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ABSTRACT: Plasmonic nanostructures have been demonstrated
as emergent photocatalysts because of their efficient photon
absorption and their ability to produce hot carriers. However, the
plasmon-generated hot carriers decay through ultrafast relaxation
pathways, resulting in a short lifetime that impedes the exploitation
of hot carriers for chemical reactions. Charge separation at the
heterojunction of the hybrid nanostructures can counteract the
ultrafast decay to extend the carrier lifetime. Here, we fabricate
hybrid nanostructures composed of gold nanorods and a carbon
thin film and demonstrate efficient charge transfer between these
two materials. Using single-particle dark-field scattering spectros-
copy, we observe a broadening of the longitudinal plasmon for gold
nanorods on a carbon film compared to those on a glass substrate.
We attribute this plasmon damping to the electron transfer from gold nanorods to the carbon film and exclude the contribution from
plasmon-induced resonance energy transfer. The electron transfer efficiencies are calculated as 52.8 ± 4.8 and 57.4 ± 4.0% for
carbon films with thicknesses of 10 and 25 nm, respectively. This work demonstrates efficient charge separation at the gold−carbon
film interface, which can extend the lifetime of hot carriers to promote plasmonic photocatalysts.

■ INTRODUCTION
Nobel metallic nanoparticles exhibit unique optical and
physical properties due to surface plasmon resonances, the
collective oscillation of conduction band electrons.1,2 Plas-
monic nanostructures have been demonstrated as photo-
catalysts or electrophotocatalysts to drive various chemical
reactions, including NH3 decomposition,3,4 CO2 reduc-
tion,5−12 hydrogen generation,13−15 and NH3 formation.

16−19

The superior properties in photocatalysis and photoelectroca-
talysis stem from the efficient absorption of photons by
plasmons20 and the generation of high-energy carriers that
enable chemical reactions with high activation barriers.21−29

Moreover, the tunability of plasmon energy by morphologies
and compositions of plasmonic nanostructures facilitates
photon harvesting in the UV-NIR region.30−33 Furthermore,
the photon energy absorbed by plasmon can transfer to
catalytic materials in close proximity to the plasmonic
nanostructures, promoting catalytic reactions.4,34,35

The photoexcitation of surface plasmon resonances in
nanostructures, such as gold (Au) nanoparticles, promotes
electrons from the Fermi level of Au to the unoccupied states
within the conduction band, creating hot electrons and warm
holes above and near the Fermi level, respectively.36−39 When
photons with energy higher than the interband threshold of Au
excite electrons from the d-band to the sp-band, warm

electrons near the Fermi level of Au and hot d-band holes
are generated. These highly energetic carriers, generated by the
photoexcitation of plasmonic nanostructures, have been shown
to overcome high activation barriers to catalyze chemical
reactions.3−19 However, the short lifetime of plasmon-induced
hot carriers (<100 fs),36,40−46 resulting from ultrafast
electron−hole recombination and electron−electron scatter-
ing, hinders their utilization in chemical reactions. Therefore,
prolonging the lifetime of hot carriers is critical to achieving
efficient plasmonic photocatalysts.
Plasmonic nanoparticles decorated with semiconductors,

catalytic metals, and molecular adsorbates create charge
separation states at heterojunctions to impede ultrafast
electron−hole recombination.47−56 Such strategies have
successfully extended the lifetime of hot carriers and greatly
enhanced the activities of plasmonic photocatalysts and
photocurrent in plasmonic devices.57 Several mechanisms
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have been identified for the charge transfer at the
heterojunction of hybrid nanostructures.20 For example, Au
nanoparticles in contact with semiconductors form the
Schottky barrier at the Au/semiconductor interface. When
plasmons are excited, the electrons populate the unoccupied
states within the conduction band in the metal, and the excited
electrons with energy higher than the Schottky barrier transfer
to the conduction band of the semiconductor.47 This process
refers to an indirect charge transfer. In contrast, the strong
interaction between Au and the semiconductor creates hybrid
states through the energetic and spatial overlaps of the electron
wave functions of the two materials. Direct charge transfer
refers to the process in which the electrons in the metal are
directly excited to the conduction band of the semiconductor
upon plasmon decay.48 This charge transfer mechanism also
occurs in a hybrid structure composed of plasmonic
nanostructures and molecular adsorbates.51−54 The oscillation
of the conduction band electrons loses its coherence by
transferring the electrons to the LUMO of the adsorbates,
leading to faster decay of plasmon. This decay channel
resulting from direct electron transfer in the hybrid structure is
known as chemical interface damping.58 Maximizing the charge
separation in the hybrid plasmonic nanostructures to increase
the lifetime of hot carriers will advance our knowledge to
realize plasmonic photocatalysts.
In addition to efficient charge separation at the hetero-

