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ABSTRACT: Excited, or “hot” charge carrier generation and transfer driven by the OER
decay of localized surface plasmon resonances (LSPRs) are key steps in plasmonic
photocatalysis. Hybrid structures that contain both metal and semiconductor

building blocks facilitate the extraction of reactive charge carriers and their H,
utilization for photoelectrocatalysis. Additional functionality arises from hybrid 0 e_<
structures that combine noble metal nanostructures with semiconductor 2 W

components, such as chalcopyrite (CuFeS,) nanocrystals (NCs), which by >h-
themselves support quasistatic resonances. In this work, we use a hybrid membrane

to integrate Au nanorods (NRs) with a longitudinal LSPR at 745 nm and CuFeS, OH-
NCs with a resonance peak at 490 nm into water-stable nanocomposites for robust

and bifunctional photocatalysis of oxygen and hydrogen evolution reactions in a
wavelength-dependent manner. Excitation of NRs or NCs in the nanocomposite correlates with increased hydrogen or oxygen
evolution, respectively, consistent with a light-driven electron transfer between the metal and semiconductor building blocks,
the direction of which depends on the wavelength. The bifunctional photoreactivity of the nanocomposite is enhanced by
Cu(I)/Cu(II)-assisted catalysis on the surface of the NCs.

KEYWORDS: plasmonic photocatalysis, hybrid plasmonics, chalcopyrite, plasmonic semiconductor nanocrystals, water splitting

INTRODUCTION Plasmonic photocatalysis utilizes plasmonic resonance
effects for harvesting light, in particular sunlight, the most
abundant energy source on earth, to facilitate chemical
. 4—6 . transformation and to convert sunlight into chemical
semiconductors. The dipolar plasmon resonance wave- 15,18—21 . .
energy. Plasmonic photocatalysis can occur through
different mechanisms, of which (i) E-field enhancement of
molecular or nanoscale photocatalysts'™'® or energy transfer
through plasmon-induced resonance energy transfers

Localized plasmons are coherent collective electron oscillations
well-known in noble metal nanoparticles (NPs)' ™ and doped

length is determined by the Frohlich resonance condition &, =
—2¢,,, where &, is the real part of the dielectric function of the
plasmonic material and &, the dielectric constant of the

ambient medium.” Intriguingly, it was shown that even pure (PIRET),ZZ’23 and (ii) hot charge transfer-induced reactiv-
semiconductors with strong interband transitions can also ity'”2%** are the most widely studied. While the former utilizes
fulfill the Frohlich resonance condition, an effect that has been plasmonic NPs as nanoantennas to generate a strong, resonant
referred to as “interband plasmonics”.*” Localized surface E-field enhancement to boost the excitation of photocatalysts
plasmon resonances (LSPR) in metals or semiconductors are located in the immediate vicinity of the NPs, the latter involves
of general interest as they can provide intense optical charge transfer processes of the plasmonic component.
absorption and/or scattering cross sections, and achieve strong Dephasing of plasmons is coupled to direct or indirect charge

local E-field localization. Furthermore, the non-radiative

dissipation of plasmons can generate “hot” charge carriers Received: February 17, 2022
and induce photothermal effects.'”"" These fundamental Accepted: March 23, 2022
properties form the basis of important applications of Published: March 29, 2022

plasmonic NPs in chemical sensing,12 high-contrast biomole-

cule or cell imaging,'”'* photoinduced biomedical therapy,"’
15—17

and photocatalysis.
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Figure 1. Characterization of the hybrid plasmonic photocatalyst. Structural scheme (A) and TEM micrographs (B) of the hybrid plasmonic
photocatalyst (L-NR-NCs). (C) Raman spectra of drop-casted thin films of chalcopyrite NCs (top), L-NR control (middle), and L-NR-NCs
(bottom) with Lorentzian peak fittings of the A; (red) and B, (blue) phonon modes. Green, a fitted baseline curve; cyan, sum of the fit
curves. (D) XRD spectra of NCs (top), L-NR control (middle), and L-NR-NCs (bottom). NCs and Au NRs diffraction peaks in L-NR-NCs
are denoted, respectively, with asterisks () and pound (#) signs. (E) Summary of the XRD diffraction angles (26) and interplanar distances
(D) of different NCs facets. (F) UV—vis absorbance spectra of L-NR-NCs (red), L-NR control (blue), Au NRs control not coated with
hybrid membrane (black), and NCs only (green, inset); all controls contained the same Au and/or NCs concentrations as in L-NR-NCs (see

Table S1 for concentrations). .

transfer mechanisms.'® In direct transfer, charge carriers from
the NP are directly transferred from their initial energy level to
acceptor states of an associated molecule or semiconductor. In
contrast, indirect transfer requires the generation of highly
energetic, hot charge carriers in the metals in a first step that
can subsequently transfer across the energetic barrier of the
interface into acceptor states in a second step. Plasmonic hot
charge carrier generation and injection into or emission from
Au and Ag NPs have been characterized through ab initio
calculations as well as ultrafast spectroscopy.'”*>~*

