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We present a study of electrocatalysis by an enzyme adsorbed on a range of carbon
materials, with different size, surface area, morphology and graphitic structure, which
are either commercially available or prepared via simple, established protocols. We
choose as our model enzyme the hydrogenase | from E. coli (Hyd-1), which is an active
catalyst for H, oxidation, is relatively robust and has been demonstrated in H, fuel cells
and H,-driven chemical synthesis. The carbon materials were characterised according
to their surface area, surface morphology and graphitic character, and we use the
electrocatalytic H, oxidation current for Hyd-1 adsorbed on these materials to evaluate
their effectiveness as enzyme electrodes. Here, we show that a variety of carbon
materials are suitable for adsorbing hydrogenases in an electroactive configuration. This
unified study provides insight into selection and design of carbon materials for study of
redox enzymes and different applications of enzyme electrocatalysis.

1. Introduction

Carbon materials with a variety of size, surface features, morphology and
arrangement of graphitic structure can offer properties relevant for specific
electrochemical applications, ranging from carbon fibre microelectrodes up to
high surface area carbon blacks used as supports for metal electrocatalysts in fuel-
cells.

In this paper, we focus on applications of carbon materials as supports for
redox enzymes as electrocatalysts. A number of redox enzymes are amenable to
immobilisation on carbon materials (either through covalent attachment or
direct adsorption) allowing them to be electrochemically investigated over a wide
potential range and in various solution conditions." The electrode replaces
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physiological donors and acceptors, and redox enzymes often show high rates of
catalysis when immobilised on an electrode.” This has led to numerous demon-
strations of technological applications of bioelectrocatalysis, including enzyme
fuel cells® and electrochemical biosensors.*

Our model enzyme system in this study is a hydrogenase. This class of enzyme
allows micro-organisms to oxidise dihydrogen, or reduce protons to generate H,.
Hydrogenases possess an electron relay chain of iron-sulphur redox centres
which transport electrons between the surface of the protein framework and the
buried catalytic centre, making them well equipped to function as electrocatalysts
(Fig. 1). It is well established that immobilisation of hydrogenases onto an elec-
trode makes it possible to probe a submonolayer film of the enzyme in a tech-
nique known as protein film electrochemistry. This approach has been used, for
example, to understand potential-dependent features of hydrogenase electro-
catalysis and their reactions with inhibitors and to compare features of hydrog-
enases from different organisms or with different genetic modifications.>®

Pyrolytic graphite has been used most widely in fundamental studies of
hydrogenase electrocatalysis, and it is often possible to adsorb enzymes directly
without need for specialised attachment strategies, thus simplifying electrode
preparation.” Pyrolytic graphite has ordered graphitic domains, is very soft, and a
fresh surface for enzyme adsorption is readily prepared by mild abrasion.®
Hydrogenases and other redox enzymes have been shown to interact preferentially
with the rough ‘edge’ surface and at defects on the basal plane of graphitic mate-
rials.” It has been reported that protein adsorption is aided by fresh abrasion of the
pyrolytic graphite prior to protein immobilisation' and this is likely to be due to
changes in the chemical composition of the surface on contact with air or water.
Hydrogenases have also been adsorbed onto plate-like particles of pyrolytic graphite,
prepared freshly by abrading a piece of graphite with glass paper immediately prior
to exposure to enzyme.” ™ The preference for fresh preparation of the particles limits
batch processing of larger quantities and the large proportion of basal surface on the
plate-like particles probably means that the total surface area of pyrolytic graphite
particles prepared in this way is not well utilised for enzyme loading.

2H*

Fig.1 (a) Representation of the crystal structure of a hydrogenase molecule showing how
the enzyme is equipped for electron exchange with an electrode: the protein framework is
shown in ‘ribbon’ format in grey, and metal clusters are shown in elemental colours; (b)
schematic representation of direct adsorption of a hydrogenase molecule onto a carbon
electrode material (exhibiting exposed graphitic carbon edges) giving rise to efficient
electrocatalysis. Representations of the hydrogenase structure (PDB code: 3USC) were
prepared using The PyMOL Molecular Graphics System, Version 1.3 Schrédinger, LLC.
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The efficiency of hydrogenases as electrocatalysts led rapidly to possible
applications for the enzymes in biological fuel-cells,**** H,-production devices**
and enzyme-mediated chemical synthesis.>'® Identifying alternative carbon
materials has now become an important challenge for developing and up-scaling
applications of electrocatalysis by hydrogenases and other redox enzymes.*>” In
order for enzymes to present an attractive alternative to metal catalysts for fuel
cells, for example, high surface-area carbon supports are particularly important to
facilitate high enzyme loading due to the relatively large footprint for enzymes
(typically ca 5 nanometres in diameter).

A number of different carbon materials in addition to pyrolytic graphite have
been explored for adsorption of hydrogenases, including carbon filaments,"®
carbon powders,"”** and various types of carbon nanotubes.'***** However these
studies involve hydrogenases from many different organisms and there has not
been a systematic study comparing electrocatalysis by the same enzyme on a
range of carbon materials with different properties.> This work is an attempt to
explore and compare various carbon materials for hydrogenase electrocatalysis.
The particular enzyme we select is hydrogenase-1 (Hyd-1) from the common
bacterium Escherichia (E.) coli, a robust O,-tolerant enzyme already demonstrated
for application in fuel cell devices."”