junction, high electron mobility is also required in the electron
acceptor to extract the electrons and impede electron−hole
recombination at the Au/semiconductor interface. Two-
dimensional (2D) carbon nanostructures, including graphene
and amorphous thin films, have demonstrated excellent
electron mobility and have been utilized for several
applications, such as flexible electronic devices, supercapaci-
tors, and electrodes for batteries.59−63 Additionally, doping
nitrogen atoms into the carbon film or graphene exhibits
excellent catalytic activities for various redox reactions.64−67

Therefore, combining plasmonic nanostructures with 2D
carbon materials is an attractive strategy to extend the lifetime
of the hot carriers. A decade ago, Hoggard et al. determined
electron transfer between Au nanorods (AuNRs) and graphene
with ∼10% efficiency upon plasmon excitation.68 The
efficiency was estimated by measuring the scattering and
photoluminescence spectra of single AuNRs and comparing
their spectral line widths on glass and graphene. As single-
particle spectroscopy determines the homogeneous line width
that represents the dephasing time of the plasmons, it is
possible to estimate the electron transfer rate and
efficiency.68,69 Despite the magnificent demonstration of
charge transfer in the AuNR/graphene system, hybrid
nanostructures composed of plasmonic nanoparticles and
other 2D carbon materials, such as a carbon thin film, have
not been explored.
In this study, we fabricated hybrid systems comprising

AuNRs and carbon films with various thicknesses and
investigated the electron transfer between AuNRs and the
carbon film using single-particle dark-field scattering (DFS)
spectroscopy. By comparing the spectra of single AuNRs on a
glass substrate with those on the carbon film, we observed a
much broader spectral line width of AuNRs on the carbon film,
indicating an efficient electron transfer in this hybrid
nanostructure. The contribution of plasmon-induced reso-
nance energy transfer to plasmon decay was excluded. The
electron-transfer efficiency was more than 50% on carbon films

with various thicknesses. These results suggest a simple and
robust method for creating a hybrid nanostructure with
efficient charge separation for plasmonic photocatalysts.

■ EXPERIMENTAL METHODS
Materials. Cetyltrimethylammonium bromide (CTAB)-

capped AuNRs (AuNRs, part #: A12-25-700-CTAB-DIH-1-
25) were purchased from Nanopartz. PELCO TEM grids with
supporting carbon films with thicknesses of 10 nm (part #:
01900) and 25 nm (part #: 01910-F) were purchased from
Ted Pella, Inc. Potassium hydroxide (KOH, pellets/certified
ACS, part #: P250-1), reagent alcohol (HPLC grade, 89 to
91%, part #: A995-4), acetone (ACS reagent grade, 99.5%, part
#: A929-4), Hellmanex III, glass slides (25 × 75 × 1 mm,
part#: 12-544-4), and coverslips (25 × 25 mm, part#: 12542C)
were purchased from Fisher Scientific. Deionized (DI) water
was used in the experiments.
Preparation of AuNRs on TEM Grids. Glass coverslips

and glass slides were cleaned by sonication in Hellmanex (2%),
reagent alcohol, acetone, KOH (1 M), and DI water. The
TEM grid was attached to a cleaned coverslip with carbon
tape. The diluted CTAB-capped AuNR solution was then spin-
coated onto the coverslip. The coverslip was assembled into a
cell with a glass side using carbon tape as a spacer. A schematic
illustration of the cell fabrication process is shown in Figure S1.
Single-Particle Dark-Field Scattering Microscopy. The

