not consist exclusively of
active enzyme, but represents the membrane fraction extract
including surfactants, in which hydrogenase is embedded.
Importantly, however, the fiber mat is not clogged and the
porosity required to ensure access of the electrolyte to each
point of the electrode surface is maintained.

The titania coating is characterized by X-ray diffraction (XRD)
and X-ray reflectivity (XRR), Figure 4. In XRD of TiO,-coated fiber
mats, the peaks characteristic of the anatase crystal phase of
TiO, only appear (on top of the scattering due to the amorphous
PAN) after annealing (Figure 4a). The XRR data collected on the
film deposited during TiO, ALD (1000 cycles) on a planar piece
of silicon wafer are compatible with a coating of 20 nm
thickness and up to 1 nm roughness (Figure 4b). The ALD
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growth rate of 0.2 A per cycle yields a coating of 8 nm on the
PAN fibers obtained over 400 ALD cycles.

Figure 3. (a-c) Scanning electron micrographs of PAN nanofibers
electrospun during 1 h, 3 h and 6 h, respectively, coated with 8 nm TiO,
by atomic layer deposition. (d) EDX spectrum of PAN fibers coated by
TiO,. (e,f) Scanning electron micrographs of PAN fibers (electrospun
during 3 h) treated with the hydrogenase fraction, presented at two
different magnifications.

(b)

intensity

logarithmic intensity

20 40 60 80 100
28/°

L=}
-
a
w
=3

28/°

Figure 4. (a) Powder X-ray diffraction data (black) collected on an
annealed, TiO,-coated PAN fiber mat (electrospun during 1 h), compared
to the anatase TiO, pattern (red lines). (b) X-ray reflection data (black)
obtained with an annealed, TiO,-coated silicon wafer (1000 ALD cycles).
A fit to the data yields a thickness of 20.2(+0.5) nm and roughness of
<1 nm and thereby confirms the ALD growth rate of 0.2 A per cycle also
determined by spectroscopic ellipsometry.

Electrochemical properties

The electrochemical activity of the fiber mats is characterized by
cyclic voltammetry (CV). Various CV scan rates between 20 mV/s
and 200 mV s have been found to yield very similar results,
and we chose 50 mVs™ as our standard. All electrochemical
data shown are taken under N, atmosphere, so that the
hydrogen evolution reaction can be investigated exclusively.
Note that this contrasts with the homogeneous activity assays
performed preliminarily (Figure 2), which base on the reverse
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reaction, H, uptake, as performed traditionally for biochemical
characterization. We always report the twentieth voltammetric
cycle recorded, as we have found that our hydrogenase-treated
samples require some electrochemical pre-conditioning
(typically 10 to 20 CV cycles) before reaching a stable state. We
hypothesize that this may be related to a necessary hydration of
the organic layer. Figure 5a demonstrates the electrocatalytic
function of the hydrogenase coating: on an enzyme-coated
sample, H, evolution (quantified as a negative current) sets in at
slightly less negative overpotential n than on the reference
sample consisting of an identical fibrous mat without enzyme
coating. At —1.0 V vs. Ag/AgCl (n =-0.33 V), the current density
generated by the biocatalytically active electrode is a modest
double of that obtained at the TiO, surface.

The CV trace of the enzyme-coated sample also displays a
slightly hysteretic behavior, indicative of capacitive charging
currents larger than in the reference sample. In a first
approximation, this could be understood as being due to the
organic layer as a pseudo-dielectric. The organic layer, however,
does supports the transport of protons, electrons and molecular
hydrogen given the electrochemical current measured. It also
does not clog the fiber mat, given the capacitive behavior
observed (which would not be present in a clogged mat the
geometric area, and thereby capacity, of which would be
reduced). The presence of the organic layer, however, has a
deleterious effect on the galvanic reaction in the absence of the
catalytic effect by the hydrogenase. This is demonstrated by an
additional control experiment in which the enzyme content in
the extract was inactivated thermally. Indeed, in Figure 5a the
CV trace of the sample prepared with inactivated extract
features a lower current than the bare sample, whereas
switching to the active hydrogenase more than triples the
current at the most negative potential value.

Figure 5b demonstrates how the electrospinning procedure can
be used to control the specific surface area of the electrode, and
thereby the overall electrocatalytic turnover. Indeed, increasing
the electrospinning duration results in an almost linear increase
in cathodic current density. The CV curves recorded on samples
treated with active extract cross the zero current value near zero
overpotential (within about 50 mV of it). We refrain from over-
interpreting this value, given that in this region the
concentration of dissolved H, (or its partial pressure, not
controlled in our experimental conditions) affects the curves
significantly. Instead, we take turnover (and charge transfer
resistance) at moderate overpotentials as a more robust
quantification of catalytic activity. At E=-1.00V vs. Ag/AgCl
(n=-0.33V), samples obtained upon 1h, 3h and 6h of
electrospinning give rise to current densities of 0.06 mA cm™,
0.25mAcm™ and 0.52 mAcm™, respectively. Quantitative
values of the corresponding microscopic surface areas of the
nanofibrous TiO, / PAN support are obtained from the specific
area value of 10 m> g™ previously reported® and the mass of
fibers determined: roughness ratios of approximately 4, 13, and
27 are obtained for samples electrospun for 1 h, 3 h and 6 h. As
expected, the trend observed with the three active samples is
also obtained with three bare samples and with three samples

