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Abstract: Efficient hydrogen evolution via electrocatalytic
water splitting holds great promise in modern energy devices.
Herein, we demonstrate that the localized surface plasmon
resonance (LSPR) excitation of Au nanorods (NRs) dramat-
ically improves the electrocatalytic hydrogen evolution activity
of CoFe-metal–organic framework nanosheets (CoFe-
MOFNs), leading to a more than 4-fold increase of current
density at @0.236 V (vs. RHE) for Au/CoFe-MOFNs compo-
site under light irradiation versus in dark. Mechanistic inves-
tigations reveal that the hydrogen evolution enhancement can
be largely attributed to the injection of hot electrons from
AuNRs to CoFe-MOFNs, raising the Fermi level of CoFe-
MOFNs, facilitating the reduction of H2O and affording
decreased activation energy for HER. This study highlights the
superiority of plasmonic excitation on improving electrocata-
lytic efficiency of MOFs and provides a novel avenue towards
the design of highly efficient water-splitting systems under light
irradiation.

Hydrogen is one of the most promising energy carriers.
Electrochemical water splitting has been regarded as one of
the most efficient and sustainable strategies for hydrogen
generation.[1] Although precious metals are efficient for
hydrogen evolution reaction (HER),[1] their scarcity and
high cost limit the practical utilization. Huge efforts have
been devoted to fabricate efficient non-noble-metal electro-
catalysts in both homogeneous and heterogeneous systems.
Generally, homogeneous catalysts show well-defined struc-

tures favorable to mechanistic studies while suffering from
poor recoverability. In contrast, heterogeneous catalysts are
easily recyclable and potentially cost-effective, while the
number and location of active centers on solid catalyst
surfaces are often indistinct and prone to change under
reaction environments making mechanistic studies difficult.

Metal–organic frameworks (MOFs), with porous struc-
tures built from metal ions/clusters and organic ligands, have
presented many advantages for catalysis.[2] Similar to molec-
ular catalysts, MOFs possess well-defined structures and
readily accessible active sites. Meanwhile, MOFs are solid
porous materials and thus recyclable. The unique features of
MOFs make them ideal candidates to integrate the inherent
advantages of both homogeneous and heterogeneous cata-
lysts.[3] Up to now, very limited MOFs show high HER
activity,[4] among which 2D MOF nanosheets are very
promising for enhanced electrocatalysis.[5] Although substan-
tial progress has been achieved, more effective strategies are
still needed to be developed to enhance the electrocatalytic
HER performance of MOFs.

Localized surface plasmon resonance (LSPR), the collec-
tive oscillation behavior of conduction electrons of noble
metals driven by incident light, could offer metal nano-
particles several unique benefits including the enhanced local
electromagnetic fields, efficient charge-carrier separation and
the heat effect during the photon dissipation.[6] Recently, it is
found that the LSPR effect can also accelerate the electro-
chemical processes by the injection of hot electrons.[7] Thus,
the introduction of plasmonic effect into MOFs could be an
effective method to boost the overall electrocatalytic pro-
cesses.

With all the above in mind, a plasmon-enhanced HER
electrochemical system based on the assembly of Au nano-
rods (AuNRs) and 2D CoFe-MOF nanosheets (CoFe-
MOFNs), was rationally constructed to afford Au/CoFe-
MOFNs composite (Scheme 1). The AuNRs, as a light
absorber and plasmon exciter, can generate hot electrons
upon irradiation. The 2D CoFe-MOFNs, with highly exposed
active sites, were chosen as the HER electrocatalysts. Under
light irradiation, the HER activity of Au/CoFe-MOFNs can

Scheme 1. Illustration of the synthesis of Au/CoFe-MOFNs and the
experimental principle of enhanced HER activity.
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be significantly enhanced (approximately 4-fold enhancement
at @0.236 V) by hot-electron injection from AuNRs into the
MOF. Mechanistic investigations found that charge transfer
can raise the Fermi level of the MOF, making it match better
with the H2O/H2 potential and thus offering significantly
decreased activation energy for HER.