scattering spectra of AuNRs were measured by a custom-built
DFS microscope composed of an inverted microscope body
(Zeiss, Axio-Observer 5) and a spectrometer (Princeton
Instrument, ARC-SP-2156) equipped with a charge-coupled
device camera (Princeton Instrument, PIX-400BRX) mounted
on a motorized linear stage (Newport, CONEX-LTA-HL). A
halogen lamp (Zeiss, HAL-100) was used as the light source.
The white light from the lamp passed through the dark-field
condenser (N.A. = 1.4) and focused on the sample. The
scattered light from AuNRs was collected by an oil immersion
objective (Zeiss, PlanAchromat, N.A. = 0.7, 63×) directed to
the spectrometer located at the first image plane of the
microscope. A custom-written Labview program was used to
control the motorized linear stage and the spectrometer to
scan the slit of the spectrometer through the scattering image
while taking spectra to enable hyperspectral imaging. The
analyses of the hyperspectral images were performed by the
Matlab program developed in the lab. The scattering spectra of
AuNRs were background-subtracted and normalized by the
lamp spectrum.
Scanning Electron Microscopy. The SEM images were

performed on a Hitachi SU5000 SEM with an acceleration
voltage of 10 kV. For the correlation between SEM and single-
particle measurements, the optical and hyperspectral images
were acquired before the SEM characterizations to avoid the
melting of AuNRs by the strong e-beam radiation.

■ RESULTS AND DISCUSSION
In order to investigate the damping of surface plasmon
resonances on a carbon film, we measured the scattering
spectra of single AuNRs on the carbon film and glass substrate.
A TEM grid (Figure S2) with a supporting carbon film with a
thickness of 25 nm was attached to a coverslip by using carbon
tape. The thickness of the carbon film was provided by the
manufacturer. The solution of AuNRs was spin-coated on the
coverslip to allow AuNRs to spread on the TEM grid and the
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coverslip with a proper density for single-particle measure-
ments. The size of the AuNRs was quantified as 29.6 ± 3.9 ×
87.9 ± 12.6 nm with an aspect ratio of 3.0 ± 0.6, as shown in
Figure S3. The substrate was assembled into a cell with
another microscope slide spaced by carbon tape and mounted
on a DFS microscope. Hyperspectral images of AuNRs on
glass and carbon film were acquired in the same cell. The
intensities of different AuNRs can be directly compared,
considering that the hyperspectral images were measured
under identical conditions. Figure 1A,B shows schematic

illustrations of a single AuNR on glass and carbon film,
respectively. As the carbon film hosted by the copper grid was
suspended above the glass substrate (Figure 1B), it is possible
to identify the interfaces of air/carbon film and air/glass by
moving the focus of the objective (Figure S4).
The scattering spectra of AuNRs on the carbon film were

strongly damped. Figure 1C shows the scattering image of
AuNRs on glass taken by a single-lens refraction camera
inserted at the position of the eyepiece of the microscope. The
image of AuNRs on the glass was taken at the region outside
the TEM grid. The bright and sharp red color originates from
the scattering of single AuNRs, which is consistent with the
literature.70 In contrast, the scattering image of AuNRs on the
carbon film appears dark red with low intensity, suggesting a
significant quenching of AuNR scattering (Figure 1D).
Hyperspectral images at positions identical to those in Figure
1C,D were acquired to obtain the scattering spectra of
individual AuNRs. The resulting scattering spectra were fit to
the Lorentzian function to obtain the peak energy (Eres), the
full width at half-maximum (Γ), and peak intensity (Imax), as

displayed in Figure S5. Figure 1E,F shows the scattering
spectra (symbol) of a representative AuNR on glass and
carbon film, respectively. The scattering spectra fit very well
with the Lorentzian function (red line), suggesting that the
scattering originates from single AuNRs. When comparing the
AuNR spectra in Figure 1E,F, the scattering of AuNRs on the
carbon film was strongly quenched. In Figure 1F, the Γ of
AuNR on the carbon film is 256, 151 meV higher than that on
glass (105 meV) shown in Figure 1E. The peak intensity of
AuNR on glass (Imax = 8.24) is ∼10-fold higher than that on
the carbon film (Imax = 0.81). The broader spectral line width
with lower intensity in the scattering spectrum indicates
significant damping of the surface plasmon resonance of
AuNRs on the carbon film.
To confirm that the broad spectrum shown in Figure 1F