In this study we select and characterise eleven readily obtainable carbon-based
materials displaying different shape, size, graphitic features, porosity and surface
area, and we assess these as supports for H,-oxidation electrocatalysis by Hyd-1.
Due to the success demonstrated for pyrolytic graphite ‘edge’ surfaces in
hydrogenase electrocatalysis, we selected several particle types with ordered
graphitic character. Pyrolytic graphite was abraded with glass paper to produce
plate-like particles (APG), already demonstrated in hydrogenase applications,®
and micron-sized graphite particles (MG) were prepared by sonication of
commercial graphite flakes to generate a material with similar graphitic character
to the APG but with higher surface area and increased proportion of ‘edge’ sites.
Multi-wall carbon nanotubes (MWCNT) were selected because they have been
previously suggested as conductive networks for high surface area electrodes for
hydrogenase immobilisation.”>*® Nitrogen-doped multi-wall carbon nanotubes
(N-MWCNT) were also tested because alteration of the carbon lattice by nitrogen
doping confers defects and heteroatom sites that may improve hydrophilicity and
provide anchor sites for protein attachment. Graphite platelet nanofibers (GNF)
from Sigma-Aldrich, consisting of stacked graphitic layers perpendicular to the
fibre axis (rather than parallel to the tube as observed in MWCNT) were selected
due to the prevalence of graphitic ‘edge’ surface. In order to assess the suitability
of amorphous carbon materials, we selected four commercially-available carbon
blacks already used in fuel cell catalysis:*” Mogul L (ML), Vulcan XC72R (VX) and
Black Pearls 2000 (BP) from Cabot Corporation and carbon nanopowder (CNP)
from Sigma-Aldrich. In addition to the commercially available amorphous carbon
materials, carbon particles prepared by hydrothermal synthesis from a glucose
precursor® (HNP) were tested because this versatile and well established
synthetic approach can be adapted readily for various carbon-based materials and
can therefore be tuned for specific applications. To test the applicability of
composite materials that could lead to specialised applications, particles with a
thin carbon shell surrounding a silicon core were prepared by polymerisation
followed by carbonisation (Si@C).*®
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Here we focus on direct adsorption of the enzyme Hyd-1 onto these raw carbon
supports. It may be possible to achieve further improvements to enzyme loading
by additional treatments to the materials'®**?® but in the present study we limit
our investigation to as-received or as-synthesised carbon materials in order to
identify readily available or easily produced materials for hydrogenase applica-
tions and study.

2. Experimental
2.1 Commercially available carbon materials: ML, VX, BP, CNP and GNF

Carbon black powders: Mogul L (ML), Vulcan XC72R (VX) and Black Pearls 2000
(BP) were obtained from Cabot Corporation and used as received. Carbon
nanopowder (less than 50 nm particle size, referred to as CNP) and graphite
platelet nanofibers (GNF) were purchased from Sigma-Aldrich and used as
received.

2.2 Abraded pyrolytic graphite: APG

Pyrolytic graphite blocks were obtained from Momentive Performance Materials.
APG flakes were obtained by abrasion of a block of pyrolytic graphite with glass
paper (Norton Abrasives, P400 grade). Contrary to previous methods reported,
here APG was not freshly prepared prior to enzyme adsorption.*

2.3 Micron-sized graphite flakes: MG

Micron-sized (<1 pm) graphite flakes were prepared by modifying a method used
to prepare graphene through exfoliation.*® In a typical experiment 10 g of milli-
meter-sized graphite flakes (Aldrich, +100 mesh) were placed in 500 mL iso-
propanol (=99.5%, Sigma-Aldrich) and exfoliated and broken down by sonication
in an ultrasonic bath (FB11301, Fisherbrand, 600 W, 45kHz) for 200 hours. The
mixture was then left for 12 hours to sediment, and a grey suspension containing
smaller graphite flakes (<1 pm) was pipetted off from the remaining bulk graphite
flakes (>1 pm) at the bottom of the flask and sedimented by centrifugation at 3100
x g (Hettich, Rotina 420R). After centrifugation the supernatant was decanted and
the precipitated graphite flakes that were typically less than 1 um in size were then
collected and the solvent was left to evaporate overnight at 80 °C leading to a
powder comprising micron-sized graphite flakes (MG) in yield of 0.5-1 g.

2.4 Multi-wall carbon nanotube synthesis: MWCNT and N-MWCNT

Multi-wall carbon nanotubes (MWCNT) and nitrogen doped multi-wall carbon
nanotubes (N-MWCNT) were synthesised by aerosol-assisted chemical vapour
deposition (AACVD) as reported in detail previously.*? Briefly a mixture of 5 wt %
ferrocene (98%, Aldrich, purified through sublimation at 90 °C prior to use) and
toluene (99.9%, Fluka) for MWCNT, or benzylamine (=99%, Fluka) for N-MWCNT
were injected (for 10 and 20 minutes respectively) into a quartz tube located inside
a tube furnace operated at 800 °C using argon (99.999%, BOC) at a flow of 2500
scem (standard cubic centimetres per minute). The furnace was then left to cool
down to <300 °C before the samples of ca 500 mg per experiment were collected
from the centre of the quartz tube. Both MWCNT and N-MWCNT contained traces
of iron impurities (typically 5 wt %)** but were used as-synthesised since these
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impurities were found not to show any electroactivity over the potential range
relevant for studies of hydrogenase.

2.5 Hydrothermal carbon particle synthesis: HNP

Carbon particles with a size range 50-200 nm were obtained by hydrothermal
synthesis, based upon the procedure of Sun et al.?® In a typical experiment 1.27 g
glucose (ACS reagent grade, Sigma-Aldrich) was added to distilled water (35 mL)
in a PTFE-lined acid digestion vessel (45 mL, Parr Instrument Company) and the
closed vessel was then placed into an oven at 180 °C for 8 hours. Parameters such
as time, glucose concentration and temperature were selected to optimise the
carbon particle size (100-120 nm) and overall yield. The oven was then left to cool
down overnight before the sample consisting of the particles was collected from
the vessel. The particles were washed and centrifuged at least 5 times using
distilled water and 5 times with ethanol (99.8%, Fisher Scientific) for 10 to
15 minutes at 3100 x g per cycle. Subsequently, the particles were left to dry
overnight at 80 °C. Typical carbon particle yields were ca 100 mg. In line with
previous reports,**** we observed that the electrochemical response of materials
prepared by this route can be improved by annealing the particles at 1000 °C in
argon (100 sccm) for 2 hours.

