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ABSTRACT Excited state electron transfer (ET) is a fundamental step for the

catalytic conversion of solar energy into chemical energy. To understand the -
properties controlling ET between photoexcited nanoparticles and catalysts, the ET
kinetics were measured for solution-phase complexes of CdTe quantum dots and
Clostridium acetobutylicum [FeFe]-hydrogenase | (Cal) using time-resolved photo-
luminescence spectroscopy. Over a 2.0—3.5 nm diameter range of CdTe
nanoparticles, the observed ET rate (ker) was sensitive to Cal concentration. To
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account for diameter effects on Cal binding, a Langmuir isotherm and two geometric binding models were created to estimate maximal Cal affinities and

coverages at saturating concentrations. Normalizing the ET kinetics to Cal surface coverage for each CdTe diameter led to kg; values that were insensitive to

diameter, despite a decrease in the free energy for photoexcited ET (AGg;) with increasing diameter. The turnover frequency (TOF) of Cal in CdTe—(al

complexes was measured at several molar ratios. Normalization for diameter-dependent changes in Cal coverage showed an increase in TOF with diameter.

These results suggest that ke and H, production for CdTe—Cal complexes are not strictly controlled by AGgr and that other factors must be considered.
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apture and conversion of solar energy

for the clean and renewable produc-

tion of fuels requires developing effi-
cient and robust photochemical systems.'?
However, photocatalytic systems for H, pro-
duction or CO, reduction from water splitting
still present significant challenges toward
understanding how to achieve optimal effi-
ciencies.> Semiconductor nanoparticles have
received considerable attention as building
blocks for solar-to-fuel applications due to
unique optical and physical properties.*> At
sizes below the Bohr radius (e.g., nanoscale),
semiconducting materials exhibit quantum
confinement, which leads to size-dependent
control of electronic properties.>” Sophisti-
cated fabrication methods can be used to
control nanomaterial architectures and tune
properties for use in solar energy conversion
applications, including photocatalysis® The
integration of semiconductor nanoparticles
with heterogeneous and homogeneous cat-
alysts has led to a variety of photocatalytic
systems for fuel production. Base and noble
metal catalysts,”~'* enzymes,'>~"® and syn-
thetic compounds®°~2® have all been shown
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to participate in electron transfer (ET)
with nanoparticles to generate H, under
illumination.

We have demonstrated several systems
for solar H, production utilizing chalcogenide
nanoparticles coupled to Clostridium acetobu-
tylicum [FeFel-hydrogenase (Cal).”>'® These
systems show both high rates and quantum
efficiencies of H, production. Recently, we
measured the interfacial ET rate (kgr) in com-
plexes of CdS nanorods and Cal.'® The value
of interfacial kgt was found to be comparable
to the relaxation rate of the CdS nanorods.
We hypothesized that the H, production rates
and quantum yields may be controlled by the
competition between ET and recombination
pathways in these complexes. To further in-
vestigate how nanoparticle properties affect
ET rates and H, production in semiconductor
nanoparticle enzyme complexes, we explored
the effect of nanoparticle diameter on the
behavior of CdTe—Cal complexes. As nano-
particle diameter decreases, the band gap
energy increases, resulting in a blue-shift of
the absorbance peak and a more energetic
conduction band electron. Decreasing the
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Figure 1. Energy level diagram showing the diameter depen-
dent processes in CdTe—Cal photocatalysis (abbreviations:
ker, rate constant for ET from CdS to Cal; kyq, rate constant
for hole-quenching by ascorbate; AA, ascorbic acid; dHA,
dehydroascorbate; keycir, rate of exciton formation under
illumination; kc4re, rate of excited state decay in CdTe,
including both radiative and nonradiative pathways
(e.g., electron—hole recombination, carrier trapping)).

nanoparticle diameter also results in shorter excited
state lifetimes, and faster recombination.?* Thus, smal-
ler nanoparticles have a larger AGgr for interfacial ET
(Figure 1), but a faster overall relaxation rate (kcqre)-
These two properties contribute to competing effects on
the ET kinetics and H, production of CdTe—Cal com-
plexes.”>'® Changes in nanoparticle diameter will also alter
the available binding sites due to changes in surface area
and curvature, which can affect the binding affinity.>*°
Each of these diameter-dependent properties contributes
to the overall ET kinetics and photocatalytic rates of the
complexes, and must be deconvoluted to understand the
control of energy conversion at the nanoscale.