originates from a single AuNR rather than its aggregate, we
performed optical measurements and SEM characterizations in
identical regions. The indexed TEM grid allows for locating
the same AuNRs with the optical and electron microscopes.
Figure 2A,B shows the optical and SEM images of AuNRs in
the identical region, respectively. Squares with the same colors
indicate the same particles in both images. We observed that
the dim red spots in Figure 2A correspond to the single AuNRs
shown in Figure 2B, supported by the high-magnification SEM
images (Figure 2C). Furthermore, the white spots in Figure 2A
are the result of the defects in the carbon film, as shown in the
white circles in Figure 2B. A hyperspectral image of the same
location was acquired and the scattering spectra of the AuNRs
were analyzed. Figure 2D displays the scattering spectra
(symbol) of the AuNRs marked by the squares in Figure 2B.
The color code of the spectra is identical to that of the squares.
Fitting with the Lorentzian function (color lines), Γ is in the
range of 223−272 meV, confirming that the spectral line width
of the AuNRs on the carbon film is much broader, consistent
with the result shown in Figure 1F.
The line width broadening of the AuNR scattering was

observed on the carbon films with various thicknesses. AuNRs
were deposited on TEM grids with carbon film thicknesses of
10 and 25 nm attached to coverslips, each of which was
assembled into a cell. Scattering spectra of 1259, 853, and 330
AuNRs were measured on glass and carbon films with
thicknesses of 25 and 10 nm, respectively, to obtain statistical
information on plasmon damping. Figure 3A−C shows the
cumulative distribution of Eres (A), Γ (B), and normalized Imax
(C) for single AuNRs on glass (blue) and carbon films with
thicknesses of 10 (red) and 25 nm (green). The cumulative
distribution represents the fraction of AuNRs with a value
lower than the one indicated in the x-axis. Eres of the AuNRs
on carbon films (1.80 ± 0.11 eV for 25 nm and 1.77 ± 0.11 eV
for 10 nm) are red-shifted compared to those on glass (1.86 ±
0.12 eV), as shown in Figure 3A, due to the higher refractive
index of the amorphous carbon film (n ∼ 2.00) than glass (n =
1.50).71 By comparing the line width shown in Figure 3B, Γ
values of AuNRs on carbon films with thicknesses of 10 and 25
nm are 232.7 ± 28.1 and 255.3 ± 31.5 meV, respectively.
These values are two times higher than the Γ of AuNRs on
glass (119.6 ± 19.6 meV). The broader line width observed on
the carbon film is independent of AuNR orientation (Figure
S6). To compare the Imax values of AuNRs measured between
different cells, we normalized all Imax values of every AuNR
with the mean values of AuNRs on glass for each cell to
account for the intercell variation in illumination intensity from
the lamp. Figure 3C shows the cumulative distribution of the

Figure 1. Optical properties of AuNRs on glass and carbon film.
(A,B) Schematic illustration of a AuNR on a glass substrate (A) and
on a TEM grid supported by a carbon film (B). The blue, black, and
dark yellow colors represent glass, carbon film, and copper grid,
respectively. (C,D) Color images of AuNR scattering on glass (C)
and carbon film (D). (E,F) Representative scattering spectra
(symbol) of single AuNR on glass (E) and carbon film (F). The
red lines are the fitting curve to the Lorentzian function.
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normalized Imax values of AuNRs on different substrates. The
normalized Imax values of AuNRs on carbon films are only
∼20% of those on glass. Combining the evidence of a broader
line width and weak intensity of AuNR scattering, we can
conclude that surface plasmon resonance is significantly
damped when AuNRs are in contact with a carbon film.
Previous studies have demonstrated that the longitudinal

plasmon damping of AuNRs in the hybrid system could arise
from plasmon-induced resonance energy transfer or charge
transfer.20 It is known that plasmons decay on the order of 5−
20 fs, which is challenging to probe using time-resolved
spectroscopy.72−75 Alternatively, one can measure the
homogeneous line width of single nanoparticles because the
spectral width is proportional to the plasmon decay rate.69 In
the plasmonic hybrid system, it is accepted that the
homogeneous line width is mainly contributed by four decay

