Downloaded via UNIV OF MICHIGAN ANN ARBOR on September 14, 2019 at 18:24:28 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

@& Cite This: J. Am. Chem. Soc. 2019, 141, 643—-647 pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Chemical Requirement for Extracting Energetic Charge Carriers from
Plasmonic Metal Nanoparticles to Perform Electron-Transfer
Reactions

Vishal Govind Rao,”” Umar Aslam,” and Suljo Linic*

Department of Chemical Engineering, University of Michigan, Ann Arbor, Michigan 48109, United States

O Supporting Information

ABSTRACT: Performing electron-transfer reactions on metal nano- | Ag E

particles requires separation of charge carriers at the nanoparticle and Pt Unoccupied
their transfer to the reacting molecules. Inducing these reactions [+] Adsorbate o adsorbate state
using light is challenging due to the exceedingly short lifetimes of | i IO ek >
energetic charge carriers formed in metal nanoparticles under light (2] clescnen; J,

illumination. The results described here show that certain conditions e/t e / __________ E
must be met to drive these electron-transfer reactions on plasmonic

. +
nanoparticles. One critical requirement is that the process of [+ & em 52 A >
electronic excitation takes place at the nanoparticle/molecule )
interface. This is accomplished by high plasmonic electric fields at LrLd Hole scavenger
the surface of plasmonic nanoparticles. Furthermore, it is also evident (2]
from our study that the electron (or hole)-donating capacity of the Direct charge transfer and hole localization

hole (or electron) scavengers needs to be high enough to allow for

the extraction of holes (or electrons) from the nanoparticle/molecule complex, therefore completing the catalytic cycle. We
discuss these findings through a case study of the conversion of methylene blue (MB) into a reduced MB ion radical on the
surface of plasmonic Ag and Ag—Pt core—shell nanoparticles. To directly monitor the reduction reaction of MB on the
nanoparticle surfaces, we have used time-dependent in situ surface-enhanced Raman scattering measurement, which also
informs us about the underlying mechanistic details of plasmon-driven charge transfer.

H INTRODUCTION (a) E (b) E
Photocatalysis on plasmonic metallic nanostructures has m:'{‘::::f“:t‘em m‘;"r::f:"’::'e{sl
received significant attention owing to the excellent light- > Oxidized >
trapping properties of localized surface plasmons and high /; Hole scavanger %

chemical reactivity of metals.' > The energy associated with /_/%' A B e 5 4}/[ __________ E
h

the excitation of localized surface plasmon resonance (LSPR) / he
can decay either radiatively through emission of photons or / > >
nonradiatively via the generation of energetic charge carriers { |

Halestatnpr

within the nanoparticle.°”® These energetic charge carriers can
drive photochemical reactions directly on the nanoparticle

surface.9_16 One mechanism by WhiCh these reactions can take Transient exchange of charge carriers Permanent extraction of charge carriers

place relies on transient exchange of hot charge carriers (Figure Figure 1. Illustration the light-induced charge carrier generation,
1a) between the nanoparticle and the adsorbate (reactant). excitation, and extraction mechanism on plasmonic nanoparticles. (a)
Transient excitation of hot carriers in the reactant results in Transient charge exchange mechanism in which the plasmon decays
vibrational heating of the reactant, which can then lead to a by directly exciting an electron into a hybrid unoccupied adsorbate
chemical reaction.”* A critical feature of this “transient charge state leaving a hole behind. The electron rapidly decays back to the

nanoparticle (dotted red line indicates recombination). (b) Charge
transfer in the presence of hole scavengers could lead to the
permanent extraction of charge carriers, resulting in oxidation or
reduction reactions.

exchange” mechanism is that it does not require the extraction
of charge carriers from the metal nanogparticles. Instead, the
short-lived (femtoseconds lifetime)'”'® transient excitation
deposits energy into the reactant, which is sufficient to drive a
reaction,” '