Here we report the effect of CdTe diameter on
the behavior of CdTe—Cal complexes. Time resolved
photoluminescence (TRPL) of CdTe—Cal complexes
was measured over a range of Cal concentrations
for each CdTe diameter, and used to determine the
ker dependence on diameter. To correctly interpret
the interfacial ET rate data from TRPL, two geometric
binding models were developed to evaluate the de-
pendence of Cal surface coverage on changes in CdTe
diameter. Normalization of observed ET rates to the
maximal number of Cal binding sites resulted in kgt
values that were constant over the CdTe diameter
range, despite a decline in AGgr with increasing dia-
meter. We conclude that ET in CdTe—Cal is chemically
coupled or gated, and is not strictly controlled by
the free energy of the electron exchange (AGgr).
In the case of photocatalytic H, production, the turn-
over frequencies (TOF) increased with nanoparticle
diameter (decreasing AGgr). These results indicate
that the H, production efficiency in CdTe—Cal com-
plexes is controlled by a complex interplay of binding
interactions, photogenerated reaction rates, and
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competition with internal relaxation pathways, which
are sensitive to changes in nanoparticle diameter.

RESULTS AND DISCUSSION

(dTe—Cal Photoluminescence Lifetimes. The photocata-
lytic production of H, by CdTe—Cal complexes results
from interfacial ET under illumination. The ET, in turn,
affects the electron—hole recombination and photo-
luminescence (PL) properties of CdTe. Thus, the effect
of Cal on relaxation of photoexcited CdTe can be
probed by comparing the fluorescent lifetimes of CdTe
either alone or in a complex with Cal. Four CdTe
diameters were investigated, with diameter values of
2.0, 2.2, 2.8, and 3.5 nm determined from the first
excited state 153/2(h) — 1S(e) transition peak wave-
length as described in Yu et al.?’ Figure 2a shows an
example of the fluorescence decay curves for 3.5 nm
CdTe in the presence of Cal at Cal:CdTe molar ratios
ranging from 0:1 to 10:1. Samples were excited with a
450 nm laser pulse, which populates high-energy
states; however, relaxation of hot carriers occurs at
ultrafast time scales (<1 ps).?2° Thus, we assume that
electrons originate from the conduction band 15(e).

As observed in Figure 2b, all four CdTe diameters
showed decreased fluorescence lifetimes in the pre-
sence of Cal, where higher Cal:CdTe molar ratios led
to gradually shorter lifetimes. We attribute this de-
crease to the addition of an ET pathway from CdTe to
Cal (Figure 1), which results in faster exciton decay and
shorter fluorescence lifetimes. The fluorescence decays
were fit to triple exponential kinetic function, which
provided the best quality fit as determined by chi-
squared analysis (Supporting Information Table S1).
The average fluorescent (PL) lifetime (zops) for each
CdTe diameter decreased with increasing Cal, reaching
a plateau at high Cal:CdTe molar ratios (Supporting
Information Table S2). This effect is due to the shift in
the distribution of CdTe—Cal complexes toward maximal
occupation of CdTe surface binding sites. At high Cal:CdTe
molar ratios, all available surface binding sites on CdTe are
occupied by Cal and the contribution of the CdTe — Cal
interfacial ET pathway to the average lifetimes of photo-
excited CdTe (tqps, Figure 2b) reaches a maximum.

To accurately evaluate the effect of Cal on CdTe
photoluminescence, we derived an expression for Tops
as a function of Cal concentration (Figure 2¢). It has been
shown for small molecule adsorbates on semiconductor
nanoparticles that the fractional surface coverage (6yp) of
the adsorbate (i.e., Cal) can be calculated from the steady-
state PL intensity changes of the nanoparticle (i.e, CdTe):***"