The occurrence and efficiency of plasmonic charge carrier
transfers depend on various factors, including the size,
composition, and morphology of the NPs, the photoexcitation
conditions, and the energetic alignment of excited charge
carriers with acceptor levels in adsorbates.”*” These degrees
of freedom provide opportunities for controlling plasmonic
charge transfer processes in rationally designed plasmonic
nanostructures and for driving redox processes. Charge
separation mechanisms that increase the lifetimes of reactive
charge carriers have been exploited in hybrid plasmonic
structures comprising both noble metal NPs and semi-
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conductor components to achieve clean energy conversion
and photovoltaic cells,'*"***" to catalyze the synthesis of
organic molecules,”** for optoelectronic devices,”* and for
environmental remediation.'”>> Particularly, semiconductor
nanocrystals, including oxides’***” and other chalcoge-
nides,lé’38 perovskjtes,39 and carbon-based QDs,40 among
0thers,26’36‘41 have been utilized to assemble
plasmonic hybrid materials. Interesting functionalities can be
expected for semiconductor QDs that by themselves sustain
quasistatic resonances. One aspect of control that is distinct to
hybrid nanostructures comprising plasmonic metal and
semiconductor components with distinct resonances is the
ability to induce specific charge transfer processes through
choice of the excitation wavelength. It is conceivable that the
nature and direction of charge transfer in hybrid structures can
be modulated through excitation of resonances associated with
the different building blocks, which could make it feasible to
prepare an excess of electrons or holes on the individual
components for bifunctional catalysis of different reactions.
In this study, we investigate hybrid plasmonic photocatalysts
comprising Au nanorods (NRs) encapsulated in a lipid

functional
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Figure 2. Photoelectrochemical characterizations of the hybrid plasmonic photocatalyst. Plasmonic charge transfer scheme (A), LSV curves
(B), and Tafel Plot (C) for OER photocatalysis in 1 M NaOH by L-NR-NCs with green light irradiation from a 530 nm LED. Processes (1)
and (2) describe an indirect hot charge carrier transfer pathway, whereas (3) describes a direct plasmonic charge carrier transfer pathway in
panel A. Plasmonic charge transfer scheme (D), LSV curves (E), and Tafel plot (F) for HER photocatalysis in 0.5 M H,SO, by L-NR-NCs
with red light irradiation from a 730 nm LED. Processes (1) and (2) describe an indirect hot charge carrier transfer pathway, whereas (3)
describes a direct plasmonic charge carrier transfer in panel D. (G) Chronoamperometry (CA) curves of L-NR-NCs (with or without light)
or NCs only control (with light) in 1 M NaOH with 0.8 V (vs Ag/AgCl) applied bias (top), or in 0.5 M H,SO, with —0.7 V applied bias
(bottom). (H, I) Wavelength dependence of L-NR-NCs catalytic Johoto in 1 M NaOH at 0.8 V applied bias (H), or 0.5 M H,SO, at —0.7 V
applied bias (I). Black curves, absorbance spectra of L-NR-NCs water suspension; green/red curves, ], at different excitation wavelengths
after 100 scans of activation. Error bars: mean + standard deviation of three independent measurements.

membrane that contains chalcopyrite (CuFeS,) nanocrystals
(NCs). Importantly, the CuFeS, NCs sustain distinct
quasistatic resonances when the Frohlich resonance condition
is met at around ANS = 490 nm,****’ and the decay of this
resonance results in hot electron production.***** They also
offer favorable surface properties for adsorption of water and
other oxygen species,*® as well as a Cu(I)/Cu(II) couple that
can contribute to redox catalysis. We evaluate the wavelength-
dependent redox catalysis provided by the hybrid photo-
catalysts using hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) as test reactions. We demonstrate
that the combination of Au NR and CuFeS, NCs into
nanocomposites increases the photocatalytic activity of the
building blocks, and that excitation of Au NR and CuFeS,
resonances in the NIR and visible range of the electromagnetic
spectrum is correlated with HER and OER catalysis,
respectively. The observed wavelength-dependent catalysis is
rationalized in a model in which light-driven electron-transfer
and Cu(I)/Cu(Il) redox couple-mediated catalysis on the
surface of the NCs contribute to the overall catalytic effect.

6815

RESULTS AND DISCUSSION

Assembly and Characterization of Hybrid Plasmonic
Photocatalysts. The lipid—nanorod—nanocrystal hybrid
plasmonic photocatalyst (L-NR-NCs) was prepared via one-
pot self-assembly and consists of a Au NR core (Supporting
Information, Figure S1A) and chalcopyrite Cu(I)Fe(III)S,
NCs integrated by a hybrid membrane. The hybrid membrane
was formed by an inner octadecanethiol (ODT) layer tethered
to the Au NR and outer lipid layer (Figure 1A). The average
width of the hybrid membrane in L-NR-NCs is 8.9 + 2.7 nm
as measured from TEM micrographs of the nanocomposites
(Figure 1B, see also Figure S1B,C). The chalcopyrite NCs have
an average diameter of 5.1 + 0.4 nm (Figure S1D) and a Fe/
Cu ratio of 2.2:1 (Table S1). An approximate particle ratio of
125:1 (NCs/NR) is calculated from the measured Au and Cu
concentrations. The membrane encapsulates the NCs and
positions them in direct vicinity to the NR core as well as the
membrane-solution interface (Figure 1B). Energy dispersive X-
ray spectroscopy (EDX) element maps of L-NR-NCs also
confirm the presence of Fe close to the Au NRs (Figure S2A).

https://doi.org/10.1021/acsnano.2c01706
ACS Nano 2022, 16, 6813—-6824


https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c01706/suppl_file/nn2c01706_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c01706/suppl_file/nn2c01706_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c01706/suppl_file/nn2c01706_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c01706/suppl_file/nn2c01706_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c01706/suppl_file/nn2c01706_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c01706?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c01706?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c01706?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c01706?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c01706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