channels, including bulk damping γb, electron surface damping
Γsuf, radiation damping Γrad, and damping due to plasmon-
induced resonance energy transfer or charge transfer
ΓRET/CT.51,76

b surf rad RET/CT= + + +

Bulk damping arises from the electron scattering with
thermal phonons and impurities inside the metal and behaves
the same as bulk materials, including the contribution from the
interband transition. Electron surface damping describes the
electron scattering at the nanoparticle surface and is dominant
when the nanoparticle size is smaller than the mean free path
of the metal. Radiation damping results from the damping of
plasmons into far-field radiation and increases with a larger
volume of nanoparticles. These three terms are intrinsic to
nanoparticles with a known size. In the hybrid system
composed of plasmonic nanoparticles with the semiconductor
or molecular adsorbates, additional dampings such as plasmon-
induced energy transfer or charge transfer further increase the
spectral line width.

Figure 2. Correlation between optical and SEM images. (A,B)
Scattering (A) and SEM (B) images of AuNRs on a carbon film. The
color boxes indicate the same AuNRs on optical and SEM images.
The scale bar is 3 μm. (C) SEM images of AuNRs at higher
magnification. The size of the images is 300 × 300 nm. The color
boxes represent the AuNRs marked with the same color boxes in (A
and B). (D) Scattering spectra of AuNRs marked by the boxes in (A−
C). The color code of the spectra is identical to that of the color
boxes.

Figure 3. Statistics of the spectral parameters of AuNR scattering on
different substrates. (A−C) Cumulative distributions of Eres (A), Γ
(B), and normalized Imax of scattering spectra for AuNRs on glass
(blue) and carbon films (CF) with thicknesses of 10 (red) and 25 nm
(green). The statistical information includes the spectra of 1259, 853,
and 330 AuNRs on glass and carbon films with thicknesses of 25 and
10 nm, respectively.
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The additional damping, ΓRET/CT, of AuNRs on the carbon
film can be quantified by the changes in line width from the
DFS spectra. Figure 4A displays Γ vs Eres of AuNRs on glass

(blue) and carbon films with thicknesses of 10 (red) and 25
nm (green). The gray shadow represents the contribution of
bulk damping, calculated based on the procedure in the
previous report.77 The bulk damping increases when the
plasmon energy is higher than the interband threshold (1.76
eV) and is constant with plasmon energy lower than 1.76 eV.
This contribution is clearly observed for the AuNRs on glass,
where Γ becomes larger when Eres is greater than 1.76 eV (blue
symbol). The measured line width on the glass substrate is
slightly higher than the bulk damping, resulting from the
contribution of radiation damping, given the AuNR dimension
of 29.6 ± 3.9 × 87.9 ± 12.6 nm. At this size, electron surface
damping is negligible because the diameter and length of
AuNRs are higher than the mean free path of Au. When
comparing the line widths of the scattering spectra for AuNRs
on different substrates, the experimental Γ on the carbon film
(green and red symbols) increase more than 100 meV than
those on glass regardless of the value of Eres, while Γ is slightly
larger on the thicker carbon film (green vs red symbols). The
line width of AuNR scattering on glass represents the intrinsic
line width (Γ0 = γb + Γsurf + Γrad) because the glass substrate
does not introduce additional plasmon damping due to the

