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Abstract

Photocatalysis is an attractive, sustainable, and potentially low-cost route to capture solar energy as fuel.
However, current photocatalytic materials synthesis routes are not easily scaled-up to the magnitude
required to impact our energy consumption due to both economic and environmental concerns. While
the elements utilized are often earth abundant, typical synthetic routes utilize organic solvents at elevated
temperatures with relatively expensive precursors. Herein, we demonstrate the fully biomineralized
synthesis of a quantum confined CdS/reduced graphene oxide (CdS/rGO) photocatalyst catalyzed by the
single enzyme cystathionine y-lyase (CSE). The synthesis is performed at pH 9 in a buffered aqueous
solution, under ambient conditions, and utilizes the low-cost precursors Cd acetate, L-cysteine, graphene
oxide, and a poly-L-lysine linker molecule. CSE actively decomposes L-cysteine to generate reactive HS  in
aqueous solution at pH 9. Careful selection and control of the synthesis conditions enable both reduction
of graphene oxide to rGO, and control over the mean CdS nanocrystal size. The CdS is conjugated to the
rGO via a poly-L-lysine crosslinker molecule introduced during rGO formation. The completed CdS/rGO
photocatalyst is capable of producing H,, without the aid of a noble metal co-catalyst, at a rate of 550
umol hrtg?for an optimized CdS/rGO ratio. This rate is double that measured for unsupported CdS and
is comparable to CdS/rGO photocatalysts produced using more typical chemical synthesis routes. Single
enzyme biomineralization by CSE can produce a range of metal chalcogenides without altering the enzyme
or benign approach, making this an easily adaptable procedure for the sustainable production of a wide

variety of important photocatalyst systems.
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Introduction

The global energy crisis, spurred by rapid population growth and a warming climate, has become one
of the most pressing issues of the 215t century.! Increased worldwide energy consumption cannot be
maintained using traditional energy production methods which rely on a finite source of fossil fuels. One
of the most promising alternative approaches is photocatalysis, whereby solar energy is directly utilized
to generate chemical fuels, such as hydrogen and light hydrocarbons, from water and carbon dioxide.?
Towards this goal, heterostructured photocatalysts are particularly well suited as different materials can
be coupled together to meet the demanding requirements of efficient photon capture, fast charge
separation, and catalytic activity towards the desired reaction.? Several groups have demonstrated such
photocatalysts, typically synthesized utilizing high temperature and/or pressure conditions, in the organic
phase from expensive precursors.*® These studies inspire material design and provide critical insight into
the fundamentals of photocatalytic systems; however, making an impact at the scale of global energy
demand will require photocatalysts to be synthesized at an unprecedented scale. This will require low
cost, low energy demand, environmentally benign synthesis routes to facilitate a scalable green
revolution. Inspired by this challenge, we report the first example of size controlled CdS
nanocrystal/reduced graphene oxide (CdS/rGO) photocatalyst where both components are synthesized
via single enzyme biomineralization; a low temperature, ambient pressure, aqueous phase route for
sustainable material synthesis.

Biomineralization, the process by which biological systems create inorganic materials’, is typically
utilized to form structural materials; however, interest in the biomineralization of functional materials is
growing, particularly to address materials for energy applications.8® Several groups have previously
reported metal chalcogenide biomineralization in yeasts!®!!, bacterial®!?, and even higher order
organisms such as earthworms®3. This prior work is complemented by several groups utilizing
biomolecules as templating and stabilizing molecules for bioinspired chemical synthesis of
nanomaterials.'*® The challenge to overcome is engineering a biomineralization process to achieve
control over the functional properties of the materials, in this case particle size and crystallinity, and
produce the material in a form pure enough for the target application.

Over the past several years, our group has developed a single enzyme approach for
biomineralization of size controlled, quantum confined metal sulfide nanocrystals.’® This realizes
biomineralization in perhaps it's simplest form; a single cystathionine y-lyase enzyme (CSE), a metal

precursor, and an amino acid sulfur source in a buffered solution. The removal of the need for a living
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organism simplifies material purification and enables the tighter control over synthesis parameters
required to synthesize size-controlled nanoparticles as pure materials, alloys, and core-shell
heterostructures. This high degree of control is important for their successful incorporation into quantum
dot sensitized solar cells and for use as fluorescent markers in cell tagging.?%?! Herein, we push this single-
enzyme concept further to biomineralize both components of an active CdS/rGO composite
photocatalyst.