A series of characterization results corroborate successful L-
NR-NCs formation. Correlated darkfield (DF) and fluores-
cence (FL) imaging of L-NR-NCs show strong spatial
colocalization between the DF signal from the NR cores and
the FL signal from a membrane dye included in the lipid layer
(Figure S2B). Raman spectra of the purified nanocomposites
contain characteristic peaks at 288 and 360 cm™" (Figure 1C),
corresponding to the chalcopyrite A; and B, phonon modes,
respectively."” Furthermore, X-ray diffraction (XRD) spectra
for L-NR-NCs exhibit diffraction peaks at 20 = 29° and 49°
(Figure 1D), indicative of the chalcopyrite (112), and (220)/
(204) peaks (Figure 1E).*® The XRD spectra also contain the
Au NR (111), (200), (220), and (311) diffraction peaks at 26
= 38_‘:), 44°, 65°, and 78°," as well as the Si substrate signal at
5207

Consistent with previous reports,”** the chalcopyrite NCs
sustain a strong quasistatic resonance at around /ﬁisc =490 nm
(Figure 1F, inset; see also Figure S1D). The Au NRs possess
an intense longitudinal LSPR mode at around 745 nm as well
as a vertical mode at around 520 nm, the latter of which
overlaps with the NC resonance. A significant increase in
absorption in the range of the high energy feature of the L-NR-
NCs hybrid at around 510 nm (Figure 1F) when compared to
the separate NR and NC building blocks indicates a resonant
plasmonic enhancement of the NC absorption through the
vertical NR plasmon mode. The longitudinal NR mode at 745
nm allows for a resonant charge carrier excitation in the NR
without overlap with the NC resonance.

Wavelength-Dependent Plasmonic Photocatalysis by
L-NR-NCs. Chalcopyrite CuFeS, possesses an intermediate
band (IB) formed by Fe 3d orbitals.” In the bulk, the gap
between the valence band (VB) and IB has been reported as
0.63 eV;"” whereas in chalcopyrite NCs, the band gap can be
increased due to quantum confinement. For NCs of similar
size and Cu/Fe ratios as used in this work, an optical band gap
of approximately 1.4 eV was measured,*”*"** which we assign
to the VB-IB gap. The electron excited state energy has also
been determined by Mott—Schottky plots to be —0.432 V (vs
NHE), which we assign to the IB position.*" Collective
electron—hole pair excitations from the VB into the IB give rise
to the strong absorption resonance at ANe.® The VB-IB gap is
indirect,® but in L-NR-NCs the vertical plasmon mode of the
Au NR that energetically overlaps with the NC resonance can
enhance the NC excitation in the near-field.

The presence of distinct NC- and NR-associated resonances
in L-NR-NCs provides an experimental strategy for switching
the redox potential of the NCs and for making it
commensurable with either oxygen or hydrogen evolution
reaction (OER/HER) (Figure 2A,D). In particular, the
dephasing of the NC resonance in L-NR-NCs can cause hot
electron transfer from the NC to the Au NR through direct or
indirect charge transfer pathways (Figure 2A),%** resulting in
charge separation and accumulation of holes on the NC
surface, which can subsequently facilitate the oxygen evolution
catalysis according to eq 1. Conversely, excitation of the
longitudinal plasmon resonance of the Au NRs at around 745
nm is expected to facilitate electron transfer from the NR to
the NC (Figure 2D)**** enabling the reduction of protons (eq
2).

40H™ — 4e” — 2H,0 + O, (1)

2H' +2¢” - H, (2)

6816

To validate this model and test the efficiency of the
photocatalyzed reactions, L-NR-NCs were drop-casted on a
glassy carbon electrode for photoelectrochemical (PEC)
characterizations. One M NaOH and 0.5 M H,SO, were
used as electrolyte for OER and HER, respectively, and the
electrodes were irradiated with either a $30 nm LED (referred
to as green light) or a 730 nm LED (referred to as red light)
(see Figure S3 for LED spectra). Control groups include lipid-
wrapped Au NRs (L-NRs) (Figure S2C), NCs, and a simple
mixture of L-NR and NCs. All controls were prepared to
contain the same NR and/or NC concentrations as L-NR-
NCs.

Importantly, in 1 M NaOH, linear sweep voltammetry
(LSV) curves of L-NR-NCs show evident light responses that
lead to enhanced photocurrent densities (Jyhoro) as well as
earlier onset potentials around 0.3 V (vs Ag/AgCl, same below
unless otherwise stated) (Figure 2B) compared to the dark
curve or control groups under the same irradiation conditions
(Figure S4 and Table S2). In particular, although the simple
mixture control contains identical components, L-NR-NCs
achieve a higher catalytic performance due to the localization
of NCs in close vicinity to the NRs. The vicinity effect not only
enables an efficient plasmonic enhancement of NC excitation,
but also facilitates electron transfer between the two
components. The light response is further evidenced by
photocurrent measurements from a short circuit current setup
of L-NR-NCs with alternating light-on and -off cycles and 0 V
applied bias (Figure SS). The superior OER photocatalytic
performance for L-NR-NCs with green-light irradiation is
further evidenced by the lowest Tafel slope among all tested
conditions (222 mV dec™, Figure 2C), which is comparable to
that of water splitting photoanodes in recent reports.”

A significant light-response is also recorded for L-NR-NCs-
catalyzed HER under red-light irradiation in H,SO,. The early
onset potential and high Jo (Figure 2E), as well as a low
Tafel slope of 118 mV dec™" (Figure 2F) indicate a superior
HER photocatalytic performance. A steady photocurrent of
around 2 pA is observed within 1 h of measurement with 15
on/off cycles (Figure S5).