The 2D CoFe-MOFNs were synthesized from a mixed
solution of Co2+, Fe3+ and benzenedicarboxylic acid (BDC)
through a simple ultrasonic method.[5] The CoFe-MOFNs
with a sheet-like structure could be clearly observed by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and the atomic force microscopy (AFM)
images (Figure 1a, Figure S1 in the Supporting Information).

AuNRs of approximately 52 nm long and 12 nm wide were
then synthesized and assembled onto the CoFe-MOFNs to
afford AuNRs/CoFe-MOFNs with 2.2 wt % Au loading (Fig-
ure 1b, Figure S2). TEM observation of the composite reveals
that AuNRs are randomly decorated on the surface of CoFe-
MOFNs (Figure 1b). Powder X-ray diffraction (XRD) pat-
terns of CoFe-MOFNs and Au/CoFe-MOFNs well match with
that of the simulated MOF, demonstrating the retained
crystallinity of CoFe-MOFNs after the furnishing of AuNRs
(Figure 1c). In addition, the characteristic peaks at 38.1788 and
44.4688 assigned to Au (111) and Au (200) can be observed in
Au/CoFe-MOFNs (Figure 1 c), indicating the incorporation of
AuNRs. Zeta potentials of CoFe-MOFNs and AuNRs in
aqueous solution were measured to be @10.21 mV and

+ 37.5 mV, respectively, indicating that they are able to
contact closely via electrostatic interaction (Figure S3),
which would be beneficial to electron transfer between
them.[8]

The X-ray photoelectron spectroscopy (XPS) spectra
show that the binding energies of Co 2p1/2 and Co 2p3/2 in
Au/CoFe-MOFNs are negatively shifted by approximately
0.27 and 0.29 eV respectively, as compared to those in CoFe-
MOFNs (Figure 1d). Meanwhile, the binding energies of
Au 4f5/2 and Au 4f7/2 in Au/CoFe-MOFNs are positively
shifted by approximately 0.38 and 0.36 eV respectively
compared to those for AuNRs (Figure 1e). These results
unambiguously confirm the electron transfer from AuNRs to
CoFe-MOFNs in Au/CoFe-MOFNs.[7c] The Au/CoFe-MOFNs
composite presents a strong UV/Vis absorption peak centered
at 786 nm (Figure 1 f), which is induced by the surface
plasmon excitation of AuNRs. There is an approximately
10 nm red shift in Au/CoFe-MOFNs as compared with the
original AuNRs, due to electronic interactions between
AuNRs and CoFe-MOFNs, in consistence with the XPS
results. The calculated energy levels based on the UV/Vis
spectra and cyclic voltammogram (CV) suggest a more
negative LUMO level (@0.31 V vs. normal hydrogen elec-
trode; NHE) than H2O/H2 potential (Figure S4, S5), support-
ing the possibility of CoFe-MOFNs to catalyze hydrogen
evolution once getting electrons from AuNRs.

Inspired by the results above, electrocatalytic HER over
Au/CoFe-MOFNs composite was investigated in a N2-satu-
rated 0.1m KOH at 30 88C.[7c] When in dark, the linear sweep
voltammetry (LSV) curve of CoFe-MOFNs shows an over-
potential of @0.333 V at 1 mAcm@2 for HER, much better
than Co-MOFNs and Fe-MOFNs (Figure S6). The XPS
results indicate the charge transfer from Fe to Co in CoFe-
MOFNs, resulting in favorable proton reduction on Co sites
(Figure S7). The electrochemical measurements illustrate the
much smaller charge-transfer resistance and much higher
electrochemical surface area (ECSA) of CoFe-MOFNs than
Co-MOFNs and Fe-MOFNs (Figure S8, S9). Furthermore,
DFT calculations reveal that Co sites in CoFe-MOFNs
present the smallest DGH* among all metal sites in Fe-
MOFNs, Co-MOFNs and CoFe-MOFNs (Figure S10–12). All
these results clearly elucidate the superior HER process of
CoFe-MOFNs.