This journal is © The Royal Society of Chemistry 20xx

featuring the inactivated coating, albeit on distinct absolute
scales (Figure 6a).
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Figure 5. (a)Cyclic voltammetry (CV) of fiber-based electrodes
(electrospun for 1 h) with active hydrogenase-containing coating (solid
line), with inactivated coating (dotted line), and without coating (dashed
lines) recorded at 50 mV s™ in buffer electrolyte (pH 8). Other scan rates
yielded similar results. (b) CV of electrodes based on three distinct fiber
amounts treated with active extract: electrospun for 1 h (orange), 3 h
(green), and 6 h (blue). The data were taken at 50 mVs™ in buffer
electrolyte (pH 8). The overpotential n is calculated from the
experimental potential £ measured vs. Ag/AgClas n = E+0.67 V. The CVs
were initiated at £=-0.40V and 19 cycles were performed before the
cycle displayed was recorded. A comparison of the first 20 cycles
measured for a sample with hydrogenase treatment and without it is
provided as Figure S2 in the ESI. The voltammograms recorded without
hydrogenase treatment are presented in Figure S3.
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Figure 6. (a) Cyclic voltammetry of the reference samples (untreated,
dashed curves; treated with inactivated extract, dotted curves)
electrospun for 1 h (orange), 3 h (green) and 6 h (blue) recorded in the
same conditions as in Figure 5b and presented on the same scale.
(b) Electrochemical impedance spectroscopy (EIS) of two exemplary
reference samples (untreated, full disks; treated with inactivated
extract, empty circles) recorded at £=-0.85V vs. Ag/AgCl in the same
conditions as in Figure 7.

Further insight into the processes taking place at and near the
interfaces is provided by electrochemical impedance
spectroscopy (EIS).** Data collected at -0.85V (vs. Ag/AgCl, or
n =-0.18 V) from 100 kHz to 2 Hz are presented as Nyquist plots
in Figure 6b and Figure 7. The EIS comparison between two
distinct control samples, one with inactivated enzyme extract
coating and the other uncoated, reveals a marked difference.
Quantitatively, the overall real resistance of the former sample
is in line with the lower currents caused by the presence of the
inactive organic layer. Qualitatively, this organic layer seems to
add a second RC element to the equivalent circuit. Let us now
investigate the three naked samples and their three active
hydrogenase-coated counterparts in more detail.

J. Mater. Chem. A, 2016, 00



The uncoated samples (Figure 7a) are best described as
consisting of a single depressed semicircle. This shape is
indicative of a single, slow charge transfer event type at a rough
solid surface, a fair description of the system considered. The
diameter of the semicircles measured for samples with three
different amounts of fibers (their charge transfer resistance)
decreases as the fiber mat thickness increases. This trend is
expected based on surface area considerations, as electrical
resistance is inversely proportional to the conductor's cross-
section area. It also proves that our enzyme fraction coating
penetrates and functionalizes the full depth of the fiber mat
(instead of it merely staying on its outer surface). The samples
coated with a hydrogenase-containing film (Figure 7b) feature
two (depressed) semicircles (as do those treated with the
inactivated enzymes), indicating that an additional phenomenon
is relevant to electrochemical turnover. This is most likely the
transport of protons inside the hydrogenase-containing organic
layer already mentioned above. The direct comparison of two
samples with the same geometry and differing only in the
presence or absence of hydrogenase-containing organic layer
reveals a lower charge transfer resistance in the former case,
which corresponds to the enzymes' catalytic function
(Figure 7c).

Quantitative values are extracted from the EIS data by fitting to
an equivalent circuit model shown in Figure 7d. The same
model is applicable to all samples, and can be simplified in
individual cases. It features a series of two consecutive Randles-
type cells and an additional series resistance R,. The first cell (R
/ Y on Figure 7d) physically represents the solid / liquid interface
with the charge transfer resistance R, in parallel with a
constant-phase element of impedance Y. We associate the
second cell (R'/ C'/ W' on Figure 7d) with transport inside the
organic layer: a resistance R' and capacity C' are complemented
with a Warburg element of impedance W'. Indeed, this latter
cell contributes to the overall fit quality only marginally in the
reference samples deprived of enzyme, but predominates in the
high-frequency region of the hydrogenase-coated samples.
Conversely, the surface of the biocatalyst-functionalized samples
appears less rough experimentally, as the ideality factor a of
their constant-phase impedance reverts to unity (the constant-
phase element behaves as a pure capacitor). All values are
presented in Table 1. The parameter that carries the most direct
insight in terms of electrocatalysis is the charge transfer
resistance R.. Importantly, R, is lower for each enzyme-coated
sample than for the corresponding bare TiO, reference sample.
It also decreases systematically as the surface area of fibers
increases from the samples generated with 1h of
electrospinning to 3 h and 6 h.