CdS nanocrystals are suitable for water splitting photocatalysis due to their adequate band-gap
of at least 2.4 eV, and the more negative conduction band potential of CdS compared to TiO,.22 Supporting
CdS nanocrystals on water soluble reduced graphene oxide (rGO)?*?* has been demonstrated by several
groups to improve both the activity and stability of the photocatalyst.?> Despite its favorable optical
properties, the performance of unsupported CdS is limited by high exciton recombination rates and
photo-corrosion effects. Supporting CdS on rGO improves photostability by preventing aggregation during
the reaction?? and may provide additional sites for hydrogen generation.?® Furthermore, rGO has a redox
potential, ranging from -0.11 to -0.30 V depending on the degree of oxidation, below the CdS conduction
band, -0.52 V,? resulting in thermodynamically favorable electron transfer from CdS to rGO.?8 When
combined with the high conductivity of rGO, these two factors can reduce exciton recombination rates by
promoting the fast transfer of electrons away from the CdS particle.?® In the present case, we report the
first example of rGO biosynthesis using a single enzyme to rapidly generate low concentrations of H,S,
allowing effective reduction of graphene oxide (GO) as a green alternative to the more typically used
reducing agents, namely hydrazine and sodium borohydride.

We utilize the linker molecule poly-L-lysine (PLL) to directly attach the CdS nanocrystals to the
rGO surface, as has been previously demonstrated in the synthesis of fluorescent probes and cancer
therapy agents.?>30 PLL is similar to serine proteins with the capacity to bind to rGO3!, but has the
advantage that it is a much shorter peptide, which should serve to improve the transfer efficiency of
photogenerated electrons into the rGO support.3° Conjugation of PLL is performed at room temperature
and does not affect the properties of either rGO or CdS, making it an ideal linker molecule for the

biomineralized CdS/rGO photocatalyst.

Results and Discussion

Enzymatic reduction of GO

Incubation of GO in a buffered aqueous solution containing L-cysteine amino acid and CSE results

in a color change from brown to black, indicative of GO reduction to rGO, in as little as 2 h. This rapid
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reduction occurs through the CSE catalyzed enzymatic decomposition of L-cysteine to form reactive sulfur
species in solution.3? We utilize the same aqueous, ambient temperature, reaction sequence herein, and
described in detail in prior publications, to enable biomineralization of metal sulfide QDs,°-%133-3 Figure
1 provides evidence for this GO reduction process via the UV-vis, FTIR and Raman spectra of as-
synthesized GO, and the same GO material incubated for 4 h either with L-cysteine or with a mixture of L-
cysteine and CSE. All samples were suspended in Tris buffer and, besides the as-synthesized GO, contain
PLL as a linker molecule for subsequent functionalization with CdS QDs.

The UV-vis spectrum of the as-synthesized GO, (Figure 1a), shows the expected absorbance peak
at 230 nm and shoulder at 300 nm, attributed to energy adsorption by aromatic C-C bonds within the GO
sheets and by C=0 bonds on the GO surface, respectively.3® Incubation with L-cysteine and CSE leads to
an absorbance peak shift from 230 to 270 nm and the simultaneous disappearance of the shoulder at 300
nm. These changes are attributable to the restoration of sp? hybridization of the C-C bonds in the product
rGO sheet, and the reduction of the surface C=0 bonds, respectively, providing evidence for the enzymatic
reduction process.?” In contrast, attempts to reduce GO by L-cysteine alone in the absence of CSE results
in a less definitive reduction without a clear shift in the absorption peak position. Instead, the primary
absorption peak becomes poorly defined. This agrees with previous reports of slow GO reduction by high
concentrations of L-cysteine alone, which takes over 72 h at room temperature due to the weak reducing
power of L-cysteine.3® Reduction can be accelerated at temperatures and pressures high enough to
thermally decompose L-cysteine3?, although this of course loses the ambient temperature synthesis target
of our work. Note that no reduction is observed in the absence of L-cysteine, even with the enzyme
present (Figure S1). Hence CSE is critical in catalyzing the efficient reduction of GO by L-cysteine. This
deduction is further supported by complementary FTIR (Figure 1b), and Raman spectroscopy (Figure 1c)
evidence.