Upon integrating AuNRs and CoFe-MOFNs, the resul-
tant Au/CoFe-MOFNs composite exhibits much higher HER
activity than the pure CoFe-MOFNs and AuNRs with an
onset potential of around @0.228 V versus the reversible
hydrogen electrode (RHE), indicating enhancement effect
due to charge interaction between AuNRs and CoFe-MOFNs
(Figure 2a,b).[9] When irradiated with an 808 nm laser (cor-
responding to the maximum LSPR absorption of AuNRs), the
HER activity of Au/CoFe-MOFNs is considerably enhanced,
presenting a much lower onset potential (ca. @0.135 V vs.
RHE) and much higher current increase rate than that in dark
(Figure 2a,b). In contrast, different counterpart catalysts,
including CoFe-MOFNs, AuNRs, Au/Co-MOFNs and Au/Fe-
MOFNs, Au/Ni-MOFNs, Au/CoNi-MOFNs, Au/NiFe-
MOFNs, Au nanospheres (AuNSPs)/CoFe-MOFNs and Au
nanostars (AuNSs)/CoFe-MOFNs exhibit much weaker light

Figure 1. a) SEM image of the prepared CoFe-MOFNs (Inset: TEM
image). b) TEM image of Au/CoFe-MOFNs composite. c) XRD pat-
terns of Au/CoFe-MOFNs composite and CoFe-MOFNs. d) The Co 2p
and e) Au 4f XPS spectra of Au/CoFe-MOFNs composite and AuNRs,
CoFe-MOFNs. f) UV/Vis absorption spectra of Au/CoFe-MOFNs com-
posite, CoFe-MOFNs and AuNRs.
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response under identical irradiation conditions (Figure S13–
S18).

To further verify such instant photoresponse of Au/CoFe-
MOFNs, a LSV scanning with light on and off was also
performed. An abrupt drop in current is observed when the
light is removed at around @0.260 V (Figure 2a). Interest-
ingly, the current of Au/CoFe-MOFNs does not immediately
return to the original state with light off, which might be
caused by photothermal effect and roughly evaluated to be
about 33 % of total LSPR effect (Figure S19). Then, the
chronoamperometric curve of Au/CoFe-MOFNs at around
@0.236 V under chopped illumination was collected (Fig-
ure 2c). It can be seen that Au/CoFe-MOFNs exhibits prompt
and reproducible current responses to on-off illumination
cycles. In contrast to Au/CoFe-MOFNs, CoFe-MOFNs or
AuNRs show negligible current improvement under irradi-
ation and the slight increase could be due to thermal effect
around the electrode. The results reveal that the integration
of AuNRs and CoFe-MOFNs is indispensable for the photo-
enhancement effect. To further illustrate the superiority of 2D
structure of CoFe-MOFNs, bulk CoFe-MOF has been syn-
thesized and integrated with AuNRs. The obtained Au/bulk
CoFe-MOF shows much inferior HER performance to the
Au/CoFe-MOFNs (Figure S20), clearly highlighting the struc-
ture advantage of Au/CoFe-MOFNs.

Based on the polarization curves in Figure 2a, the
corresponding Tafel plots are further calculated to evaluate
the influence of light irradiation on the HER kinetics. It can
be seen that Au/CoFe-MOFNs shows a Tafel slope of 115 mV/
dec in the dark. Delightedly, with 808 nm laser irradiation, the
Tafel slope of Au/CoFe-MOFNs is significantly decreased to
94 mV/dec. This clearly indicates the accelerated HER
kinetics by light-induced LSPR of AuNRs (Figure 2d).
Electrochemical impedance spectroscopy (EIS) plots of Au/
CoFe-MOFNs with and without laser irradiation indicate that
the plasmon excited “hot electrons” cause a higher charge
transport efficiency in the electrode (Figure S21).