large band gap. The damping arising from plasmon-induced
resonance energy transfer or charge transfer does not occur at
the AuNR/glass interface. Several studies have represented
intrinsic line width using the scattering line width of AuNRs on
a glass substrate.49,51,54,68,76,78 Measuring the line width of the
same AuNR on a carbon film (Γ = Γ0 + ΓRET/CT) enables
quantifying ΓRET/CT for additional damping due to the
coupling between plasmon and the carbon film. To accurately
determine ΓRET/CT, it is necessary to measure the line width
difference of the scattering spectra from the same AuNRs on
glass and the carbon film. However, it is infeasible in our
measurements because we cannot relocate AuNRs from the
glass to the carbon film on the TEM grid. Instead, we
measured the average Γ of AuNRs on the glass to represent the
intrinsic line width (Γ0), which is subtracted from Γ for every
AuNR on the carbon film to obtain the apparent ΓRET/CT. In
this analysis, only AuNRs with an Eres of less than 1.76 eV were
calculated to eliminate the contribution of the energy-
dependent interband transition. In this case, the variation of
Γ for AuNRs on glass mainly arises from the radiation damping
with heterogeneous size distribution because the surface
scattering plays a minor role at this size. Figure 4B illustrates
the cumulative distribution of the apparent ΓRET/CT with 10
(red) and 25 nm (green) carbon films. The apparent ΓRET/CT
values are 142 ± 25 and 116 ± 26 meV for 25 and 10 nm
carbon films, respectively. Previous studies have investigated
charge transfer in the hybrid nanostructures composed of
AuNRs and monolayer graphene and demonstrated ΓCT of
∼10 meV,68 which is 1 order of magnitude smaller than the
apparent ΓRET/CT on carbon film. The longitudinal plasmon of
AuNR is only slightly damped on graphene and is severely
damped on the carbon film. Combining the results of charge
transfer on graphene and ΓRET/CT on the carbon film shown in
Figure 4B, we can conclude that the damping of the
longitudinal plasmons increases with thicker 2D carbon
nanostructures.
The efficiency of plasmon damping, ηRET/CT, due to

resonance energy transfer or charge transfer is further
quantified from RET/CT

RET/CT= , where Γ is the line width
of AuNR on the carbon film. Figure 4C illustrates the ηRET/CT
of single AuNRs as a function of their Eres on the carbon films
with 10 (red) and 25 nm (green) thicknesses. Only AuNRs
with an Eres smaller than 1.76 eV were calculated to avoid the
contribution of the energy-dependent interband transition.
The efficiencies of plasmon damping, ηRET/CT, of AuNRs on
the carbon films with 10 and 25 nm are 52.8 ± 4.8 and 57.4 ±
4.0%, respectively. These two values are more than five times
higher than the charge transfer efficiency in the AuNR/
graphene hybrid nanostructure.
The plasmon damping on the carbon film arises from

plasmon-induced charge transfer rather than plasmon-induced
resonance energy transfer. In a hybrid system composed of Au
and semiconductor nanostructures, plasmon-induced charge
transfer occurs at the Au/semiconductor interface through
direct or indirect charge transfer pathways after plasmon
excitation.20 The efficiency of this interfacial charge transfer
highly depends on the electronic structures and electron wave
function overlap between Au and the semiconductor.27,47,48

The plasmon-induced resonance energy transfer originates
from the strong dipole−dipole interaction between plasmonic
and semiconductor materials.79 Upon excitation of the
plasmon, the plasmon energy in the metal nonradiatively