PLy — PLo
One = L _PLo M
where PLy is the PL intensity at a given adsorbate
concentration, and PLs and PL, are the PL intensities
for CdTe at saturating and zero (bare nanoparticle)
coverages, respectively. Here we extend this analysis to
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Figure 2. CdTe—Cal complex lifetime. (a) Time resolved
photoluminescence emission decay of 3.5 nm CdTe in
complex with Cal at Cal:CdTe molar ratios from 0:1 to 10:1
(1.2 uM CdTe). (b) Average fluorescent lifetimes for 2.0 nm
(blue squares), 2.2 nm (green circles), 2.8 nm (orange
triangles), and 3.5 nm (red diamonds) CdTe, for each Cal:
CdTe molar ratio from 0:1 to 10:1. (c) Average fluorescent
lifetimes for 2.0 nm (blue squares), 2.2 nm (green circles),
2.8 nm (orange triangles), and 3.5 nm (red diamonds) CdTe
as a function of Cal concentration (CdTe concentration for
each diameter adjusted to yield A,;50 = 0.05). Fits of eq 8 for
each data set are shown as solids lines.

evaluate the effect of Cal adsorption on CdTe nano-
particle PL. Cal adsorption differs from small molecule
behavior in the total number of interactions (Cal < small
molecule), and in conformational states of molecular
complexes. The measured effect of adsorbed Cal on
CdTe PL is an average for an ensemble of different
CdTe—Cal conformational complexes, and will still be
proportional to the fractional surface coverage, Oyp.
We can use eq 2 to relate PLg to 7,55 measured in TRPL
experiments:>>

PLy o Dy = 2= P)
TRR
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TABLE 1. Calculated Values of CdTe—Cal Fluorescent
Lifetime, Equilibrium Constant, and Free-Energy of
Adsorption

(dTe diameter (nm) Keq (uM™)* AGpgs (keal mol ") 7, (ns)?
2.0 05401 7.7 £03 200 4+13
22 0.7 £0.2 79+ 04 196 + 14
28 13403 83102 178+ 12
3.5 42409 9.0 £03 164 + 1.2

“ Calculated from fits of 7o, vs [Cal] with eq 8.

where @y is the PL quantum yield (PLQY) of CdTe at a
given Cal concentration, and g is the radiative lifetime
of a bare CdTe. The 7zgz can be calculated from the
average PL lifetime (zyp) and PLQY of the bare CdTe
(Do), as shown in eq 3.

@, = 3)
TRR
The PLQY for a given Cal concentration then be-

comes

()

D, = Tobs Po )
TNP

o, — BP0 5)
TNP

where 7, and ®; are the PL lifetime and PLQY, respec-
tively, of CdTe at saturating Cal coverages. The fractional
surface coverage, Oyp can be expressed as a function
of fluorescence lifetimes (eq 6).

Tobs — TNP
O = ———— (6)
Ts — TNP

The Langmuir isotherm defines 6 for CdTe—Cal com-
plexes as a function of Cal concentration and the
equilibrium binding constant for CdTe + Cal <
CdTe—Cal (eq 7).

KeqlCall

— R %)

)
cdfe ™ 71 KeqlCall

Combining eqgs 6 and 7 leads to an expression for 74ps
as a function of typ, 7s and Kgq.

KeqlCall(zs — Tnp)

1+ KEQ [Cal] (8)

Tobs = TNP
Equation 8 was used to analyze the effect of Cal con-
centration on the fluorescent lifetime for each dia-
meter, and extrapolate the CdTe lifetime at saturated
Cal surface binding. The solid lines in Figure 2c show
fits of 7,ps Vs Cal concentration (symbols) using eq 8.
The calculated values of 7, and Kgq for each CdTe
diameter are listed in Table 1.

Cal Binding Equilibria. The value of Kgq derived from
eq 8 allows us to determine the Cal binding affinity
for CdTe, AGpgs, and how this value changes with
diameter. Each value of AGags for Cal binding to CdTe
was determined from AGags = RT | nKgq. As shown in
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Table 1, there is a small increase in AGags with increas-
ing CdTe diameter, but all values are within the range
of electrostatic chemisorption previously described
for MPA—capped nanoparticle—Cal interactions.'>'®
The slight increase in AGpgs is possibly a result of the
larger surface area, and thus the number of Cal binding
sites, with increasing nanoparticle diameter.3® The
diameter-dependent Kgq values were also used to
calculate the concentrations of CdTe—Cal complexes in
solution. For each molar ratio, the equilibrium concentra-
tions of CdTe—Cal were similar across the CdTe diameter
range (Supporting Information Table S3), meaning that
the contribution of CdTe—Cal complexes to the average
lifetime for any given molar ratio are similar.