2.6 Silicon core-carbon shell nanoparticles: Si@C

Silicon core-carbon shell nanoparticles (Si@C) were generated through a poly-
merisation and carbonisation procedure reported by Gao et al.*® Typically 44 mg
4,4'-sulfonyldiphenol (98%, Aldrich), 20 mg phosphonitrilic chloride trimer
(99.95%, Aldrich) and 20 mg silicon nanopowder (=98%, Aldrich) with a particle
diameter of ca 100 nm were dispersed using an ultrasonic bath (U1250D from
Ultrawave, 200 W, 40 kHz) for 20 hours in 30 mL ethanol (99.8%, Fisher Scientific)
and tetrahydrofuran (anhydrous, =99.9%, Sigma-Aldrich) in a 1:1 mixture by
volume to which 2 mL triethylamine (=99%, Sigma-Aldrich) had been added. The
resulting silicon nanoparticles with a poly(cyclotriphosphazene-4,4’-sulfonildi-
phenol) shell were washed 3 times with ethanol:tetrahydrofuran solution and left
to dry at 80 °C overnight. The particles were then annealed under an argon
atmosphere (100 sccm) at 900 °C for 2 hours to form the carbon shell.

2.7 Characterisation of materials

For the eleven carbon materials reported here, we investigate the following
criteria: the size and shape of the materials, their graphitic structure, their surface
area and their mesoporosity (porosity on a scale relevant for enzyme adsorption).

The overall morphology and structure of all materials presented here was
assessed using scanning and transmission electron microscopy (SEM and TEM)
in conjunction with Raman spectroscopy. Specific surface area and porosity were
investigated by nitrogen adsorption measurements.

SEM images were recorded using a Jeol 840F microscope with a secondary
electron detector operated at 5 kV and a Zeiss NVision FIB microscope equipped
with an in-lens detector and operated at 5 kV. TEM images were taken with a Jeol
2000FX and a Jeol 2010 both operated at 200 kv.

The degree of graphitisation of the samples was investigated using a JY Horiba
Labram Aramis imaging confocal Raman microscope (532 nm excitation) whereby
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the ratio of peak intensities of the D band (around 1340 cm™ ') and G band
(around 1575 em™") (Ip/Ig), and the presence or absence of 2D peak (also called G/,
around 2675 cm™ ') were identified. In simple terms, for carbon materials the D
peak intensity correlates with defects in the carbon lattice and is linked to the
extent of sp® hybridisation while the G peak arises from the graphitic network and
extent of sp” hybridisation. If I/I; is smaller than 1 the structures are considered
to show a higher concentration of sp? hybridisation (i.e. extended graphitic
character). If the ratio is close to 1 then the material is considered to have a more
amorphous structure with a mixture of sp> and sp® hybridisation. Even in cases
where I/l is close to 1, the presence of a 2D peak, more related to interactions
between graphene-like planes, suggests a strong graphitic component.

Specific surface areas of samples were evaluated using a Micromeritics Gemini
V BET surface area analyser (nitrogen adsorption at 77 K). For data collection the
samples were left at 200 °C in dinitrogen overnight prior to the adsorption
measurements and the data were analysed using the BET model for relative
pressure between 0.05 and 0.3 for all samples. For BP, HNP and Si@C the
Langmuir model was more suitable as it gave a better fit to the data, therefore for
these materials we calculate both the BET and Langmuir surface areas. The
molecular cross sectional area of dinitrogen was taken as 0.1620 nm?. The Bar-
rett-Joyner-Halenda (BJH) model was used to estimate pore characteristics.?®

2.8 Adsorption of hydrogenase

The enzyme Hyd-1 was purified from E. coli following a published procedure®” and
used at a concentration of 20 uM unless otherwise specified. Each of the 11
carbon materials was dispersed at 20 mg mL ™' by sonication in ultra-high purity
water (Millipore MilliQ, 18 MQ cm). Adsorption of Hyd-1 onto the carbon mate-
rials was carried out in a N,-filled glove box (<1 ppm O,, Glove Box Technology
Ltd.). A 5 pL aliquot of Hyd-1 solution was added to 5 puL of each material
dispersion and the mixture was left overnight at 4 °C to allow Hyd-1 to adsorb.
Carbon materials were then washed 3 times with 20 pL potassium phosphate
buffer (100 mM, pH 6.0) prepared from potassium phosphate dibasic (=98%,
Sigma-Aldrich) and monobasic (=99%, Sigma). The enzyme-modified carbon
materials were then separated by centrifugation (7000 x g, MiniSpin, Eppendorf).
To each sample, 5 pL buffer was added.

2.9 Electrocatalytic activity of hydrogenase adsorbed on the different particles

The electrocatalytic activity of adsorbed hydrogenase was assessed in an anaer-
obic glove box using a water jacketed (25 °C) electrochemical cell sealed onto an
electrode rotator (EG&G model 636) with a rotating disc electrode (RDE). A gas
inlet and outlet in the cell make it possible to flow 1 bar H, (99.99%, BOC) at 1000
sccm through the headspace above the cell solution. Measurements were per-
formed with the electrode rotating at 2000 rotations per minute (rpm) unless
otherwise stated, with steps to higher rotation rates used to test for mass trans-
port limitation. The working electrode was prepared by drop-casting 0.5 or 1 pL
(as specified) of the various material dispersions with adsorbed Hyd-1 onto the
surface of a pyrolytic graphite ‘edge’ electrode of geometrical area 0.02 or 0.04 cm®
which had been first polished with 1 pm a-alumina powder and cleaned by
sonication in MilliQ water for at least one minute. For each material, an electrode
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prepared without Hyd-1 showed no Faradaic current response in the presence of
H, over the potential window used for experiments in this study.