Chronoamperometry (CA) measurements in both electro-
lytes reveal that the L-NR-NCs maintain robust photocatalytic
properties for over 6 h of constant performance with a high
Johoto compared to the dark curve or NCs only control (Figure
2G). The stability of the L-NR-NCs performance is impressive,
considering that chalcopyrite nanocrystals have been shown to
dissolve quickly in acidic and neutral environments***® (see
also Figure S6). Quantification of the amount of Cu and Fe
released into the aqueous medium from L-NR-NCs and NCs
confirms that the integration into lipid-coated L-NR-NCs
nanocomposites protects the NCs against dissolution in both
acid and base electrolytes during a 6-h CA measurement, as
well as in water suspensions when stored up to 30 days (Figure
S6). The lipid membrane not only provides structural integrity
to the hybrid material, but also increases the PEC stability of
the membrane-encapsulated NCs.

LSV and CA curves of L-NR-NCs contain indications of an
activation of the photocatalysis in both acidic and basic
electrolyte as a function of time under irradiation. This effect is
particularly obvious when comparing the first and 100th scan
with light in the LSV curves (Figure 2B,E), and is attributed to
Cu(I)/Cu(Il) redox pair-mediated catalysis (see discussion
below).
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Figure 3. Characterization of the composition and oxidation states of the hybrid plasmonic photocatalyst after PEC measurements. (A)
Model of the charge transfer and redox processes for direct plasmonic charge carrier-induced photocatalysis ((1), (3)), and Cu(I)/Cu(II)-
mediated catalysis ((2), (4)). (B) XRD spectra of L-NR-NCs before any treatment (black), after cycling in 0.5 M H,SO, with red light (red),
and in 1 M NaOH with green light (green) for 1 h. NC input concentrations are increased 10-fold in L-NR-NCs in this measurement
compared to previous PEC measurements in order to magnify any compositional changes on the NCs. (C, D) Cu 2p;/, XPS spectrum
(black) and fittings (red) with a Shirley baseline (light gray) for NCs before any treatment (C), and after cycling in 1 M NaOH with green
light for 1 min (D). (E, F) O 1s XPS spectrum (black) and fit (red) with a Shirley baseline (light gray) for NCs before any treatment (E), and

after cycling in 1 M NaOH with green light for 1 min (F).

We probed the wavelength dependence (action spectrum)
of the catalytic Jpor for L-NR-NCs in NaOH and H,SO, in
the 100th LSV cycle by measuring ], at nine discrete
wavelengths in the range between 395 and 730 nm. The action
spectrum in the alkaline electrolyte shows that the highest [,
is achieved at 530 nm (Figure 2H), corresponding to the high-
energy absorbance band of the nanocomposite. Although the
increase in [, with excitation closer to the UV suggests that
interband absorption in the L-NR-NCs composite can also
enhance OER photocatalysis, the distinct peak at 530 nm
corroborates our hypothesis that excitation of the quasistatic
NC resonance at ANc facilitates OER photocatalysis. The
action spectrum recorded in H,SO, reveals an increased Jpq,
at wavelengths that coincide with the longitudinal LSPR mode
at around 745 nm (Figure 2I). None of the individual
components or the simple mixture control (Figure S4, Figure
S8) achieved a comparable light response at these peak
wavelengths.

Additional evidence of the wavelength-dependent enhance-
ment of OER and HER catalysis is provided by the comparison
of the PEC performances of L-NR-QDs with control
nanocomposites prepared with identical NCs but containing
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Au or Ag nanosphere (NS) cores, referred to as L-Au-NCs or
L-Ag-NCs. L-Au-NCs have an absorbance band at around 530
nm associated with the resonances in NCs and Au NSs (Figure
S7A). The LSPR of Ag NSs occurs at shorter wavelengths (420
nm) and has a weaker overlap with the NC resonance at A\
Consequently, L-Ag-NCs show a weaker plasmonic enhance-
ment of the NC absorption (Figure S7B). In 1 M NaOH under
green light irradiation, L-Au-NCs show a high ., as well as
an early onset potential of OER around 0.3 V (vs Ag/AgCl),
comparable to L-NR-NCs and indicative of an enhanced
catalysis under resonant excitation (Figure S7C). In contrast,
LSV curves of L-Ag-NCs controls show only a weak to
moderate catalytic effect under either green light or 430 nm
irradiation, which corroborates the hypothesis that the OER
catalysis observed for L-NR-NCs derives from a plasmon-
enhanced excitation of the NC resonance, and not from the
metal core resonance. Notably, in acidic electrolyte, neither L-
Au-NCs nor L-Ag-NCs achieved any evident HER photo-
catalysis under resonant excitation (Figure S7D). This
observation suggests that electron accumulation on NCs for
HER is only efficient in hybrid structures, such as our L-NR-
NCs, under excitation of a second plasmonic building block
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whose LSPR does not overlap with the NC resonance. The
lack of a strong photocatalytic HER response at 530 nm for L-
Au-NCs also provides experimental evidence that energy
transfer from the metal plasmon to the NC, or plasmon-
enhanced interband transitions in the NCs are not the driving
factors for charge carrier formation and reactivity in case of the
HER.

Another factor that contributes to the wavelength-dependent
reactivity of the hybrid structure, in addition to intrinsic
differences in photoreactivity between chalcopyrite NCs and
metal NRs, is the structural design of L-NR-NCs. The metal
NRs are shielded from directly participating in chemical
reactions at the nanocomposite—water interface by the lipid
membrane layer. This shielding effect is detectable as the
difference between the onset potentials, light response, and
dark current densities of Au NR controls not coated with the
hybrid membrane (Figure S8) and L-NRs (Figure S4A,B).