Surface Binding Models for CdTe—Cal Complexes. We hy-
pothesize that the observed trend in AGpgs with
diameter for CdTe—Cal is the result of the effect of
nanoparticle diameter on Cal binding capacity. Changes
in nanoparticle surface area and curvature alters the
number of surface binding sites, which has been shown
to alter binding densities of nm-sized molecules.'%2>3334

To normalize for this effect of increasing CdTe
diameter on Cal surface binding, we developed
geometric models of the Cal binding to the surface of
CdTe. We have previously modeled CdS nanorod—Cal
complex distribution in solution based on a Poisson
distribution.’®'® When the number of Cal approaches
the total binding capacity, the Poisson distribution
predicts some surface coverages will exceed the max-
imum binding capacity. The effect was accounted for
by limiting the ET measurements on CdS nanorod—Cal
complexes to molar ratios that were lower than the CdS
surface-binding limit for Cal. However, in the CdTe—Cal
system, the nanoparticles and Cal are in a similar size
regime, limiting the surface binding capacity and
making a Poisson distribution analysis impractical.

Here, we developed two complementary geometric
models to calculate the maximum surface coverage
of Cal for each CdTe diameter (details in Supporting
Information). Both models rely on the X-ray crystal
structure of [FeFe]-hydrogenase | from Clostridium
pasteurianum (Cpl, PDB code 1feh),*®> which has 70%
sequence identity with Cal,***” to define the dimen-
sions of Cal. Additionally, we assume the nanoparticle
to be a perfect sphere with a radius that includes the
length of the MPA ligand (~5 A). In the cone model, Cal
was represented as a truncated elliptical cone (Figure
3a), where the X-ray structure of Cpl** was used to
determine dimensions of the elliptical boundaries of
the cone. The maximum length dimensions of Cpl were
used to set the upper bound, whereas the lower bound
ellipse dimension was based on the surface area at the
distal [4Fe—4S] cluster (Figure 3a, yellow circle). This
cluster is predicted to be the site of in vivo ET from
ferredoxin (Fd) into Cpl/Cal, > and the adjacent sur-
face is the proposed CdTe binding site.'>'® The “foot-
print” of the Cal binding site for each CdTe diameter

BROWN ET AL.

Figure 3. Geometric models (to scale) of Cal binding on
3.5 nm CdTe: (a) cone model; (b) ellipsoid model.

TABLE 2. Cal Binding Sites for Each Diameter CdTe

Cal binding sites

(dTe diameter (nm) cone model ellipsoid model
20 3 5
2.2 3 5
2.8 4 7
35 5 8

was calculated from the angles of deflection of the
long and short dimensions of the elliptical cone with
the center of the nanoparticle (details in Supporting
Information). The maximum Cal coverage for each
diameter was calculated from the resulting elliptical
footprint and the surface area of the nanoparticle.
The angle of deflection is directly related to the radius
of curvature of the nanoparticle, so the elliptical foot-
prints vary with CdTe diameter. This results in a smaller
relative Cal footprint on larger diameter, lower curva-
ture nanoparticles. The maximum Cal coverages for
each CdTe diameter are listed in Table 2.

For the ellipsoid-binding model, Cal was modeled
as an enclosed ellipse (Figure 3b) with the axes defined
by the maximal length and width dimensions of the Cpl
X-ray structure. For each CdTe diameter, we defined
a binding sphere with a radius R = r + 2a, around the
nanoparticle, where r is the nanoparticle radius and o is
the vertical dimension of Cal shown in Figure 3b. The
volume available for Cal binding (V) was defined by eq 9.

Ve = %‘n[(r+2a)3 A ©)

The maximum Cal binding coverage was calculated
from the Cal ellipsoid volume and V; (Table 2).