The counter electrode was a platinum wire and the reference electrode a
saturated calomel electrode (SCE, BAS). Potentials were converted to volts (V)
against the standard hydrogen electrode (SHE) using the relation E(SHE) =
E(SCE) + 0.2412 V at 25 °C. Potentials were applied with an EcoChemie Autolab
PGSTAT 128N potentiostat controlled by GPES software. The hydrogenase
was activated for at least 5 minutes at —0.559 V vs SHE prior to measurements
and further activated by sequences of 5 minutes at this same potential if
the current recorded was noticed to increase during cyclic voltammetry
measurements indicative of incomplete hydrogenase activation.*® Scans were
acquired at 10 mV s~ ' between —0.559 and +0.241 V vs SHE. The absence of
mediators®® in all experiments means that the catalytic current arises solely
from enzyme molecules adsorbed in an electroactive configuration and in direct
electronic contact with the carbon.*

3. Results

Structural characterisation using TEM and SEM was carried out to reveal the
general morphology and size of the commercial materials (ML, VX, BP, CNP and
GNF) and the carbon materials produced in-house following established recipes
(APG, MG, MWCNT and N-MWCNT, HNP and Si@C). SEM (Fig. 2 and Fig. 3) and
TEM images (Fig. 3 and Fig. 5), Raman spectra (Fig. 4) and surface area and
porosity measurements using nitrogen adsorption (Fig. 6) for all 11 materials
were found to be in agreement with data provided by suppliers or reported in
the literature®?***3>3%4> and results are summarised in Table 1. All materials
were tested using electrochemistry for Hyd-1 adsorption and electrocatalysis
(Fig. 7 to Fig. 10).

3.1 SEM/TEM characterisation of material size and morphology

Fig. 2 shows SEM images of materials which can be classed as plate-like (APG and
EG) or fibre-like (MWCNT, N-MWCNT and GNF). Images presented in the left
hand panel were recorded at the same magnification and are presented to show
differences in the overall morphology of the samples (Fig. 2(a), (c), (e), (g) and (i)),
while images presented in the right hand panel show magnifications selected to
highlight more specific aspects of the material shapes and sizes, (Fig. 2 (b), (d), (f),
(h) and (j)). Further SEM and TEM images (not shown here) were also used in
analysis of particle size and shape distributions.

We found that the diameter of the flat surface of the APG plates is in the range
3-5 um whereas the MG plates are smaller, falling mostly in the range 0.5-1 pm. A
rough estimate of the thickness (¢) of the plates (Table 1) was also evaluated
from examination of the SEM images (see Table 1). The MG plates are thinner
(<300 nm) than APG (>500 nm). These observations confirm that exfoliation of
graphite flakes is a relevant synthetic route to obtain small-size graphite plate-like
materials (MG).

MWCNT and N-MWCNT have typical diameters below 100 nm, and a length
up to 150 pm and 120 um respectively. TEM images confirm that they are both
hollow materials and qualify as tubes.** The hollow nature of the N-MWCNT can
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N-MWCNT |

Fig. 2 Scanning electron micrographs of plate-like and fibre-like carbon materials.
Images taken at the same magnification ((a), (c), (e), (g), (i); scale bars = 3 um) reveal the
overall morphology. In order to highlight specific morphological features of each material,
images were also taken at different magnifications ((b), (d), (f), (h), (j); scale as indicated).

also be observed by looking at the catalyst-free tips of the N-MWCNT at
higher magnification SEM images (see circular features in Fig. 2(h)). In contrast
GNF are not hollow and consist of stacked layers (discussed further in
section 3.2) with diameters in the range 20-250 nm, and are typically shorter
than 3 um.

The structural nature of the materials that have particle-like morphologies
(CNP, ML, VX, BP, HNP and Si@C) is displayed in Fig. 3 which is split into SEM
images in the left hand panel (Fig. 3(a), (¢), (e), (g), (i) and (k)) and TEM images
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BP

HNP &

Fig. 3 Scanning and transmission electron micrographs of particle-like materials. Images

taken at the same magnification ((a), (c), (e), (g). (i), (k); scale bars = 3 um) reveal the overall
morphology. In order to highlight specific morphological features of each material, images
were also taken at higher magnifications ((b), (d), (f), (h), (j), (1); scale as indicated).
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Fig. 4 Raman spectra of all 11 carbon samples investigated confirming the graphitic and
amorphous nature of individual materials respectively. The * marks the D’ shoulder on GNF
(see also the inset).

in the right hand panel (Fig. 3(b), (d), (f), (h), (j) and (1)). The electron
microscopy studies showed that all the commercially available materials
(CNP, ML, VX, BP) possess an average particle size less than 50 nm (Table 1)
while the particle size for in-house synthesised HNP ranged between 100 nm
and 120 nm. TEM images of the Si@C particles are consistent with a silicon
core (50-150 nm) coated with a thin carbon shell (10-20 nm). The core-shell
structure of the Si@C particles was indicated by the difference in contrast in
the TEM images and the presence of the carbon shell was confirmed by Raman
analysis (see section 3.2).