The characteristic FTIR peaks of GO are located at 3450 cm™ (O-H stretching), 1733 cm™ (C=0
stretching), 1180 cm™ (C-0), and 1058 cm (C-O stretching).*® The peaks at 1733, 1180, and 1058 cm™ are
completely eliminated following CSE catalyzed reduction of GO, corresponding to C-O and C=0 bond
elimination. The absence of all carbon-oxygen bonds means that any oxygen groups on the surface of the
GO sheet have been removed, forming the final rGO material (Figure 1b). These same peak intensities are
also substantially decreased following reduction by L-cysteine in the absence of CSE. However, shoulder
peaks still exist in the spectra at these characteristic positions (Figure 1b) indicating some C=0 and C-O
bonds remain and thus less reduction is achieved. The large FTIR peak at 3450 cm™ corresponds to the

presence of hydroxyl species either as -OH groups on the carbon surface, or from water intercalated
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between the dried sheets.*! This peak appears to shift significantly to 3270 cm™ following reduction using
L-cysteine, both with and without CSE. However, this shift is not caused by reduction, but instead by the
introduction of the PLL ligand on the surface of the rGO samples.*?> The presence of PLL complicates the
analysis of the 3450 cm™ signal. However, the peak appears to be reduced when compared to the original
GO sample, agreeing with the disappearance of the other C-O bonds. The GO spectrum also shows a small
peak at 1620 cm™ corresponding to C-C bonding in the graphene sheets.*® Again, this peak is obscured by
the PLL ligand peaks in the other two rGO spectra.*?

The degree of this enzymatic reduction can be semi-quantified by comparing the relative
intensities of the disordered carbon D band (1340 cm™) and graphitic E,; G band (1580 cm™) peaks in
Raman spectra (Figure 1c).**** The D/G intensity ratio increases from 0.87 + 0.02 for GO, to 0.98+ 0.03
for GO reduced by L-cysteine alone, and to 1.07 £ 0.01 for GO reduced by L-cysteine and catalyzed by CSE
(Figure 1c). As discussed by Stankovich et al. an increase in the D/G band ratio upon reduction of GO is
indicative of an increased number of smaller sized sp? hybridized domains in the reduced material.?* This
ratio is typically utilized as an indication of the extent of reduction of the material, which further supports
our proposition, demonstrated by UV-vis and FTIR spectroscopies, that CSE acts to catalyze GO reduction

in the presence of L-cysteine.
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Figure 1. a) UV-vis absorbance, b) FTIR and ¢) Raman spectra of: 0.2 g/L GO synthesized using the
modified Hummers method; the same GO incubated with 10 mM L-cysteine for 4 h; and the same GO
incubated with 10 mM L-cysteine and 0.05 mg/mL CSE enzyme for 4 h. The latter two samples also
contain 0.8 mg/mL PLL.

This enzymatic reduction process most likely occurs through the active turnover of L-cysteine by
CSE to form H,S in solution.3*%> At pH 9, H,S dissociates to HS- which acts as a strong reducing agent on

C-0 and C=0 species under basic conditions.3%% H,S is not commonly utilized as a reductant in the
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laboratory due to the potential toxicity when supplied and stored in a concentrated form.?® In contrast,
our controlled, point of use, enzymatic generation of dilute H,S from benign precursors enables tight
control over the biomineralization and reduction process.3* Thus, while L-cysteine is only a weak and slow
reducing agent in its own, we enable the use of this benign sulfur source via the biomineralization inspired
use of the CSE enzyme to decompose L-cysteine and generate H,S as a strong reducing agent to yield an
increased extent of GO reduction over the same time period.

Several groups have previously reported other ambient, bio-inspired, methods for the partial
reduction of GO, including amino acids®®*’, phytoextracts*®, and metal reducing organisms*>->I,
Dissimilatory metal reducing bacteria, such as the Sewanella species, have also been demonstrated to
reduce GO using pre-existing extracellular electron transfer pathways.”® However, scale-up of these
processes is not economically viable as the cells need to be grown and maintained, as well as separated
from the product following synthesis.>? For a cleaner process, proteins such as bovine serum albumin
(BSA) have been shown to reduce GO; however, elevated temperatures (55-90°C) are still required. Our
proposed GO reduction method does not suffer from these disadvantages and so is inherently capable of

being scaled-up in an economic fashion.