Figure 4. Plasmon damping efficiencies on the carbon films with
different thicknesses. (A) Γ as a function of Eres for AuNRs on glass
(blue) and carbon films (CF) with thicknesses of 10 (red) and 25 nm
(green). The gray area represents the bulk damping, including the
contribution from interband transition. (B) Cumulative distribution
of the apparent ΓRET/CT for AuNRs on carbon films with thicknesses
of 10 (red) and 25 nm (green). (C) ηRET/CT as a function of Eres for
AuNRs on carbon films with thicknesses of 10 (red) and 25 nm
(green).
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transfers to the semiconductor, creating electrons and holes in
the conduction and valence bands, respectively. The efficiency
of energy transfer is regulated by the interfacial electric
conductivity, the dipole strength of donors and acceptors, and
the spectral overlap of the plasmon and absorption spectrum of
the semiconductor.79−81 Plasmon-induced resonance energy
transfer has been applied to enhance the efficiency of solar cells
because it allows harvesting of the plasmon energy before
ultrafast decay of the plasmon within 20 fs.79−81 Both charge
transfer and resonance energy transfer in the hybrid system
cause strong damping in the surface plasmon resonances due
to the additional relaxation pathways for plasmon.49,76 To
confirm the mechanism of plasmon damping on the carbon
film, we compare ηRET/CT as a function of Eres with the
absorption spectra of the carbon film. As shown in Figure 4C,
ηRET/CT of AuNRs only exhibits a small variation without a
clear trend, with the Eres value at 1.35−1.76 eV. The variation
of ηRET/CT at the same Eres possibly results from the size
dispersion of AuNRs. To clearly identify if ηRET/CT depends on
the Eres of scattering spectra, we further average ηRET/CT for
single AuNRs with Eres in bins of 0.5 eV. Figure S7A shows the
average ηRET/CT as a function of binned Eres for AuNRs on
carbon films of 10 (red) and 25 nm (green). The symbols and
error bars represent the mean and standard deviation of the
values with bins of 0.5 eV in Eres. AuNRs with Eres < 1.5 eV
were binned at one data point because a small number of
AuNRs peaked at this energy. The average ηRET/CT is constant
with plasmon energy at 1.35−1.76 eV on the carbon film,
except for one data point, which shows a lower ηRET/CT with
Eres < 1.5 eV on the thinner film. Figure S7B displays the
absorption spectra of the carbon films with thicknesses of 10
(red) and 25 nm (green) measured at an area of 1 × 1 μm.
Each absorption spectrum was averaged from the spectra
collected at ten different locations to account for the local
thickness variation. The absorption of the carbon film increases
with energy for both thicknesses, consistent with the
absorption spectrum of the amorphous carbon film reported
previously.82 For the plasmon-induced resonance energy
transfer, the efficiency is proportional to the spectral overlap
between the plasmon band and the absorption spectra of the
carbon film. In this case, the average ηRET/CT as a function of
binned Eres is expected to increase with the plasmon energy. By
comparing the results in Figure S7, we exclude the
contribution of resonance energy transfer and conclude that
charge transfer is responsible for the line width broadening on
the carbon film. The energy-independent ηRET/CT observed in
our study is also consistent with the report of the Au/CdSe
hybrid system, where the quantum yield of the Au-to-CdSe
charge transfer is constant with the excitation energy below the
interband gap of CdSe NRs.48 The origin of a slightly smaller
ηRET/CT on a thinner carbon film is unclear and requires further
investigation.
This study demonstrated a robust and simple method for

fabricating hybrid nanostructures by spin- or drop-casting a
colloidal solution of Au nanoparticles on the carbon film. The
efficient charge transfer at the Au/carbon film interface
prohibits ultrafast electron−hole recombination after plasmon
excitation and produces long-lived hot carriers that enhance
plasmonic photocatalysis. The efficiency of charge transfer at
the interface of Au and carbon film is 57.4 ± 4.0% comparable
to ηCT of 50 ± 18% for Ag-CsPbBr3 hybrid nanocrystals, which
exhibit the most efficient plasmon-induced charge transfer to
date.83 Additionally, CTAB capping ligands adsorb on the

AuNR surface. Therefore, the charge transfer efficiency can
further increase in the AuNR/carbon film system by removing
CTAB from the AuNR surface to increase the contact area
between the AuNR and the carbon film. All of these results
suggest that the hybrid nanostructure composed of Au
nanoparticles and carbon film can be a robust and efficient
plasmonic photocatalyst.

■ CONCLUSIONS
In summary, we utilized single-particle DFS spectroscopy to
measure the homogeneous line width of a longitudinal
plasmon of single AuNRs on a glass substrate and carbon
films and observed a line width broadening of >100 meV on
carbon films. Correlating between the optical and SEM images
in the identical region confirmed the broad spectra originating
from single AuNRs on the carbon film, indicating additional
and strong plasmon damping. The damping efficiencies were
determined as 52.8 ± 4.8 and 57.4 ± 4.0% for 10 and 25 nm
films, respectively. We attributed this plasmon damping to
electron transfer from AuNRs to the carbon film rather than
plasmon-induced resonant energy transfer after careful analysis
of the energy-dependent efficiency and absorption spectra of
the carbon films. The charge transfer efficiency of 57.4 ± 4.0%
in the AuNR/carbon film structure is comparable to that of 50
± 18% for Ag/CsPbBr3 hybrid nanocrystals, which is known as
the most efficient plasmon-induced charge transfer to date. We
anticipate that this value will be further improved by removing
the CTAB ligands to increase the contact between AuNRs and
the carbon film. The efficient charge transfer in the AuNR/
carbon film hybrid structure and the high conductivity of the
carbon film can extend the hot carrier lifetime and facilitate the
harvest of hot carriers, both of which are critical to realizing the
plasmonic photocatalysts.
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