3.2 Characterisation of graphitic structure by Raman spectroscopy and high-
resolution TEM

Raman spectra for each material are shown in Fig. 4, and I/l values are sum-
marised in Table 1. Three main peaks in the Raman spectrum were considered in
order to assess the degree of graphitisation in the materials: the D, G and 2D
peaks at ca 1340, 1575 and 2675 cm ™, respectively, as discussed in section 2.7.
APG and MG display Ip/I; less than 1 and show a strong 2D peak, confirming that
the graphitic structure (sp> network) of the parent materials is retained during
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Fig.5 High-resolution TEM images revealing the surface morphologies of (a) MWCNT, (b)
N-MWCNT, (c) GNF and (d) BP. The image of BP is reprinted from ref. 40, with permission
from Elsevier. The image of N-MWCNT is reprinted from ref. 32, with permission from
Elsevier.

preparation of these plate-like particles. Similarly, the Ip/Ig of the MWCNT is less
than 1 and the spectrum also shows a strong 2D peak. A high-resolution TEM
(HRTEM) image of a MWCNT edge, Fig. 5(a), confirms an ordered graphitic
structure and the majority of the exposed MWCNT surface is basal-plane type
carbon. The presence of ‘edge’-like structures can be expected at the open
end of the tube only and are therefore not likely to be abundant in the material.**
N-MWCNT shows Ip/I; close to 1 and the presence of a 2D peak. Production of
nitrogen-doped carbon nanotubes is known to introduce defects in the graphitic
carbon network,** consistent with the observed increase in Ip/Ig and smaller 2D
peak compared to MWCNT. A HRTEM image of N-MWCNT (Fig. 5(b)) confirms
that this material has a less ordered graphic structured compared to the MWCNT.
The presence of nitrogen sites has also been demonstrated.** The Raman spec-
trum of GNF shows Ip/Ig greater than 1 and a 2D peak confirming graphitic
character. In contrast to MWCNT, HRTEM study of GNF, Fig. 5(c), shows the
predominance of graphitic ‘edge’-like features making up the majority of the GNF
surface. The Raman spectrum of GNF also displays a D’ peak (shoulder on the D
peak, see inset in Fig. 4) which is also related to an abundance of stacked platelets
making up the fibre with their edges oriented perpendicular to the fibre axis and
therefore responsible for the ‘edge’-like features (rather than basal plane-like
walls) along the fibre surface.*

As expected the remaining materials (CNP, ML, VX, BP, HNP, Si@C) have a
Raman spectrum indicative of a rather amorphous structure without extended
crystalline domains, with In/I close to 1 and no 2D peak. A HRTEM image of the
BP particles reported by Zhu et al. (see Fig. 5(d)) confirms that these particles do
not exhibit obvious ‘edge’-like character.*®
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Fig. 6 (a) Nitrogen adsorption (dotted) and desorption (solid) isotherms at 77 K for each
carbon material investigated. Grey boxes indicate the part of the isotherm which is
enlarged in panel (b) for GNF, CNP, HNP and Si@C to highlight the H3 hysteresis for GNF,
CNP, and the H4 hysteresis observed in the HNP and Si@C sample.
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Fig. 7 Cyclic voltammograms of Hyd-1 (a) adsorbed directly on a pyrolytic graphite RDE
with the ‘edge’ surface exposed or (b) on APG deposited on the RDE. The electrode was
rotated at 2000 rpm in pH 6.0, 100 mM potassium phosphate buffer under 1 bar H, at
25 °C. The dotted vertical lines mark the thermodynamic potential of H*/H, couple under
the conditions of the experiment. The grey voltammograms are obtained under identical
conditions with no hydrogenase deposited on the RDE.

3.3 BET characterisation: surface area

The surface area and porosity of the materials was assessed by nitrogen adsorp-
tion,* as shown in Fig 6(a), and respective values are summarised in Table 1. The
observed porosity results from two factors: the surface properties of the material
itself but also from aggregation of the carbon particles leading to porous networks
in the material powder.

APG, MG, MWCNT, N-MWCNT, GNF, CNP, ML and VX all display a type II
isotherm. This is an isotherm concave to the pressure axis, since at relative
pressure 0 the volume of gas adsorbed must be 0, and displaying a B point
marking the beginning of a linear relationship between adsorption and relative
pressure. The presence of the type II isotherm is indicative of the predominance
of rather large pores (macropores with diameter greater than 50 nm). Pores in this
size range are likely to be due to aggregation of the materials, which can also be
seen in the SEM and TEM images, Fig. 2 and Fig. 3.

Fitting the isotherms according to the BET model gives a specific surface area
lower than 100 m” g~ * for APG, MG, MWCNT, N-MWCNT and GNF. CNP, ML and
VX have a specific surface area between 100 and 250 m”* g~ *. Thus the plate-like
and fibre-like particles fall into a lower surface-area range, consistent with the
larger sizes of these materials. APG display a pronounced H3 hysteresis: the
desorption isotherm does not follow exactly the adsorption isotherm at high
relative pressure, Fig 6(a). GNF and CNP show a less pronounced H3 hysteresis, as
evident from the enlargement of part of the isotherm in Fig 6(b). The combination
of a type II isotherm and presence of H3 hysteresis is designated as a type II(b)
isotherm. A type II(b) isotherm is usually observed in powders and aggregates,
and thus is consistent with the nature of these materials.

The nitrogen adsorption isotherm for BP, HNP and Si@C differs slightly from
the previously described type II isotherms. A more pronounced plateau at high
relative pressure is observed indicative of a type I isotherm, suggesting the
presence of micropores (pore diameter less than 2 nm). This is in agreement with
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the fact that for these three materials the Langmuir model gives a better fit than
the BET model since the Langmuir model is known to give a better fit for mate-
rials with micropores.*® The specific surface area of these materials is greater than
300 m> g~ (as determined from the Langmuir model). Values obtained from the
BET model are also included in Table 1 for comparison. HNP and Si@C show
evidence of H4 hysteresis as shown in Fig 6(b). This behaviour is usually associ-
ated with activated carbons and materials displaying slit-shaped pores especially
in the micropore range.*® This is also consistent with the better fit of the Lang-
muir model for data from HNP and Si@C.