Biomineralization of quantum confined CdS nanocrystals and their subsequent attachment to rGO

Conveniently, the cystathionine y-lyase (CSE) enzyme and mechanism by which it operates are
those that we have previously engineered to achieve size controlled biomineralization of a range of
guantum confined nanocrystals and heterostructures.'®3* Herein, we again utilize this established process
to biomineralize quantum confined CdS nanocrystals from a buffered solution of Cd acetate and L-cysteine
utilizing the same CSE as used for the GO reduction process described above. The absorbance and
photoluminescence properties of these biomineralized CdS nanocrystals are shown in Figure 2a and are
consistent with our previous reports. Using the relation developed by Yu et al, the absorbance peak at
390 nm can be used to estimate the diameter of the CdS nanocrystals as approximately 3.0 nm.>3 This
value agrees with our previous study utilizing the same process where absorption peaks of 330 nm and
350 nm corresponded respectively to particle diameters of 2.06 = 0.45 nm and 2.44 + 0.46 nm as
determined by HAADF-STEM analysis.?* Thus we can utilize the same engineered biomineralization
process to produce both of the primary components of the photocatalyst, namely the rGO and CdS, in

aqueous media at ambient temperature and pressure from abundant and benign precursors.
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These two components can then be conjugated in the aqueous phase via poly-L-lysine (PLL)
linker.? In this case PLL was attached to the rGO surface during the reduction process. Figure 2b shows
the absorbance spectra of (i) a solution containing the CdS nanocrystals and PLL functionalized rGO prior
to centrifugation, (ii) the supernatant following centrifugation, and (iii) the thoroughly washed
centrifugation pellet re-suspended in DI water. Prior to centrifugation, a strong CdS nanocrystal
absorbance peak starting at 390 nm is clearly visible above the high and broad rGO absorption
background. The re-suspended centrifuged pellet retains both this nanocrystal absorbance peak and rGO
background. In contrast, the supernatant spectrum shows a small residual peak at 390 nm indicating only
a small residue of unattached CdS nanocrystals. Control experiments confirmed that the small as-
synthesized, unattached QDs cannot be separated by centrifugation under these conditions, but that the
rGO can be centrifuged from solution. The co-existence of the CdS nanocrystal absorption peak with the
rGO background in the resuspended pellet demonstrates conjugation of the CdS to rGO to form a fully
biomineralized CdS/rGO composite photocatalyst. The entire synthesis process to generate our CdS/rGO
heterostructured photocatalyst is illustrated in Figure 3. Biomineralization of both rGO and CdS

components as well as their subsequent attachment using PLL are shown.
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Figure 2. a) Typical absorbance and photoluminescence spectra of biomineralized CdS nanocrystals. b)
Absorbance spectra of (i) the CdS/rGO mixture prior to centrifugation, (ii) the re-suspended pellet

containing CdS/rGO and (iii) the separated supernatant containing unattached CdS.
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Figure 3. A step by step illustration of the fully biomineralized synthesis used to produce the CdS/rGO

photocatalyst.

Definitive confirmation of CdS QD attachment to rGO is provided by electron microscopy imaging.
Figure 4a is a bright-field scanning transmission electron microscopy (BF-STEM) image of the CdS/rGO
photocatalyst supported on a holey carbon film. Note that no unassociated QDs were found on the holey
carbon film indicating the QDs were strongly bound to the rGO sheets prior to drying the sample onto the
grid. A higher magnification high angle annular dark field (HAADF-STEM) image, Figure 4b, confirms the
crystallinity of the particles. The two possible CdS crystal polymorphs are the hexagonal wurtzite and face
centered cubic (fcc) zincblende type structures. Figures 4c and d show atomic resolution HAADF-STEM
images of CdS particles on rGO with d-spacings and angles that are consistent with both crystal structures
(see Figure S2, Tables S1 and S2). Figures 4e and f show individual CdS particles on rGO along directions
that can be definitively associated with the [101] projection of the wurtzite and [001] projection of the
zincblende structures of CdS, respectively (see Figure S3, and Table S3). Hence, we have clear evidence
that both CdS polymorphs are produced by the enzymatic biomineralization process and that both persist
when the particles are immobilized on the rGO support. The presence of both polymorphs is consistent

with prior reports of CdS biomineralized nanocrystals.?3
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Figure 4. a) Low maghnification BF-STEM image of the CdS/rGO photocatalyst supported on a holey carbon

film. HAADF-STEM images of b) multiple supported CdS nanocrystals; c) a CdS nanocrystal orientation that
is consistent with either the [101] wurtzite projection or [011] zincblende projection; d) a CdS nanocrystal
orientation that is consistent with either the [210] wurtzite projection or [211] zincblende projection; e)
a CdS particle with the wurtzite-type structure viewed along the [101] direction and f) a CdS particle with

the zincblende structure viewed along the [001] direction.