Plasmonic photothermal (PPT) heating is a factor that can
potentially also contribute to the photocatalytic performance of
LC-NR-NCs. However, given the relatively low power density
of the illumination used (9.46 W/m?), calculations of the
temperature increase in the vicinity of Au NRs and
chalcopyrite NCs (see SI)*** predict only a modest
temperature increase (AT < 2.4 K) under our continuous
wave irradiation. An increase in the global temperature of
around 2 °C was experimentally measured on the electrode
surface during a 6-h CA measurement of L-NR-NCs in either
NaOH or H,SO, (Figure S9A). A change in temperature on
the electrode surface of this magnitude had a negligible effect
on the measured current density (Figure S9B). Furthermore,
the poor catalytic response measured from L-NRs, NCs, and
the simple mixture control of L-NRs and NCs under
irradiation (Figure S4), as well as the distinct wavelength
dependence of OER and HER for L-NR-NCs (Figure 2H,I)
also indicate that photothermal heating is not the main cause
for the observed increase in OER and HER.

Role of the Cu(l)/Cu(ll) Redox Couple in Plasmonic
Photocatalysis by L-NR-NCs. Intriguingly, the shapes of the
LSV curves for OER and HER with L-NR-NCs change as the
cycling continues in NaOH or H,SO,. The first LSV scans
under light irradiation contain a distinct oxidation peak onset
around 0.8 V (vs Ag/AgCl) in NaOH (Figure 2B, solid curve),
and a reduction peak at —0.3 V in H,SO, (Figure 2E, solid
curve). On the basis of their redox potentials and in situ Raman
characterizations (see below), these two peaks are assigned to
the oxidation of the Cu(I) species in the NCs to Cu(Il), and
the reduction of Cu(II) to Cu(I).***” In the 100th LSV scan
under light irradiation, these peaks are no longer detected, but
the overall current densities are significantly higher than in the
first cycle for both OER and HER. From the 100th LSV scan
of L-NR-NCs in NaOH (Figure 2B), a maximum applied bias
photon-to-current efficiency (ABPE) of 2.1% is calculated at
1.04 V vs RHE (see SI for calculations), which is comparable
to what was observed with previously described photo-
anodes.”” The increase in current density is also observed in
CA curves in H,SO, or in NaOH within the first 30 min of
measurements (Figure 2G), which indicates a self-accelerating
photocatalytic process for both half reactions. In NaOH, the
increase in current density is transient and diminishes at later
time points (Figure 2G, top), whereas in H,SO, the current
density increases throughout the duration of the CA
experiment (Figure 2G, bottom).
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We attribute the increase in OER and HER ], to an
augmentation of the plasmonic charge transfer mediated
catalysis by a Cu(I)/Cu(ll) redox pair-coupled catalysis
(Figure 3A). During the LSV scans in the alkaline electrolyte,
LSPR excitation can induce electron transfer from NCs to
NRs. Excess electrons associated with the Au NRs
subsequently transfer to the electrode under the positive
applied bias, generating the anodal photocurrent. The holes
remaining on the NCs in this process are neutralized through
two complementing mechanisms: (i) direct plasmonic photo-
catalysis of water oxidation (Figure 3A, process (1)), and (ii)
oxidation of Cu(I) into Cu(Il) oxide (process (2)).°" Metal
oxides have favorable binding energies for OH™ and other
reaction intermediates,”> which is generally beneficial for
increasing the OER efficiency. Importantly, the Cu(II) species
generated according to the second mechanism can also
participate in water oxidation under regeneration of Cu(l).
Both OER catalytic pathways can be summarized in eq 3,
where “x” denotes the relative contribution of the Cu(I)-
mediated catalytic mechanism.®® Excessive Cu(I) oxidation in
the process of hole neutralization is, however, expected to
deteriorate the optical properties and surface conductivity of
the NCs (Figure S10). This effect can account for the
observation that the increase in current density in the OER
diminishes after approximately 30 min as the scanning
continues (Figure 2G, top).

According to the model in Figure 3A, excitation of the
longitudinal NRs LSPR in L-NR-NCs in H,SO, results in an
electron transfer from Au NR to NCs and yields an
accumulation of excited electrons at the NC surface. Electron
deficits on the NRs are balanced by the electrode. The excess
electrons on the NCs are available not only for driving the
direct HER plasmonic photocatalysis (Figure 3A, process (3)),
but also for reducing any surface-available Cu(II) back to
Cu(I) (process (4)). Cu(I) has a standard oxidation potential
of —0.15 V (vs NHE), and is likely to facilitate the proton
reduction reaction (0 V vs NHE) while being oxidized to
Cu(I) (eq 4), as has been shown in some previous reports.64
The negative applied bias during HER can drive the reduction
of the generated Cu(II) back to the predominant Cu(I)
oxidation state in the NCs, preventing an excessive NC
oxidation. As a result, different from the OER, the HER shows
a steady increase in current density with increasing time
(Figure 2G, bottom).

xCu’t + 40H™ — (4 — x)e” —» O, + xCu’ + 2H,0
3)

(4)