A convenient estimation of the average size of pores in a material can be
inferred by dividing the pore volume (V) in the material by the surface area (4) of
the material. Assuming the pores can be modelled by perfect cylinders, the
average pore diameter is equal to 4V/A.*® For all materials considered in this study,
the average mesopore size is within the range 3.5 to 9 nm (Table 1), although
pores of smaller and larger diameter can also be found in the materials. Since all
materials have a pronounced mesoporous structures (type II isotherm) and
mesoporous volume (Table 1) most of the porosity of the whole material
should be accessible to hydrogenase molecules (ca 5 nm diameter). The materials
with smallest average pore size (<4 nm) are the synthesised materials, HNP
and Si@C.

3.4 Electrocatalytic activity of adsorbed Hyd-1

A typical cyclic voltammogram for Hyd-1 adsorbed onto a rotating disc electrode
(RDE) made of pyrolytic graphite with the edge surface exposed is reported in
Fig. 7(a). The electrode is immersed in buffered aqueous solution (pH 6.0)
equilibrated with 1 bar H, (ca 0.8 mM). Hyd-1 does not show significant activity
for proton reduction under a H, atmosphere,* so no Faradaic current is observed
at potentials more negative than -0.3 V. At higher potentials a clear oxidative
catalytic wave is observed. No Faradaic current is observed under H, for a bare
electrode without enzyme adsorbed. Each cycle of catalytic turnover by a molecule
of hydrogenase leads to electron flow into the electrode, and thus the catalytic
current is directly proportional to the number of electroactive enzyme molecules,
provided that the current is not limited by availability of H, to the enzyme.” The
electrode is rotated rapidly (2000 rpm) to maintain the H, concentration at the
electrode surface close to that in the bulk solution. Hyd-1 exhibits an onset
potential for H, oxidation just positive of -0.3 V, consistent with the slight over-
potential requirement (50-60 mV) of this enzyme relative to the E(H'/H,) potential
at 1 bar H, *® The thermodynamic potential for E(H'/H,) under the experimental
conditions is indicated by a vertical line in Fig. 7. The residual slope in the cyclic
voltammogram at higher potentials is characteristic of immobilised enzyme
electrocatalysts engaged in direct electron transfer, and has been explained by a
dispersion of orientations of the enzyme on the electrode leading to a range of
electron transfer rates.** A similar waveshape, although with higher electro-
catalytic current, is obtained for Hyd-1 adsorbed on plate-like particles of pyrolytic
graphite (APG) deposited onto the RDE (Fig. 7(b)). This is consistent with an
earlier report in which Hyd-1 on APG was deposited on a RDE in a Nafion binder.*

In order to assess the potential benefit of alternative materials to APG we
deposited an equal amount of each material, modified with Hyd-1, onto a RDE
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and recorded the associated catalytic current in a cyclic voltammetric sweep in
solution equilibrated with H, (Fig. 8). For the results reported in this figure,
electrodes were prepared by drop-casting 0.5 uL of a 20 mg mL " dispersion of the
hydrogenase-modified particles onto a RDE of surface area 0.02 cm®. Thus the
current per geometric area of electrode is directly proportional to the current per
gram of material. It is observed that the commercial materials with higher specific
surface area (CNP, VX, ML and BP) give higher current densities. However the
shape of the cyclic voltammogram for those materials yields a plateau at high
potentials, characteristic of a film in which H, is not efficiently provided to the
enzyme, and thus current is limited by mass transport. Rotation at a higher rate of
5000 rpm increases the observed current by improving the H, supply to the film
(see the dashed line in Fig. 8 for BP). Further increase in rotation rate to 7000 rpm
(not shown) provides negligible improvement in current and the plateau shape is
still present, suggesting that fast rotation fails to provide efficient mass transport
through the particle film to buried hydrogenase molecules.

For CNP, VX, ML and BP, to obtain conditions that are not limited by mass
transport at the RDE we diluted the particle dispersions to 5 mg mL ™", applying
0.5 pL to the RDE. This allowed us to assess the suitability of each carbon material
for adsorption of Hyd-1 in an electroactive configuration. Results are shown
in Fig. 9. Also shown on this figure are MWCNT and N-MWCNT modified with
Hyd-1. Difficulty in dispersing the relatively hydrophobic nanotubes in water
means that the mass of nanotubes deposited cannot be controlled reliably, so the
absolute current is not comparable with the other materials. Importantly, the
similarity in waveshape (general form and onset potential) for Hyd-1 on all the
carbon materials suggests that the carbon support has little effect on enzyme
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Fig. 8 Cyclic voltammograms of Hyd-1 adsorbed on various carbon materials in 100 mM
potassium phosphate buffer, pH 6.0, 25 °C, equilibrated with 1 bar H,. Materials were
deposited on a 0.02 cm? pyrolytic graphite RDE with the ‘edge’ surface exposed, and the
electrode was rotated at 2000 rpm. The left hand axis shows the current normalised to the
geometric area of electrode and the right hand axis indicates the current per gram of
deposited carbon material. In all cases 0.5 plL of 20 mg mL~* dispersion of carbon material
with adsorbed enzyme were deposited on the RDE. The current associated with BP
material is reported at 2000 rpm (BP solid line) and 5000 rpm (BP dashed line).
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Fig. 9 Cyclic voltammograms of adsorbed Hyd-1 on the various carbon materials
deposited onto a pyrolytic graphite RDE with the edge surface exposed, in 100 mM
potassium phosphate buffer, pH 6.0, 25 °C, equilibrated with 1 bar H,. Dilution of the
dispersion of certain particles (CNP, ML, VX and BP, see text) means that currents are not
significantly mass-transport limited. The dashed lines mark the thermodynamic potential
of the H*/H, couple under the experimental conditions.

electroactivity. Therefore, despite their intrinsic differences all materials inves-
tigated accommodate Hyd-1 in a suitable configuration to perform H, oxidation
electrocatalysis.