Hydrogen production of the fully biomineralized CdS/rGO heterostructured photocatalysts

The photocatalytic activity of these biomineralized catalysts towards water splitting is shown in
Figure 5a, showing cumulative H, generated versus xenon lamp irradiation time for (i) the CdS/rGO
composite photocatalyst, (ii) colloidal CdS nanocrystals only, and (iii) suspended rGO only. The H,
generation rate for the CdS/rGO catalyst is pseudo first order, consistent with the expected performance
of a stable photocatalyst>*, and shows significantly improved hydrogen generation compared to the CdS
nanocrystals alone. This increased activity is attributable to increased exciton separation, due to electron
donation from the CdS particles onto the rGO support.?® Evidence of electron transfer from CdS to rGO

was observed using TCSPC measurements (Figure S4, Table S3). The unattached CdS have two lifetimes of
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2.5 and 65 ns, corresponding to non-radiative and radiative pathways, respectively. When the CdS
nanocrystals are attached to rGO, the non-radiative lifetime is reduced to 0.22 ns. The radiative lifetime
remains the same, but the prefactor, A, in the biexponential decay equation (shown above Table S3) is
reduced from 0.70 in the unattached nanocrystals to 0.06 in the CdS/rGO heterostructured system. The
prefactor corresponds to the number of photons collected with this radiative lifetime, and shows that the
amount of electrons taking this pathway is almost completely eliminated. This behavior is consistent with
other studies of CdS nanocrystals on rGO and is attributed to improved charge injection of electrons from
CdS into rG0O.5>°¢ This suppression of radiative recombination is due to the charge separation occurring as
the excited electron is transferred from the CdS to rGO, thus decreasing radiative exciton recombination.
Increased H, production could also result from an increased dispersion and stability of the CdS component
of the photocatalyst facilitated by the rGO support. While we observed no change in the CdS/rGO catalyst
during the experiment, a yellow precipitate formed at the bottom of the reactor when utilizing the
unsupported CdS catalyst. This was accompanied by a decrease in the intensity of the CdS UV-vis
absorption peak (Figure S5). The formation of the CdS precipitate is also reflected in a decrease in the
amount of hydrogen produced per hour. The decline in hydrogen caused by CdS aggregation is more
obvious over longer times than in the time scale shown in Figure 5 a). As shown in Figure S6, the hydrogen
generation verses time for the CdS sample shows a decline after two hours. In contrast, the hydrogen
produced verses time by the CdS/rGO composite material is consistent. Both of these effects are indicative
of the commonly observed agglomeration of unsupported CdS photocatalysts.>’ It should also be noted
that rGO was not capable of generating hydrogen without the addition of CdS.

The loading of CdS onto rGO was optimized with respect to hydrogen generation rate by varying
the amount of rGO sensitized by CdS (Figure 5b). A maximum in activity is observed reflecting the
competing factors of increasing nanocrystal population/dispersion and decreasing light penetration as the
rGO content of the solution increases, again an effect typically observed in these systems.?6:58 The highest
photocatalytic activity of our CdS/rGO photocatalyst was 550 mmol hr! g1. To quantitatively show the
improvement in hydrogen production from rGO, we subtracted the average H, production rate of CdS
alone from the rate for the optimized CdS/rGO composite. The difference, 265 mmol hrt g?, is
approximately equal to the H, generation rate of 285 mmol hr! g1 from CdS alone. Thus, the addition of
rGO essentially doubles the catalytic rate. Our optimized photocatalyst rate is comparable to other
reported values for similar composites with no metal co-catalyst. For example, Zhang et al. reported their
highest H, conversion rate of 1824 mmol hr! g1 for a ZnCdS/rGO nanocomposite, while Jia et al. reported