XRD and X-ray photoelectron spectroscopy (XPS) measure-
ments of L-NR-NCs and NCs confirm the outlined changes in
the Cu oxidation states. In the XRD spectra of drop-casted L-
NR-NCs thin films scanned in either 1 M NaOH or 0.5 M
H,SO, for 1 h in the same conditions as used in the PEC
measurements (Figure 3B), signature diffraction peaks for NCs
at 26 = 29° and 49°, and for NRs at 38°, 44°, 65°, and 78° as
discussed above are still observed. These signals confirm that
the L-NR-NCs nanocomposites are structurally intact.
Importantly, a distinct peak at 20 = 39° appeared after
scanning in base (Figure 3B, bottom), which is consistent with
the (111) peak of CuO.%® XRD spectra of L-NR-NCs recorded
at different scanning times in NaOH reveal that the intensity of
the CuO peak grows over time (Figure S11A). The intensity of

xCut 4+ 2H" + (2 — x)e” — xCu’t + H,
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Figure S. Study of the Mechanisms of the plasmonic photocatalyst with sacrificial reductant. LSV curves (A), and Tafel plot (B) of L-NR-
NCs in 1 M NaOH + 0.5 M SR electrolyte with or without green light (530 nm LED) irradiation. (C) Wavelength dependence of L-NR-NCs
catalytic Jihor in 1 M NaOH + 0.5 M SR at 0.8 V applied bias in 1 M NaOH + 0.5 M SR electrolyte. Black curve, absorbance spectrum of L-
NR-NCs water suspension; green curve, J,p,.;, at different excitation wavelengths after 100 scans of activation. Error bars: mean + standard
deviation of three independent measurements. (D) CA curves of L-NR-NCs (with or without green light (530 nm LED) irradiation) or NCs
only control (with 530 nm light) in 1 M NaOH + 0.5 M SR electrolyte with 0.8 V (vs Ag/AgCl) applied bias.

this peak is very low before treatment and is absent in the
spectrum after scanning in H,SO, (Figure 3B), suggesting that
scanning in acid partially removes surface oxides. This surface
oxidation of Cu in NCs also led to a redshift of the high-energy
absorption band of the nanocomposite as well as a decrease in
intensity in the UV—vis absorption spectra (Figure S10). A
similar trend is observed in XPS measurements. The Cu 2p;/,
XPS spectra of the NCs before any treatment contain a
predominant Cu(I) peak at around 932.0 eV with a fitted peak
area accounting for 87.1% of the entire signal (Figure 3C).°° A
modest Cu(II) contribution (12.9%) at 934.1 eV indicates that
some oxidation occurred during the preparation of the NCs.
Notably, the Cu(II) percentage shows a significant increase
after the NCs have been scanned in 1 M NaOH (933.0 eV,
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30.9%; Figure 3D). A similar increase is also observed in the
oxygen ls spectra. The integrated signal that corresponds to
metal oxides®” at ~530 eV increases from 10.7% (Figure 3E)
to 21.3% after scanning in NaOH (Figure 3F). In contrast, the
cycling of NCs in 0.5 M H,SO, reduces the contributions from
both Cu(Il) (933.8 eV, 11.6%; Figure S11B) and oxides
(529.3 eV, 10.1%; Figure S11C) compared to before treatment
(Figure 3C,E), revealing that the oxides were partially reduced.
The Fe XPS spectra of the NCs or Au spectra of L-NR-NCs
recorded before and after cycling show no significant
differences (Figure S12) and indicate that the Au NRs are
shielded from participating in the redox catalysis and that Fe
redox pairs do not significantly contribute to the catalytic
mechanism. Overall, the XRD and XPS results support the
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hypothesis that Cu(I)/Cu(ll) redox pair-coupled catalysis
accompanies and enhances the direct plasmonic charge
transfer-induced photoreactivity.

The plasmonic charge transfer and Cu-mediated catalytic
mechanisms was further evidenced by Raman spectroscopy.
We first probed the Raman spectra of the hybrid plasmonic
photocatalyst at different excitation wavelengths on or off
resonance (Figure 4A). For all wavelengths, the A, and B,
chalcopyrite phonon modes are still observed at around 290
and 350 cm™!, respectively. Importantly, under near-resonant
excitation (532 nm) of the high-energy feature of the
nanocomposites, a broad band is observed in the Raman
spectrum between 400 and 500 cm™, which is not present if
the samples are excited off-resonance. This feature can be
attributed to the presence of various oxygen sgecies of Cu,
such as oxides, hydroxides, or hydroxyl radicals.”*~"® Although
similar features are observed for NCs only, and a simple
mixture control of Au NRs and NCs (Figure S13), they are
much less evident for these systems than for the nano-
composites.

For the nanocomposites, we monitored the intensity of the
400—500 cm™" band at an excitation wavelength of 532 nm
with different applied bias to probe for signatures of potential
reaction intermediates (Figure 4B). With an applied bias at or
above 0.8 V, the intensity of the Cu hydroxide band begins to
increase. At an even higher voltage input of 1.4 V, the band
further broadens and extends beyond 500 cm™'. This
broadening is consistent with hydroxyl intermediate formation
on Au as previously reported”” and was also experimentally
validated with Au NR controls (Figure S13A,D). However, this
feature was not present at voltage input ranges corresponding
to our PEC measurements (0—1.2 V). In addition, our Raman
studies also do not indicate the presence of Fe—oxygen
intermediates of water oxidation, which are typically found
between 600—700 cm™..”* Although, considering the redox
potentials and the abundance of Fe in the NCs, it is
conceivable that Fe(III) is reduced and contributes to the
redox catalysis, our XRD, XPS, and Raman measurements do
not support a significant contribution from the Fe-mediated
redox cycles and, instead, point toward the Cu(I)/Cu(Il)-
mediated catalytic mechanism.

Overall, the SERS data are consistent with the formation of
reactive holes in the NCs of the hybrid plasmonic photo-
catalyst upon excitation of the quasistatic collective NC
resonance that results in a Cu-mediated redox process in the
OER catalysis.