Both binding models show similar trends for the
effect of CdTe diameter on Cal coverage. In both, larger
diameter particles have higher binding capacities,
as expected; however, this increase in maximum cover-
age is considerably smaller than the corresponding
increase in nanoparticle surface area. The ratio of
the surface areas of the largest and smallest diameter
CdTe is 2.25, whereas both binding models predict
that the ratio of corresponding Cal binding capacities
is ~1.6. Nanoparticle binding capacities for large mol-
ecules like Cal can differ significantly from those predicted
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Figure 4. Electron transfer rates in CdTe—Cal complexes. kqps
values calculated from eq 10 for 2.0 nm (blue squares), 2.2 nm
(green circles), 2.8 nm (orange triangles), and 3.5 nm (red
diamonds) CdTe, for each Cal:CdTe molar ratio from 0:1 to 10:1.

by simple surface area calculations.®® This illustrates the
importance of nanoparticle curvature on biomolecular
coverage in systems where the components are similar
length-scales. Binding capacities, together with experi-
mental measurements of binding affinities, must all be
used to estimate surface coverage for each diameter of
CdTe. This is critical to evaluating ET kinetics from optical
spectroscopy measurements, which exhibit a strong de-
pendence on binding stoichiometries3*3*

Electron Transfer Kinetics. As noted above, the observed
decrease in CdTe lifetime with increasing Cal concentra-
tion is attributed to the addition of a photo-driven ET
pathway from CdTe — Cal. The change in fluorescent
lifetime can be used to calculate the rate of electron
transfer (kqps) Using eq 10:

kobs = L _L (10)

Tobs  TNP

where ks measures the average ET rate at a specific
Cal:CdTe molar ratio. Figure 4 shows the kg values
for each CdTe diameter plotted against increasing Cal:
CdTe molar ratios. The values of ks increases with Cal
concentration due to the increase in Cal surface cover-
age at higher Cal:CdTe, which increases the probability
of an ET event. The increase in koys is linear when the
Cal:CdTe molar ratio is low compared to saturation,
consistent with previous CdS—Cal ET rate measure-
ments.'® At saturating levels of Cal, the average ET rate
can be estimated from CdTe fluorescent lifetime at Cal
saturation, 7, (Table 1) in place of 7 in eq 10. This kg
value for each diameter is listed in Table 3.

Since the ET kinetics are sensitive to the Cal concen-
tration, a higher number of Cal molecules are bound
to the larger diameter CdTe at saturation, resulting
in higher k, values. To account for this effect, we use
the Cal binding models to normalize the ET kinetics
per Cal bound using eq 11:

ker = ks /N (1)

where N is the total number of Cal binding sites for
each CdTe diameter (Table 2) and kgt is the intrinsic
rate for ET between CdTe — Cal.

BROWN ET AL.

TABLE 3. Electron Transfer Kinetics for CdTe—Cal
Complexes

ker (x 10°s77)°

CdTe diameter (nm) ~ k, (x 10" Cals™")®  cone model ellipsoid model
20 25+£03 8411 50£0.7
22 28 £04 92+13 55+08
2.8 33+£04 82+£09 47 05
3.5 39+£05 78 £09 49406

? Calculated from 7, values using eq 10. ° kr calculated from k; using eq 11.
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Figure 5. Normalized ET kinetics. (a) kgr normalized to
maximal Cal coverages predicted by the cone (gray circles)
and ellipsoid (white triangles) models (inset, ET rate at Cal
saturation (ks) for 2.0, 2.2, 2.8, and 3.5 nm CdTe). (b) Log plot
of CdTe—Cal kgr values normalized for cone (circles) and
ellipsoid (squares) models and predicted biological ET
kinetics (equation shown) vs AGgy values from Supporting
Information Table S4.

The normalized kgt values for each diameter are
listed in Table 3. Regardless of which model was used,
the resulting kgt values were found to be similar across
the diameter range (Figure 5a). This trend is despite the
fact that the value of AGgr increased with decreasing
diameter (Supporting Information Table S4). These re-
sults illustrate the importance of modeling nanoparticle
surface coverage for measuring ET kinetics. Changes in
nanoparticle diameter can result in significant changes
to the binding behavior of electron acceptors, and
accurate analysis of ET requires accurate estimates of
surface coverage. The trend for CdTe—Cal contrasts
with previous measurements of ET kinetics between
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semiconductor nanoparticles and molecular complexes,
where kgt was observed to increase with decreasing
nanoparticle diameter.3°~*