a highest H, rate of 1050 mmol hr! g for a CdS/rGO nanocomposite. >8>° One possible explanation for
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the higher values obtained by these groups is the use of a heating step in the preparation of CdS. For
example, Zhang et al. prepared their photocatalysts by heating in an autoclave to 160 °C for 4 h. Given
that our fully biomineralization approach is performed completely at room temperature, our rates are still

competitive with photocatalysts prepared using routes involving higher temperature and pressure.
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Figure 5. a) Hydrogen production versus reaction time data for (i) CdS/rGO, (ii) CdS only, and (iii) rGO only.
Hydrogen production was normalized by total catalyst weight for comparative purposes. b) Hydrogen

generation rate of CdS/rGO catalysts versus bare CdS, showing optimum H, generation when the amount

of rGO in the photoreactor was 0.4 mg.

These results demonstrate a fully biomineralized process to synthesize CdS/rGO photocatalysts in

the aqueous phase, at low temperatures and ambient pressure, from benign precursors. The resulting
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CdS/rGO photocatalyst can generate H, at rates comparable to the same composite systems produced
using higher temperature routes. Indeed, we anticipate that increased catalytic activity may be achieved
in our biomineralized photocatalysts through further optimization. This work demonstrates the utility of
biomineralization to realize benign synthesis of functional materials for energy applications. Future work
will focus on further developing and leveraging enzymatic biomineralization to incorporate advances
made in understanding chemically synthesized photocatalysts, including replacing CdS with a less toxic

material and the incorporation of biomineralized co-catalysts.

Conclusions

Our work demonstrates the first use of a single enzyme for the biomineralization of both CdS nanocrystals
and reduced graphene oxide (rGO), and their combination to form an active photocatalyst for H,
generation. The entire aqueous synthesis process is performed at room temperature under ambient
conditions, resulting in a potentially sustainable, scalable, and lower cost process. Synthesis occurs via
enzymatic turnover of L-cysteine by CSE to form H,S which then dissociates to form HS- in aqueous
solution at pH 9. Reduction of GO occurs in as little as 4 h due to the strong reducing power of the HS
species. CdS nanocrystals are formed through the reaction of Cd acetate and HS in solution, with size
control achieved by maintaining growth in the size focusing regime. The nanocrystals are stabilized by
excess L-cysteine ligands in solution. The as-synthesized quantum confined CdS nanocrystals are
conjugated to rGO utilizing a poly-L-lysine (PLL) crosslinker molecule via a simple low temperature
incubation method. Optimization of the CdS/rGO ratio yields a photocatalyst that can provide H,
generation rates from water splitting that are comparable to those of CdS/rGO photocatalysts prepared
using more typical chemical approaches. The CdS nanoparticles immobilized on rGO also performed better
than unsupported biomineralized CdS quantum dots alone, due to improved exciton separation and
better nanocrystal stability. These promising results demonstrate the feasibility of biomineralization as a

potentially sustainable and scalable approach to photocatalyst synthesis.

Experimental Methods

Graphene oxide synthesis
Graphene oxide was synthesized using the modified Hummer’s method.?® A 20 g batch of graphite powder

(Carbon Bay) was first oxidized by mixing with a solution of 30 mL sulfuric acid (BDH, 96%), 10 g potassium
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peroxisulfate (Alfa Aesar, 99%), and 10 g phosphorous pentoxide (Alfa Aesar, 99.99%) pre-heated to 80°C.
The solution was then slowly cooled to room temperature over a period of 6 h. The resulting material was
diluted, filtered and washed with DI water until the rinse water reached a neutral pH. Oxidation was
performed by adding the rinsed powder to a 460 mL solution of sulfuric acid cooled to 4°C. Then 60 g of
potassium permanganate (Alfa Aesar, 99.0%) was slowly added keeping the temperature of the solution
below 25°C. The solution was subsequently heated to 35 °C for 2 h before dilution with DI water. After an
additional 15 min, the reaction was stopped by further addition of DI water and 50 mL of hydrogen
peroxide (BDH, 30%). The resulting graphene oxide was filtered and washed with 10% hydrogen chloride
solution (BDH, 37.6%) before being re-suspended to a final concentration of 2 g/L. The GO was further
purified by dialysis (Snakeskin, MWCO 3500 kDa) and several iterations of centrifuge washing to

completely remove any remaining acid.