Another question with significant ramifications in plasmonic
catalysis is whether it is possible to move beyond the transient
excitation by separating excited charge carriers and extracting
them from photoexcited plasmonic metal nanoparticles to Received: November 6, 2018
drive electron-transfer reactions in a manner that is Published: December 11, 2018

mechanistically similar to classical photocatalytic reactions on
semiconductors or molecular photocatalysts (Figure 1b). The
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principal issue that suggests that this might be difficult to
accomplish is the ultrafast (femtoseconds, fs) decay (i.e., loss
of energy) of energetic charge carriers in metal nanostruc-
tures.'””" We note that this short lifetime is a few orders of
magnitude smaller than the lifetime of excited charge carriers
in semiconductors and molecular photocatalysts.”> This
ultrafast decay suggests that before hot charge carriers can be
extracted, they will relax in the metal, losing their energy.
Here we show an example of this charge extraction process,
leading to electron-transfer reactions on plasmonic nano-
particles. By employing precisely tailored Ag nanocubes (~65
nm edge length) and Ag—Pt core—shell nanocubes, containing
plasmonic Ag core nanocubes (Ag nanocubes ~65 nm edge
length)* and a thin epitaxially grown Pt shell (~1.2 nm)
entirely covering the cores’”*> we shed light on the role of
surface metal electronic structure in these charge extraction
processes and reactions (see the Supporting Information for
details of nanoparticle synthesis, characterization, extinction
spectra, and TEM image). Furthermore, we analyze the role of
chemical charge scavengers in these reactions. We show that
the charge extraction process (i.e, the electron transfer
reactions) requires direct resonant electronic excitation at the
adsorbate on the metal surface’®”” and the use of potent hole
(or electron) scavengers that can efficiently relay charge,
enablin% charge separation and the electron-transfer reac-
tion.”">° We demonstrate this in a case study of the
photochemical, one-electron reduction of methylene blue
(MB) to form MB ion radical in the presence of hole
scavengers on Ag and Ag—Pt plasmonic nanoparticles.

Bl DISCUSSION

We have previously shown that when MB is in contact with
plasmonic Ag nanoparticles, direct electronic excitations can
take place at the MB/Ag interface at some light wavelengths
and not at others.””** Our analysis showed that this process of
charge excitation (leading to energetic charge carriers in MB)
involves electronic states associated with the MB/Ag interface,
where the electric fields are very high due to LSPR.*** For
example, this charge excitation process takes place when the
MB/Ag system is illuminated by a 785 nm laser, as manifested
by very high anti-Stokes/Stokes Raman intensity ratios.””*"
The Raman spectra of the MB/Ag sample at pH 7 is shown in
Figure 2a,b (see the Supporting Information for sample
preparation/characterization details; Figures S1—S3, as well as
for the corrections used for anti-Stokes and Stokes surface-
enhanced Raman scattering (SERS) intensities to account for
the Raman detector sensitivity and the wavelength-dependent
electromagnetic enhancement). The measured high anti-
Stokes to Stokes ratio at 785 nm excitation (Figure 2b) is
the consequence of hot charge carriers transiently populating
the MB molecule (Figure S4 further substantiates the role of
charge transfer toward higher anti-Stokes to Stokes ratio at 785
nm excitation).””** This transient charge transfer leads to the
heating of the vibrational modes of MB, which manifests itself
in high anti-Stokes scattering intensities. Interestingly, we
found that this process of charge carrier exchange was not
observed when we used a 532 nm Raman laser (Figure 2a). We
stress that the high MB anti-Stokes SERS intensity with 785
nm excitation cannot be explained by the role of electro-
magnetic SERS enhancement, and its explanation requires that
the energetic charge is exchanged at the MB/Ag interface.>”*®

The SERS data of the MB/Ag—Pt sample at pH 7 is shown
in Figure 2¢,d. The charge exchange process occurs for MB in
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Figure 2. Surface-enhanced Raman spectra (SERS) showing anti-
Stokes (black) and Stokes (red) spectra for MB/Ag samples at pH 7
collected using (a) 532 nm laser and (b) 785 nm laser and for MB/
Ag—Pt samples at pH 7 collected using (c) $32 nm laser and (d) 785
nm laser. The marked peaks show the characteristic Raman peaks
corresponding to the reduced form of MB.***

contact with the Ag—Pt core—shell nanoparticles at pH 7 for
the 785 nm wavelength (Figure 2d) and not for the 532 nm
wavelength (Figure 2c). The data in Figure 2d show that,
unlike for MB on Ag, the Raman spectra for MB on Ag—Pt
show features that resemble a reduced form of MB; that is, on
the Pt surface the process of charge exchange is accompanied
by one-electron reduction of MB to produce MB ion
radical.*>*