The observed trend in kgr differs from Marcus
theory based predictions of protein ET as a function
of AGer. Figure 5b shows the predicted values of kgt
for CdTe — Cal over a range of AGgr using the Page-
Moser-Dutton empirical formula for protein ET.*3
We assume an ET reorganization energy of 1.2 eV for
[4Fe—4S] clusters,**** with minimal contribution from
the CdTe.*** An ET distance from the nanoparticle
surface to the distal [4Fe—4S] cluster of 9.5 A was
derived from a static binding model and based on
the average distance between the MPA carboxyl group
and the Cal distal [4Fe—4S] cluster.® This analysis
predicts a gradually decreasing ket for AGgr < 1.2 eV,
which corresponds to the range of AGgy values for ET
between CdTe and Cal. These AGgr values were mea-
sured from pH-dependent methyl viologen reduction
assays (Supporting Information Figures S2 and S3 and
Table S4) as previously described.'®'® The norma-
lized kgt values obtained from eq 11 using the cone
(circles) and ellipsoid (squares) binding models are
shown in Figure 5b. Overall, the kgt values are reason-
ably predicted by the model, but the trend of kgt vs
free-energy of ET differs from that predicted by Marcus
theory or the Page-Moser-Dutton formulation.

The apparent insensitivity of kgr to changes in
CdTe diameter indicates that the ET step from CdTe
to the Cal distal [4Fe—4S] cluster might be coupled to
a chemical step, or is gated. One possibility is that 1e™
reduction of the distal [4Fe—4S] cluster proceeds via
protonation, e.g., proton-coupled electron transfer
(PCET). Cal is structurally homologous to Cpl,***” and
the X-ray structure of Cpl shows coordination of the
distal [4Fe—4S] cluster is site-differentiated, having 3
cysteine (Cys) and 1 histidine (His) ligands. Similar
site-differentiated FeS clusters exist in other redox
proteins, notably Rieske clusters,*® mitoNEET,*"48
nitrate reductase,”® and [NiFe]-hydrogenase.” Exchange
of His — Cys in FeS cluster ligation effected enzyme
activity, interfacial ET rate, FeS cluster E,, or PCET,
confirming the significance of His-ligation on tuning
FeS cluster potentials and rates of intermolecular ET
exchange in these proteins. Depending on the nature
of proton-coupled reduction of the His-ligated Cal
distal [4Fe—4S] cluster, the weak effect of AGgr on
CdTe — Cal kgt is consistent with PCET-based inter-
facial ET.>' >3 A PCET mechanism would also explain
the discrepancy between our results and previous
measurements of ET kinetics between semiconductor
nanoparticles and molecular or nanoparticle elec-
tron acceptors.3*~*? In these systems, ket is consistent
with AGgr dominated ET kinetics.

Analysis of (dTe Diameter Effect on H, Production. Pre-
vious results with both CdS—Cal and CdTe—Cal com-
plexes have shown that low Cal:CdTe ratios show the

BROWN ET AL.
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Figure 6. Cal TOF in CdTe—Cal complexes. a) TOF at 1:4, 1:2,
1:1, 2:1, and 4:1 Cal:CdTe molar ratios for 2.0 nm (blue
squares), 2.2 nm (green circles), 2.8 nm (orange triangles),
and 3.5 nm (red diamonds) CdTe. b) TOF at 1:4, 1:2, 1:1, 2:1,
and 4:1 Cal:CdTe molar ratios as a function the average
Cal bound per CdTe (Calg). Samples illuminated for 5 min
with 405 nm light (2500 #mol photon m~2s~") with 100 mM
AA. CdTe concentration normalized to Asos = 0.01 ([CdTe]
2.0 nm, 0.31 xM; 2.2 nm, 0.28 uM; 2.8 nm, 0.13 xM; and
3.5 nm, 0.073 uM).

highest values for TOF (mol~' H, mol™' Cal s ).>"¢

We measured the effect of molar ratio here to deter-
mine whether CdTe diameter influenced this trend
(Figure 6a). The result was consistent with previous
observations: the low Cal:CdTe ratios showed maximal
TOF. The trend in Figure 6a shows that TOF also increases
with CdTe diameter for each Cal:CdTe molar ratio, as
did H, yields (Supporting Information Figure S4). Since
the number of Cal binding sites (N) per CdTe increases
with diameter (Table 3) the distribution of complexes
(i.e.,, fraction of CdTe—Cal with 1, 2, 3, etc. Cal bound) at
each Cal:CdTe molar ratio differs for each diameter. Thus,
the effect of CdTe diameter on TOF at a specific molar ratio
may be the result of the change in the distribution of
CdTe—Cal complexes. To account for this effect, the
fractional surface coverage Ocqre for each Cal:CdTe molar
ratio was calculated using eq 7 and the Kgq values listed
in Table 1. Using the Oc4re values together with the values
for N determined by the two binding models, the average
Cal bound per CdTe (Calg) was calculated using eq 12.