Functionalization of GO by poly-L-lysine and reduction via CSE

Enzymatic reduction of graphene oxide utilizing an L-cysteine substrate in the presence of the linker
molecule poly-L-lysine (PLL, MW 30,000-50,000, Alfa Aesar)?® forms a functionalized reduced graphene
oxide material , rGOp,,, suitable for supporting the CdS nanocrystals. To achieve this, 0.5 g/L of purified
GO was first sonicated on ice for 15 min. Following this, 8 mg of PLL was added to 10 mL of a dilute GO
suspension (0.2 g/L) in 0.1 M Tris buffer (pH 9, VWR, 99.5%) and heated at 37 °C for 1 h. A small amount
of precipitate was removed via centrifugation. Next, either 10 mM L-cysteine or 10 mM L-cysteine and 0.4
mg/mL CSE were added to the GO-PLL solution and incubated for up to 4 h. The resulting rGOp,
suspension was purified by several rounds of centrifuging and re-suspension in DI water in order to

remove any excess PLL from solution.

Biomineralization of CdS quantum dots

Quantum confined CdS nanocrystals were synthesized by the single enzyme cystathione y-lyase (CSE) as
previously reported.’® CSE was overexpressed using recombinant E. coli and purified using ionic metal
affinity chromatography (IMAC). Quantum dot synthesis was initiated by combining 1 mM Cd acetate (Alfa
Aesar, 99.999% Puratronic), 8 mM L-cysteine, and 0.05 mg/mL CSE in 0.1 M Tris-HCI (pH 9). The solutions
were incubated at 37°C for 5 h until a UV-vis absorbance peak at 390 nm was obtained, indicating a mean

particle size of ~3.0 nm.

Preparation and testing of CdS-rGO;,, photocatalysts
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Conjugation of CdS quantum dot nanocrystals (QDs) and rGOp, was achieved by physically mixing
the components and leaving them to incubate overnight at room temperature. After this overnight dwell,
any unattached CdS QDS were separated from the rGO-CdS conjugates by centrifugation. The supernatant
containing the unattached QDs was discarded, and the rGO-CdS pellet was washed twice with DI water
and sonicated for 15 min before resuspension in 0.1 M Na,S5/0.1 M Na,SO; to a final volume of 80 mL.
Prior to initiating the water splitting photoreaction, the as-prepared photocatalyst was degassed under
vacuum for 1 h in a 100 mL round bottom flask while stirring vigorously. Following the degas step, the
remaining head space was purged with N, for 15 min to ensure no oxygen was present within the reactor.
The reactor was then sealed and positioned 20 mm away from a 350 W Xenon lamp fitted with a >420 nm
UV cut-off filter. A 0.4 mL gas sample was obtained every hour through a septum and analyzed for
hydrogen and oxygen content by a model 8610C gas chromatograph (SRI Instruments) equipped with

thermal conductivity detector.

Materials characterization

Absorbance measurements were collected using a UV-vis 2600 spectrophotometer equipped with an ISR-
2600-Plus integrating sphere attachment (Shimadzu). FTIR spectra were acquired using a Thermo Nicolet
iS50 infrared spectrometer equipped with a mercury-cadmium-telluride (MCT) liquid nitrogen cooled
detector with a Harrick Praying Mantis diffuse reflection accessory and ZnSe windows. All spectra were
averaged over 96 scans at a resolution of 4 cm™. Raman spectra were obtained using an Alpha300RA
confocal Raman microscope equipped with a 532 nm laser and UHTS 400NIR spectrometer with a
diffraction grating of 2400 lines/mm (Witec). Photoluminescence experiments were performed using a
QuantaMaster™ 400 (Photon Technology International). Photoluminescence lifetime measurements
were obtained using the Fluorolog-3 spectrofluorometer with attached Time-Correlated Single Photon
Counting (TCSPC) controller. The excitation source was a 287 nm laser (Delta Diode). The
photoluminescence lifetimes were calculated from the decay curves using a bi-exponential fit. Samples
used for scanning transmission electron microscopy (STEM) analysis were diluted ten times in DI water
and dispersed as a single drop onto a holey carbon coated Cu mesh grid. The liquid content of the sample
was then allowed to evaporate under vacuum overnight. The CdS/rGOp,, samples were examined in bright
field (BF) and high angle annular dark field (HAADF) STEM imaging modes using an aberration corrected
JEOL ARM 200CF analytical electron microscope operating at 80 kV.
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