The data in Figure 3 show the time-dependent SERS spectra
for the MB/Ag (Figure 3a—c) and MB/Ag—Pt (Figure 3d—f)
samples at pH 7 obtained with the 785 nm laser excitation. It is
clear that the SERS spectrum for the MB/Ag sample remains
unchanged over time. On the other hand, for the MB/Ag—Pt
sample some peaks disappear and shift to new frequencies. In
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Figure 3. In situ SERS spectra monitoring time-dependent photo-
catalytic reaction of MB on Ag and Ag—Pt surfaces at pH 7, under
785 nm CW laser excitation. (a—c) Stokes spectra for MB/Ag samples
collected at different time intervals (black: 1 min, red: 3 min, blue: 5
min, and green: 7 min): there is no observable shift in any Raman
peak with time, which suggests that the reduction of MB does not
occur on Ag nanoparticles. (d—f) Stokes spectra for MB/Ag—Pt
samples collected at different time intervals (black: 1 min, red: 3 min,
blue: S min, and green: 7 min): the peak at 1181 cm™ disappears with
time, the peak at 1040 cm™" shifts to 1034 cm™, and the peak at 1622
cm™! shifts to 1614 cm™" with time, which confirms the reduction of
MB on Ag—Pt nanoparticles.
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particular, the peak at 1181 cm™ diminishes with time, the
peak at 1040 cm™" shifts to 1034 cm ™', and the peak at 1622
cm™" shifts to 1614 cm™'. All these spectral changes are
consistent with the reduction of MB and the formation of the
reduced ion radical form of MB.***® We also observe that
under identical experimental conditions, illumination with the
532 nm laser does not lead to an observable shift in any Raman
peak with time (Figure SS), which indicates that MB does not
react on either Ag or Ag—Pt nanoparticles at 532 nm
excitation, suggesting a light of specific wavelength is required
for the reaction to occur.

The data in Figure 3 show that the process of direct charge
excitation at 785 nm for MB on Ag—Pt is accompanied by the
charge extraction from the nanoparticle (i.e, an electron-
transfer reaction) and the formation of the MB ion radical;
however, under similar conditions for MB on Ag nanoparticles,
this process does not occur. We hypothesized that this may be
a result of the difference in the energy of charge carriers that
are involved in the process of charge excitation and extraction
on the two different materials (Ag and Ag—Pt nanoparticles).
In particular, we postulated that the energetic holes generated
during transient charge excitation on MB/Ag—Pt samples are
of higher energy (further below the Fermi level) than the holes
created in the MB/Ag samples (Figure 4). This difference in
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Figure S. In situ SERS spectra monitoring time-dependent photo-
catylic reaction of MB on Ag and Ag—Pt surface at pH 12, under 785
nm CW laser excitation. (a—c) Stokes spectra for MB on Ag NC
collected at different time intervals (black: 1 min, red: 3 min, blue: S
min, and green: 7 min). (d—f) Stokes spectra for MB on Ag—Pt NC
collected at different time intervals (black: 1 min, red: 3 min, blue: 5
min, and green: 7 min). For both MB on Ag and MB on Ag—Pt NC
the peak at 1181 cm™ (a and d) associated with MB disappears with
time, the peak at 1040 cm™ shifts to 1034 cm™ (b, e), and the peak
at ~1622 cm™" shifts to ~1614 cm™ (c, f) with time, which suggests
that the reduction of MB occurs on both Ag and Ag—Pt NC at pH 12.