The mass transport limitation observed for CNP, ML, VX and BP in Fig. 8 is
likely to be a problem for realistic applications of hydrogenase electrocatalysis.
We therefore investigated Hyd-1 activity on BP in a wall-jet electrochemical cell
configuration where mass transport can be improved. In Fig. 10, scans (a) and (b)
were recorded at an RDE electrode, whereas scan (c) was recorded with the same
amount of material in the wall-jet cell. At high potentials a higher current is
reached in the wall-jet cell and the plateau is absent suggesting that mass
transport to enzyme molecules in the particle film is no longer significantly
limiting the current. In order to test whether enzyme loading on BP could be
improved by longer adsorption times from more concentrated enzyme solution,
an electrode was prepared in the wall-jet cell using particles that had been
incubated with 0.2 mM Hyd-1 for 48 hours at 4 °C, scan (d). In this case an
improved current per mass of material of 12 A g~' (at +0.24 V vs SHE) was
recorded.
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Fig. 10 Cyclic voltammograms of Hyd-1 adsorbed on BP assessed on a pyrolytic graphite
RDE (grey) at (a) 2000 rpm or (b) 5000 rpm; and cyclic voltammograms for the same
quantity of BP studied in a wall-jet cell configuration (with H,-saturated solution flowing at
50 mL min~?) for (c) the same set of particles as (a) and (b); and (d) for particles prepared
with longer adsorption time (48 hours) from more concentrated Hyd-1 solution (0.2 mM).
All were prepared by deposition of BP (1 uL) from a 20 mg mL™! suspension.

4. Discussion and conclusions

The materials considered in this study fall into three broad categories with
respect to their general shape and morphology. APG and MG are micron-sized
platelets with low specific surface area compared to the other materials. They are
highly graphitic, and it is expected that the thin edges of the plates expose
graphite ‘edge’-like regions that have been associated with effective protein
adsorption. The fibre-like materials, MWCNT, N-MWCNT and GNF, have diam-
eters in the nanometer range and up to 250 nm for GNF and have slightly higher
surface area than the plate-like materials and are also graphitic. Whereas
MWCNT and N-MWCNT show a predominance of basal-like surface, GNF has
mainly ‘edge’-like surface structure. CNP, ML, VX, BP, HNP and Si@C are particle-
like materials that do not show an ordered graphitic structure but have the
advantage of a high surface area. All materials show some extent of mesoporosity,
on an appropriate scale for enzyme adsorption.

In this study we have investigated all of these materials as supports for elec-
trocatalysis by the enzyme Hyd-1 from E. coli in order to present a unified
comparison of different types of carbon with a single enzyme. The results
demonstrate that a range of carbon materials can be used for adsorption of Hyd-1
in an electroactive configuration. The catalytic waveshapes in voltammograms
recorded under conditions where mass transport is not significantly limiting
(Fig. 9) are very similar to the well-characterised waveshape reported for Hyd-1
adsorbed on a pyrolytic graphite electrode (Fig. 7(a)). Importantly, the onset
potential for H, oxidation is independent of material, showing that interfacial
electron transfer to and from hydrogenase molecules is effective on each carbon
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material. The residual slope in the electrocatalytic voltammogram at high
potential is similar for each material (Fig. 9), suggesting that there are not
significant differences in the distribution of orientations of Hyd-1. The results of
this study suggest that any conductive carbon-based material is likely to be a
candidate for hydrogenase study or application.

All of the carbon materials give an increase in catalytic current per geometrical
area of the electrode relative to Hyd-1 on a bare pyrolytic graphite electrode
(Fig. 7(a)). In this set of experiments, the same mass of particles was applied to
each electrode and so the magnitude of the current also gives a direct indication
of the electrocatalytic activity per gram of carbon. A significant increase in current
is observed for the commercially available carbons, BP, VX, ML and CNP but in
each case the voltammogram is severely mass transport limited, showing a
plateau at high potential. As demonstrated for BP (the highest surface area
material with the most pronounced mesoporous structure), mass transport can
be improved slightly by increasing the electrode rotation rate but the plateau
remains. The mesopores, with an average diameter in the range 3.5-9 nm (Table
1) for all materials used in this study, are of similar dimension to Hyd-1 which has
a diameter of roughly 5 nm. This is advantageous since the mesoporous network
should be accessible to Hyd-1. Enzyme molecules inside the pores are likely to be
almost completely surrounded by carbon, favouring contact of their electron relay
centres with the electrode surface so that the majority of molecules are electro-
active. Templated ordered mesoporous carbons and other inorganic materials
have been developed specifically for the adsorption of enzymes in biotechnology,
but usually involve use of a sacrificial template, multi-step synthesis, and may
display relatively poor conductivity.*”*®* The success of Hyd-1 adsorption on BP
and other commercial carbon blacks shows that it is possible to make use of
readily available mesoporous carbons for enzyme electrocatalysis.