Calg = N6cgre (12)

Figure 6b is a plot of the TOF values vs Calg for
each CdTe diameter based on the cone binding model
(TOF vs Calg for the ellipsoid model is shown in
Supporting Information Figure S8).
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Two trends are observed in Figure 6b. First, the
TOF of all diameter complexes increases as Calg shifts
to lower values. Again this is consistent with TOF and
H, quantum yields being highest for mixtures that
favor a high fraction of CdTe—Cal complexes with
only 1 Cal bound.'® Due to photon-limiting condi-
tions (average absorbed photon flux ~34 photons
CdTe 's™ ', ~ 0.34% of Cal TOF**) there is competition
for photoexcited electrons among multiple Cal mol-
ecules on a single CdTe. Because H, production is a
two-electron process, a high Cal coverage results in
lower H, production TOF and quantum yields. This
effect was demonstrated in CdS-Cal complexes, where
increasing the Cal:CdS molar ratio effectively de-
creased the quantum efficiency of electron transfer
per Cal due to increased coverage and competition for
electrons.' The second trend evident in Figure 6b is
the increase in TOF, and H, quantum yields (also
summarized in Supporting Information Figure S4,
Table S5) with CdTe diameter for each Calg value. The
analysis differs from Figure 6a by normalizing for
increasing N with diameter.

These diameter-dependent trends differ from pre-
vious reports of nanoparticle-based H, production,'®>*
where decreasing nanoparticle diameter resulted in
production of higher amounts of H,. In those systems,
the trend is attributed to the corresponding increase in
AGgr for a surface-state catalyzed proton reduction
reaction with decreasing CdSe diameter. In contrast,
for CdTe—Cal complexes the difference in AGgr does
not significantly affect ket or the photocatalytic rates.
Rather, as we observed previously the intrinsic nano-
particle recombination processes in both CdS—Cal and
CdTe—Cal complexes directly compete with ET.'>'?
This effect accounts for the rise in TOF with increasing
CdTe diameter, since the corresponding photolumi-
nescent lifetimes (zyp, Supporting Information Table
S2) increase, whereas kgt remains essentially constant
at ~10” s~ In other words, the CdTe — Cal ET step is

MATERIALS AND METHODS

[FeFe]-Hydrogenase Expression and Purification. The Strepll-tagged
[FeFe]-hydrogenase | from C. acetobutylicum (Cal) was expressed
and purified from Escherichia coli as previously described.3®
Specific activities of Cal preparations were measured as the
H, evolved from sodium dithionite (Riedel-de Haen) reduced
MV (5 mM, Sigma).36 Purified Cal had specific activities of
~1300 umol H, mg™" min~", with protein concentrations deter-
mined by the Bradford assay using Hemoglobin as the standard.

(dTe Nanoparticle Synthesis. All CdTe nanoparticles used in
this study were produced by microwave-assisted synthesis.
For example, in a typical synthesis of CdTe nanoparticles with
a size of 2.8 nm, first 0.8 mmol of CdCl;, (Sigma-Aldrich) was
dissolved in 40 mL of water, and 1.92 mmol of 2-mercaptopro-
pionic acid (MPA, Sigma-Aldrich) was added followed by the
addition of 1 M NaOH solution to reach a pH 8.0—8.5. A freshly
made NaHTe solution (total amount of Te was 0.4 mmol) was
quickly injected into this CdCl,—MPA solution under vigorously
stirring at room temperature. After the reaction was kept for
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unaffected by changes in AGgr, which leads to charge
recombination control of the H, production kinetics
and efficiencies.