Photoelectrocatalysis with Sacrificial Reductant. To
further illuminate the role of the Cu(I)/Cu(1l) redox pair in
the OER plasmonic photocatalysis of L-NR-NCs, we added
Na,SO; as a commonly used sacrificial reductant (SR) for
OER photocatalysts into the alkaline electrolyte during PEC
analysis.”””> The SR reduces generated Cu(II) back to Cu(I)
and, thus, prevents an accumulation of oxides on the NC
surface (Figure S14A). In the LSV curves of L-NR-NCs in 1 M
NaOH and 0.5 M SR, the current densities of the first and
100th scans under excitation of the NCs LSPR show a similar
activation behavior as discussed above without the SR (Figure
SA). In the 100th LSV scan, a very early onset potential of <0.2
V (vs Ag/AgCl, Table S2) as well as a high current density that
peaks at over 160 mA cm™2 at around 0.7 V is detected. The
Cu(I) oxidation at around 0.8 V is evidently broadened in the
presence of SR due to the redox-coupling with the sulfite
oxidation in the SR at 0.5 V (Figure SA, see also Figure S14B).
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This redox-coupling is further corroborated by the observation
that the ], recorded here in 1 M NaOH + 0.5 M SR is much
higher than the cumulative ]}, for I M NaOH (Figure 2B)
and 0.5 M SR (Figure S14C). The Tafel slope of L-NR-NCs
irradiated in the green is 69 mV dec™, lower than for all
control groups under identical illumination conditions (Figure
SB).

The photocatalysis in the presence of the SR (Figure 5C)
shows a very similar wavelength dependence as observed in
NaOH. However, in the presence of the SR, the increase in
current density in the CA curve is no longer a transient effect.
Instead, a continuous increase for the entire duration of the
experiment is observed (Figure SD). This change is attributed
to a rapid reduction of Cu(II) to Cu(I) caused by the SR.
Consequently, the current density is no longer limited by the
depletion of surface accessible Cu(I). This model is supported
by the LSV curve of L-NR-NCs performed in the presence of
SR after a 12-h CA measurement, which still contains a Cu(1)
oxidation peak at 0.8 V (Figure S14B). The rapid replenish-
ment of Cu(I) sustains a continuous Cu(I)/Cu(Il) catalytic
cycle on the NC surface while maintaining the enhanced
photocatalysis through excitation of the chalcopyrite NC
resonance. Combined, these two factors account for the
sustained increase in current density.

In the presence of the SR, the charge separation efficiency
(#1sep) of the hybrid plasmonic I;hotocatalyst can be calculated
from the LSV curves and eq 5:"*

_ ] photo

Nyep =
’ ]abs x nin'

(5)

where Jjo, is the measured photocurrent density; [, is the
theoretical current density (799 mA/cm? see SI) and is
determined by the absorbed light power; and 7, is the charge
injection efficiency. The 7;,; for Au-based systems have been
previous reported to be 10—40% for Au-based particulate
photocatalysts.”””* However, for consistency and comparison
purposes with previous reports,”” Minj Was assumed to be 100%
in the presence of SR, which yields a maximum 7, of 21.2% at
0.68 V from the LSV curve after activation (Figure SA). This
value is comparable to that of state-of-the-art semiconductor
array photoanodes.””

H, and O, production from the photocatalytic system was
evidenced by gas chromatography with a thermal conductivity
detector (GC-TCD) under 1-sun illumination (100 mW
cm™?) and with a three electrode setup where the L-NR-NCs
nanocomposites-coated ITO electrodes served as both the
photoanode and cathode, and 0.5 M Na,SO; was used as
electrolyte (Figure S15). After 2 h of scanning with a 0.6 V (vs
Ag/AgCl) applied bias, 9.1 nmol H, was detected in 1 mL of
sampled air, which led to an overall water splitting Faradaic
Efficiency of 11.9% (see SI).

CONCLUSIONS

In summary, we have demonstrated that the hybrid plasmonic
photocatalyst L-NR-NCs, which contains chalcopyrite nano-
crystals embedded in a protective lipid layer around a Au
nanorod, achieves bifunctional photocatalysis as demonstrated
for HER and OER through light-induced, wavelength-depend-
ent photoreactivity. The self-assembled lipid membrane
effectively prevents the dissolution of the chalcopyrite NCs
and provides important PEC stability to the hybrid photo-
catalyst. The wavelength dependence of the photoelectroca-
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talysis in the presence of L-NR-NCs in alkaline electrolyte
supports a model in which the near-field enhanced excitation
of the NCs at ANS = 490 nm results in electron transfer from
the NCs to the NR under the formation of holes on the NCs
for an efficient catalysis of the OER. Conversely, excitation of
the Au NR longitudinal plasmon resonance at 745 nm drives
electron transfer from the NR to the NCs for HER
photocatalysis in acidic electrolyte. The charge transfer-
induced photocatalysis on the NCs is complemented by a
Cu(I)/Cu(Il) redox pair-mediated catalysis that provides a
further enhancement of the catalytic performance of the OER
and HER test reactions.

This work broadens the applicability of semiconductor
nanocrystals in plasmonic charge carrier-mediated photo-
catalysis and introduces a general framework for modulating
charge transfer through nanoassemblies containing multiple
components with discrete quasistatic resonances at different
wavelengths for multifunctional photocatalysis. L-NR-NCs
achieve a high ABPE of 2.1% in alkaline electrolyte, and a
charge separation efficiency of 21.2% in the presence of a
sacrificial reductant. These competitive performance met-
rics®”’* underline the potential of the L-NR-NCs platform
for enhancing the efficiency of sustainable light energy
harvesting.