In general the materials which are most affected by mass transport limitations
are those which also have the most developed mesoporous structures (Table 1),
suggesting poor transport of H, within electrodes constructed from these mate-
rials. Mass transport limitation at mesoporous carbon electrodes modified with
hydrogenase has been noted by other authors.” In Fig. 10 we compare the same
preparation of Hyd-1 modified BP on a RDE (scans (a) and (b)) or in a cell with a
wall-jet configuration (scan (c)). In the wall-jet cell, the current per gram of BP is
substantially increased and the waveshape no longer shows a plateau, resembling
that at the pyrolytic graphite electrode, Fig. 7(a). In the voltammograms of Fig. 8
electrodes formed from larger or less mesoporous particles, such as APG, MG and
GNF show less evidence of mass transport limitation, although the relative
currents are lower. This illustrates that in addition to selecting carbon materials
to improve enzyme loading, another important consideration is optimisation of
mass transport at the electrode.

Fig. 11 shows the voltammetric data from Fig. 8 recalculated to show the
current density with respect to the surface area (BET) of each material. Fig. 11
gives an indication of how effectively the total surface area of each material is
being used for electrocatalysis. In this case the highest current densities occur for
materials with larger size or lower specific surface area. In particular APG, MG and
GNF compare more favourably with the other materials when evaluated on the
basis of current per surface area of material, showing that the surface of these
materials is used efficiently for electrocatalysis. The fact that these materials with
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Fig. 11 Voltammetric data from Fig. 8 reported as current per surface area (BET) of
material. For comparison, the scan obtained in the wall-jet configuration cell from
Fig. 10(d) is also reported (dotted BP voltammogram).

exposed graphitic ‘edge’ surfaces show high currents per surface area of material
is in line with the successful use of pyrolytic graphite ‘edge’ electrodes for protein
film electrochemistry. Results associated with MG suggest that even more
favourable current densities could be obtained from smaller particles of these
graphitic materials. Conversely, materials with larger specific surface areas (BP,
Si@C and HNP) show very low current densities in Fig. 11. This is particularly the
case for BP which has a specific surface area (BET) of 1332 m”> g~ '. Even after
improving mass transport to Hyd-1 on BP by use of a wall-jet cell, the high surface
area of the material is clearly being under-utilised (dashed line, Fig. 11). Slow
diffusion of Hyd-1 into the mesoporous network of BP will lead to very long
equilibration times for adsorption of the enzyme. Restricted or hindered diffu-
sion of macromolecules through pores of a similar diameter is a well-documented
phenomenon,* and is the basis of size exclusion chromatography. Enzyme
loading on BP was improved by allowing Hyd-1 to adsorb over a longer time and
from more concentrated solution (Fig. 10(d) and Fig. 11). In this case an improved
current per surface area of material of 0.9 pA cm > was obtained. Hyd-1 is a
particularly robust hydrogenase, and for some metalloproteins it would be
unfeasible to allow such long adsorption times due to protein degradation.
The fact that the current for BP in the wall-jet cell with longer adsorption time for
Hyd-1 exceeds that obtained for the initial particle preparation (Fig. 10) at all
potentials during H, oxidation implies that a significant amount of enzyme can
adsorb within the mesopores of the material where efficient mass transport
becomes particularly important.

Carbon nanotubes have been widely used in development of applications of
hydrogenases.”® Attractive features of MWCNT or N-MWCNT are the opportunity
to develop relatively high surface area electrodes with a mesoporous network
(Table 1, Fig. 2). We observed that direct adsorption of Hyd-1 is possible on
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MWCNT and N-MWCMT, but their dispersion in aqueous solution is challenging
due to their intrinsic hydrophobicity. A slight improvement in dispersion is
observed for N-MWCNT compared to MWCNT, but we were still unable to make
accurate comparisons of current per mass of material deposited for the nano-
tubes. It might be expected that the defects and heteroatom sites brought about
by nitrogen incorporation within the carbon lattice in N-MWCNT should offer
anchor-points for specific attachment of enzymes, but this is beyond the scope of
the present study.

In other hydrogenase electrocatalysis studies, nanotubes have been handled in
specific ways, for example, multi-wall carbon nanotubes grown directly on a gold
substrate in a study by De Lacey and co-workers.”® Carbon nanotubes have also
been further modified for covalent attachment of hydrogenase, for example
commercially available multi-wall carbon nanotubes modified by adsorption of a
pyrene derivative which was covalently linked to Hyd-1 via an amide linkage were
demonstrated in a high surface-area electrode for a hydrogenase H,/O, fuel cell by
Armstrong and co-workers.' Lojou and co-workers used chemically modified
single and multi-wall carbon nanotubes for covalent attachment of hydrogenase
from Aquifex aeolicus; stabilising the nanotubes network in the polymer electro-
lyte, Nafion.”® These examples highlight the need for specialised handling of
carbon nanotubes if they are to be used successfully for hydrogenase
electrocatalysis.

The fact that high currents per gram of material can be achieved by Hyd-1 on
commercial carbon blacks (BP, VX and ML) is promising for applications of
hydrogenase electrocatalysis, for example in enzyme fuel cells or H,-production
devices, provided that mass transport issues can be properly addressed in the
design of the device.

Successful adsorption of hydrogenase is not limited to commercially available
materials. In-house generated particles HNP and Si@C investigated in this study
are good examples of materials that can be easily tailored to accommodate
hydrogenases for specific purposes. HNP material can be obtained by the versatile
and simple hydrothermal synthesis:***> a green synthetic route using glucose (a
renewable feedstock) as starting material and requiring readily-available labora-
tory equipment. The high surface area material obtained has also been demon-
strated in various other electrochemical devices***® and so is a promising
platform for tailoring of materials for enzyme electrocatalysis. Si@C may have
interesting applications as an electrode material for coupling to in situ infrared
spectroscopy as it has an IR-transparent silicon core but a sufficiently conductive
outer carbon shell (10 to 20 nm) to support enzyme adsorption and electro-
chemistry. These examples illustrate opportunities to select and develop simple
carbon materials for specific applications of hydrogenases.
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