the free energy of the OH™ scavenger.w’31 At higher pH, lower
energy holes (closer to the Fermi level) can be extracted from
the metal. Data in Figure Sa—c show that at pH 12 and above
the reduction of MB can take place even on Ag nanoparticles,
with the 785 nm laser excitation. It is noteworthy that even at
pH 12 the reduction of MB does not occur with 532 nm laser
excitation on either Ag or Ag—Pt nanoparticles (Figure S6).
We further tested this hypothesis by employing more potent
hole scavengers than OH™. Data in Figure 6 show that the
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Figure 4. Schematic energy diagram showing simplified band
structure for Ag and Pt metals and the probable relative energy for
holes generated during charge excitation on MB/Ag and MB/Ag—Pt
samples.

energy could lead to an increased likelihood of holes being
scavenged by hydroxide anions on the MB/Ag—Pt nano-
particle, thereby enabling the MB reduction. Our hypothesis is
based on the fact that in the case of the monometallic Ag
nanoparticles, the Ag s states around the Fermi level are
involved in the electronic excitations. These electronic
excitations produce hot electrons and holes of approximately
equal energies.”® For the Pt surface of the Ag—Pt nanocubes,
hot charge carriers are produced primarily through d-to-s
interband excitation, which are generally believed to produce
relatively high energy holes (Figure 4)."*

To test this hypothesis, we performed time-dependent in situ
SERS measurements for MB on Ag and Ag—Pt nanoparticles
under different pH conditions (i.e., different concentrations of
OH") (Figure S). By changing the pH we effectively change
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Figure 6. SERS spectra showing anti-Stokes (black) and Stokes (red)
spectra for MB on Ag samples under 785 nm laser excitation in the
presence of (a) sodium oxalate and (b) potassium acetate as hole
scavengers. The marked peaks show the characteristic Raman peaks
corresponding to the reduced form of MB,*”*® which appear in the
presence of a hole scavenger. Moreover, irrespective of hole scavenger
used, similar Raman peaks for the reduced form of MB are observed.

presence of acetate and oxalate hole scavengers leads to the
reduction of MB even at pH 7 on the Ag nanoparticles under
resonant 785 nm excitation. Moreover, neither of the hole
scavengers facilitate reduction at 532 nm excitation. These data
are completely consistent with the experiments performed
using hydroxide anions as the hole scavengers where the higher
free energy of the electron-donating (hole-accepting) state of
the hole scavengers yields higher reaction rates.

Collectively these measurements suggest that electron-
transfer reactions on plasmonic nanostructures require that
the process of charge excitation take place at the molecule—
nanoparticle complex. In this particular example, the process of
charge excitation only takes place under 785 nm excitation and
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not under 532 nm excitation. Furthermore, it is also clear that
the electron-donating capacity of the hole scavenger needs to
be high enough to allow for the extraction of holes from the
molecule—nanoparticle complex and therefore the completion
of the catalytic cycle.

B CONCLUSIONS

In summary, we have demonstrated that performing electron-
transfer reactions on plasmonic metal surfaces requires
electronic charge exchange between the nanoparticle and
molecules as well as the use of relatively potent charge carrier
scavengers. Our results indicate that the plasmonic nano-
particle serves multiple functions in these systems. On one
hand, its interaction with a reacting molecule changes the
electronic structure of the molecule via the creation of
interfacial electronic states, which can be instrumental in
LSPR-mediated electronic excitations. In this particular case
the electronic excitation in the MB/nanoparticle complexes
takes place at 785 nm, which is significantly lower energy than
required for the optical excitation in independent MB
molecules (~660 nm). The nanoparticle also plays an
instrumental role in harvesting the energy of light and driving
these electronic excitations at the molecule/nanoparticle
interface via very high electric fields that are created at the
LSPR frequencies.”””" Also, by changin§ the nature of the sites
at the surface of the nanoparticles’** (in this case the Ag
versus Pt sites), it is possible to tune the energy of generated
energetic electrons and holes so that different charge carrier
scavengers can be used. Finally, by changing the nature of the
surface sites, it should, in principle, be possible to involve
different sites on the molecule (by controlling the way that
molecules attach to the surface) and affect which groups on the
molecule react.”’
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