EXPERIMENTAL SECTION

Synthesis of Au NRs. Au nanorods (NRs) were synthesized
through a modified seed-mediated growth approach as previously
reported.”® Seed solution was prepared by first mixing water solutions
of cetyltrimethylammonium bromide (CTAB, 0.37g, 10 mL; Sigma-
Aldrich) and HAuCl, (2 mg, 0.2 mL; Sigma-Aldrich), and then fast
injection of 480 uL of a reducing agent containing 10 mM NaBH, and
10 mM NaOH with rapid stirring. The color of the seed solution
turned dark brown after adding the reducing agent. For NR growth, a
growth mixture containing water solutions of CTAB (3.7 g, 100 mL)
and HAuCl, (20 mg, 2 mL) was prepared. Into this mixture was
added 80 uL of 0.1 M AgNO; and S mL of 0.1 M hydroquinone
(both from Sigma-Aldrich) water solutions. Finally, 1.6 mL of seed
solution was added into the growth mixture with fast stirring, and the
mixture was allowed to grow overnight before being centrifuged,
washed three times with DI water, and stored at 4 °C for further use.
An average length of 122.9 + 12.9 nm and width of 46.9 + 5.9 nm
(aspect ratio of 2.62) are calculated based on electron microscopy
images of SO NRs.

Preparation of the Hybrid Plasmonic Photocatalyst. L-NR-
NCs were synthesized in a modified one-pot self-assembly
approach.'®'® First, chloroform solutions of 55 mol % DPPC, §
mol % DOPS, and 40 mol % cholesterol (all from Avanti Polar
Lipids) were mixed with 40 uL of NCs chloroform suspension, the
concentration of which is shown in Table S1. A total lipid amount of 2
pmol was used. The mixture was rotary evaporated at 32 °C to
remove the solvent, desiccated overnight, and resuspended into
liposome water suspensions through tip sonication. Afterward, 80 uL
of 2 mg/mL octadecanethiol (ODT, Sigma-Aldrich) ethanol solution
and 1 mL of 10" particle/mL Au NRs colloid were added into the
liposome suspension. The mixture was shaken in the dark at RT for
12 h before being centrifuged, washed with water, combined, and
stored at 4 °C for later use.

Raman Characterization of the Hybrid Plasmonic Photo-
catalyst. Raman measurements in Figure 1C were performed on
drop-casted thin films of L-NR-NCs and controls on Si wafer
substrates ((100), University Wafers) with a Renishaw InVia Raman
Microscope with a 100X air objective (Leica, Numerical Aperture =
0.85), 2400 1/mm diffraction grating, 532 nm excitation laser, 60 s
exposure time, and laser powers of 1.6 X 10* #W. Each spectrum was
calibrated with the Si peak at 522 cm™, and Lorentzian peak fitting of
Raman spectra was performed in Origin for the calculation of peak
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positions and peak fwhm'’s as well as the integrated peak areas. At least
10 spectra were collected under each condition for statistical analyses.
For Raman measurements in Figure 4, samples were drop-casted on
ITO substrates and measured on the Renishaw Raman microscope.
Excitation laser of 532 nm, 633 nm, and 785 nm was used with
comparable laser powers around 1.6 X 10° yW. Applied bias was
administered with an Olympus power supplier.

Structural Characterization of the Hybrid Plasmonic Photo-
catalyst. For the correlated DF/FL imaging of L-NR-NCs with a
membrane dye to test successful lipid wrapping (Figure S2B), 3 mol
% DSPE-PEG(2000)-Biotin (1,2-distearoyl-sn-glycero-3-phosphoe-
thanolamine-N-[biotinyl(polyethylene glycol)-2000](ammonium
salt), Avanti Polar Lipids) was included in the preparation, and the
DPPC was reduced to 52 mol % to keep the total lipid amount
constant. The remaining synthesis procedures are identical to
described above. A 17 uL sample of 1 mg/mL solution of a
streptavidin Alexa Fluor 594 (ThermoFisher) dye in 0.5X phosphate
buffered saline (PBS) was then added to SO uL of the nanocomposite
suspension, and the mixture was incubated in dark at RT for 2 h. After
the samples were centrifuged and washed twice with 0.5X PBS buffer,
the samples were observed under an Olympus IX71 Inverted
Microscope for DF and FL imaging with an Olympus 60X oil
objective (NA = 0.65—1.25). Images were analyzed by Image], and
Manders coefficients were calculated with the JACoP Image] plugin.”
X-ray diffraction spectra were acquired on a Bruker D2 Phaser XRD
with a 2 mm receiving slit and a 2.5° Soller slit.

Photoelectrochemical Measurements. Linear sweep voltam-
metry (LSV) and chronoamperometry (CA) curves were measured
on a Gamry Instruments potentiostat in a three-electrode setup with a
3 mm-diameter glassy carbon working electrode, a standard Ag/AgCl
reference electrode, and a platinum wire counter electrode (all
purchased from BASi Analytical Instruments). LSV curves were
collected in 1 M NaOH, 0.5 M H,SO,, 1 M NaOH + 0.5 M Na,SO,
as a sacrificial reductant (SR), or 0.5 M SR only for control. A scan
rate of 50 mV/s and a collection frequency of 10 Hz was used in LSV
measurement; an applied bias of 800 mV (vs Ag/AgCl, same below
unless otherwise stated) for alkaline electrolytes or —700 mV in acidic
electrolyte, and a collection frequency of 1 Hz were used in the CA
measurement. For illumination, collimated LEDs (Thorlabs) were
used. Green-light illumination was with an LED with nominal
wavelength of 530 nm, and a measured power density of 9.46 yW
mm > was used. Red-light illumination was with a 730 nm LED, and
the power density was controlled to be the same by an LED driver.
For the wavelength-dependence tests (action spectra measurements,
Figure 2H,I and Figure SC), LEDs with nominal wavelengths at 395,
420, 430, 450, 460, 530, 565, 620, and 730 nm were used; all were
controlled to have the same power.
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