CONCLUSIONS

In summary, we have investigated the effect of
CdTe diameter on the interfacial ET kinetics, surface
binding capacity and photocatalytic H, production of
CdTe—Cal complexes. When diameter dependent
changes in surface bound Cal are taken into account,
both the ket and the TOF for CdTe—Cal show surprising
trends. Despite a decrease in AGgr with increasing
CdTe diameter, the CdTe — Cal kgt values are constant
across the diameter range investigated, while TOF
increases with increasing diameter. Both these trends
contrast with previous reports of semiconductor nano-
particle ET and H, production systems. We attri-
bute this difference mainly to the site-differentiated
[4Fe—4S] cluster of Cal, which effectively minimizes the
influence of AGgr on the CdTe — Cal ET kinetics. The
implication is that incorporation of proton-transfer
controlled ET relays similar to the distal [4Fe—4S]
cluster of Cal as components of synthetic catalysts
might prove beneficial to leveling interfacial kgt
and driving photochemical reactions over a broader
potential range.

The flat, AGgr independent kg reveals that in
CdTe—Cal complexes, the CdTe recombination rates
largely control H, photoproduction. As a consequence
the use of wider band gap, large-diameter nano-
particles are possible, which both minimizes rates of
competing reactions while improving quantum yields
due to higher extinction coefficients and utilization of
more of the solar spectrum. Generally, these results
indicate that photocatalytic efficiencies of nanoparti-
cle—catalyst complexes are a function of a complex
interplay between interfacial ET and recombination pro-
cesses, and that competition between individual cata-
lysts significantly affects rates of multielectron reactions.

5 min, 25 mL of this solution was transferred to an 80 mL vessel.
The 80 mL vessel was loaded into a single mode microwave
reactor (Discover CEM, Inc.). The microwave-assisted synthesis
was carried out in a fixed power mode with 300 W power output
at 100 °C for 30 min. All other sizes of CdTe nanoparticles
were synthesized in a similar way. The size of CdTe nanoparti-
cles was controlled by the reaction temperature and time.
The CdTe concentrations were determined from the absor-
bance at the first excitonic transition peak wavelength, using
the equations developed by Yu et al.?” (2.0 nm, A = 490 nm, ¢ =
45620 M~ ' cm~'; 22 nm, 4 = 495 nm, ¢ = 53395 M~ ' cm ™ ;
2.8nm, 2=520nm,¢=89600M 'cm~';3.4nm, 1 =568 nm, e =
135300M " em™).

TRPL Measurements. Samples of CdTe in Tris-HCI pH 7 buffer
were prepared in sealed fluorescence cuvettes witha 3 x 5 mm
window and a 3 mm path length. All samples were prepared
such that the CdTe absorption at 450 nm = 0.05. For each CdTe
diameter, Cal concentrations yielded 1:16, 1:8, 1:4, 1:2, 1:1, 2:1,
5:1,and 10:1 Cal:CdTe molar ratios. Samples were illuminated at
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A = 450 nm with a Fianium Supercontinuum laser. The PL
emission was collected for each CdTe sample at the first
excitonic transition peak (PL emission peak position: 2.0 nm
Aem =531 nm; 2.2 nm, Aem = 537 nm; 2.8 nm, Ay = 566 nm;
34 nm, Aem = 639 nm) (MicroHR photodetector, Horiba
Scientific) and analyzed by a time-correlated single photon
counting board (Horiba Scientific). The instrument response
function for lifetime measurements had a full width at half-
maximum of 0.75 ns.

Photochemical CdTe—Cal H, Production. Samples of CdTe—Cal
containing 100 mM ascorbic acid (Fluka) in Tris-HCI pH 7 buffer
were illuminated for 5 min with an Ocean Optics 405 nm LED light
(750 mW, 500 mA, Ocean Optics) at 2500 umol photon m~25~"
(LI-250 light meter, LI-COR Biosciences). All samples were pre-
pared such that the absorbance at 405 nm had an OD = 0.01. For
each CdTe diameter, Cal concentrations yielded 1:4, 1:2, 1:1, 2:1,
and 4:1 Cal:CdTe molar ratios. Each sample was illuminated in
1.5 mL serum vials with an illuminated surface area of 5 mm?,
Headspace H, was measured after 5 min by GC (Agilent 7890A Gas
Chromatograph; 5 A mol sieve column (Supelco). H, production
was only observed by CdTe—Cal complexes under illumination.
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