Another piece of information gathered from the data of Table 1
concerns the resistance to electron transfer between PAN and
TiO, and from the conducting fiber material across the organic
layer to the catalytically active sites, contained in the value R'.
We observe that independently of the exact electrode
parameters, R' is always smaller than the value R., representing
catalysis, by roughly two orders of magnitude. In other words,
the system is still limited by catalytic turnover and not by
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transport. However, if significantly better hydrogenases were to
be used in the future, then the various transport and contact
resistances in the system would need to be reduced, as well.
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Figure 7. Electrochemical impedance spectroscopy (EIS) of fiber-based
electrodes performed at £= —0.85V vs. Ag/AgCl in buffer electrolyte
(pH 8). The samples tested are generated by electrospinning for 1 h
(orange), 3 h (green) and 6h (blue), without hydrogenase extract
treatment (empty symbols, dotted lines and with it (full symbols, solid
lines). The untreated electrodes are compared with each other in (a),
the hydrogenase-treated ones in (b), and the direct comparison of the
two 6-h samples is magnified in (c). The equivalent circuit model used to
perform the fits is defined in (d), the fit results are summarized in
Table 1.

Table 1. Fitting parameters of the electrochemical impedance spectro-
scopy data of Figure 7 according to the model presented. The 95%
confidence bracket on R.. is narrower than 5%.

With active

Catalyst .
extract coating

No coating

Electrospinning | 1h 3h 6h 1h 3h 6h

R./Q 0.001 1500 1700 | 253 259 82
R'/ kQ 0.97 10 064 | 043 049 0.15
C'/nF 0.15 1.9 4.1 1.5 1.7 1.7
W'/ 107° s s"? 28 6.8 15 5.5 4.9 18.5
R./ kQ 122 41 11 97 33 9
o 0.7 0.9 1 1 1 1
Y/10°Ss* |0.0013 168 617 | 419 315 742
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Our results are put into a broader perspective in Figure 8, which
presents the performance of our best sample as a Tafel plot
featuring the best hydrogen evolution electrocatalyst metals
from the literature.”®® We observe that near n =0 our system
becomes comparable to platinum, in line with the fact that
hydrogenases operate at near-zero overpotential. Our system is
also significantly more efficient than nickel below 200 mV
overpotential. However, it loses its competitiveness at large
overpotentials, as evidenced by the large Tafel slope. This is
associated with the mass (and charge) transport limitation
quantified by our EIS measurements.

0.5

0.4

03

n/v

0.2 Raney Nil_

0.1
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log (j/ Acm?)

Figure 8. Comparison of the hydrogen evolution performance recorded
for the best electrode presented in this paper (blue curve of Figure 5b,
presented as the thick gray, dotted line here and labeled with an
asterisk) and for the best known electrode materials in acidic (red lines)
and basic conditions (blue lines). Dotted lines represent non-planar
surfaces. The figure is adapted from the review by Cook et al.,”® and
reports data published by Conway, Shamsul Hug, and Cheong (Ni and
Raney Ni),***® Bélanger (Co),”” Pentland (Mo),”® and by Ammar and
Schuldiner (Pt),*® and their co-authors.

Conclusions

Taken together, our results establish TiO,-coated electrospun
PAN fibers as an experimentally simply accessible platform
suited to generating electrode surfaces of large specific surface
area and capable of functionalization with biocatalysts. With a
membrane-bound E. coli hydrogenase extract, the current
density obtained for hydrogen evolution increases in direct
proportion to the amount of fiber, controlled by the electro-
spinning duration, over the range investigated in this study. The
charge transfer resistance decreases correspondingly. The upper
limit of current density achievable by increasing the fiber mat
thickness depends on the applied potential but is certainly finite
due to transport limitations. Nevertheless, this represents a
system of rather facile experimental access and with an
interesting degree of tunability. Most significantly, it enables the
experimentalist to vary the electrochemically active surface area
in a systematic manner, and thereby, to increase the
electrochemical turnover in biofuel cell electrode assemblies. In
our system, current densities in excess of 500 pA cm™ were
achieved with stationary fiber mat electrodes at a moderate
overpotential of n = —0.3V, whereas the state of the art is
<10 pAcm™ at planar rotating disk electrodes spinning at

This journal is © The Royal Society of Chemistry 20xx

>2500 rpm,” and about 150 pA cm™ at n = —0.2 V at stationary
colloidal TiO, films.*

At a more fundamental level, the capability of adjusting the
electrochemically active surface area accurately allows one to
unravel interface charge transfer and charge transport in the
electrolyte. In the near future, our work will be pursued along
three main directions: (1) improving the coating procedure and
characterizing the organic film further in terms of its chemical
composition and electrochemical behavior; (2) characterizing
the oxygen tolerance of various hydrogenases that can be
applied to our system; (3) addressing the reverse reaction, the
hydrogen oxidation, for fuel cell applications. Another question
that remains open for investigation concerns the mechanism of
electron transfer between the solid electrode surface and the
hydrogenase enzymes.
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