The HER activity of both Au/CoFe-MOFNs and the MOF
can also be improved under full spectrum light irradiation
(Figure S22). However the enhancement is the highest under
808 nm illumination, in accordance with the previous
report.[6c] To further confirm the contribution of photogen-
erated hot electrons of AuNRs to HER performance,
excitation-wavelength-dependent HER activity of Au/CoFe-
MOFNs was measured (Figure 3a, Figure S23). It can be seen

that the current densities at @0.250 V under different wave-
lengths show a similar profile to the absorbance of Au/CoFe-
MOFNs. We therefore can ascribe the light enhanced HER
activity to the LSPR effect of AuNRs.[10] In addition, we also
observed that the HER activity of Au/CoFe-MOFNs dramat-
ically increased with the illumination intensity up to approx-
imately 1500 mW cm@2 (Figure S24). The linear dependence is
a signal of hot-electron-driven chemical process.[10, 11] Fur-
thermore, starting from a relatively low Au loading
(0.5 wt %), the HER activity of Au/CoFe-MOFNs improves
with increased Au loadings, while the activity decreases when
Au loading is higher than 2.2 wt %, manifesting the optimal
Au loading and volcano-type curve (Figure S25).

Hot electrons upon LSPR excitation are assumed to have
varied possible transfer channels (Figure S26). To obtain
direct evidence of hot electron injection, the dark field
spectroscopy experiments have been conducted (Fig-

Figure 2. a) HER polarization curves, b) onset potentials, c) I–t curves
and d) the Tafel plots of AuNRs, CoFe-MOFNs, Au/CoFe-MOFNs in
the absence or presence of light irradiation. To save space, the CoFe-
MOFNs is marked as MOFNs in the figures.

Figure 3. a) Current density of Au/CoFe-MOFNs composite with differ-
ent wavelengths. b) LSPR scattering spectra of AuNRS in Au/ITO and
Au/CoFe-MOFNs/ITO at @0.23 V vs. RHE in 0.1 m KCl solution.
c) EPR spectra of Au/CoFe-MOFNs composite with light on and off.
d) Chronopotentiometry of the Voc from Au/CoFe-MOFNs composite
and AuNRs under 808 nm irradiation. e) Mott–Schottky plots of Au/
CoFe-MOFNs with light off and on at a frequency of 1000 Hz.
f) Schematic and energy level diagram illuminating hot-electron injec-
tion from AuNRs to CoFe-MOFNs.
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ure S27,S28) and the LSPR scattering peak locates at 665 nm,
which undergoes a red-shift to 682 nm after the assembly of
CoFe-MOFNs (Figure 3b). The red shift indicates a reduced
electron density on AuNR surface,[7a] which is caused by the
fast hot electron injection from AuNR to CoFe-MOFNs.
Electron paramagnetic resonance (EPR) spectrum for Au/
CoFe-MOFNs shows a clear signal (g = 2.13) assignable to
Co2+ (Figure 3c).[12] Upon exposure to 808 nm light, the
weakened Co2+ signal indicates partial reduction of CoII to
CoI. In contrast, almost no change can be observed in the
EPR spectrum of pure CoFe-MOFNs after light irradiation
(Figure S29). These results well demonstrate the hot electrons
injection from excited AuNRs to CoII in Au/CoFe-MOFNs. In
addition, the open-circuit photovoltage (Voc) decay (OCPVD)
measurement was further carried out (Figure 3d). The
potential of Au/CoFe-MOFNs has the more negative shift,
correlating to the Fermi level shift toward more negative
potentials, which indicates an improved charge transfer from
AuNRs to CoFe-MOFNs and electron accumulation in the
AuNRs/CoFe-MOFNs heterojunctions.[13] The continuous
electron transfer from AuNRs to the MOF would lead to
the shift of Fermi level (Ef), which can be investigated from
the Mott–Schottky plots (Figure 3e). The positive slope
indicates n-type semiconductor character of CoFe-
MOFNs.[14] The flat potential (equal to Ef for n-type semi-
conductor[15]) determined to be 0.356 (vs. NHE) in the dark,
while it is reduced to 0.261 V (vs. NHE) under light
irradiation. It is clear that, upon light irradiation, the Fermi
level of CoFe-MOFNs is raised to be more comparable to the
energy level for redox pair H2O/H2 potential (0 V) (Fig-
ure 3 f), which would then reduce the overpotential of CoFe-
MOFNs for HER and thus an enhanced HER performance
can be expected.[7c,14]

To gain more evidence for the LSPR enhanced HER
activity of Au/CoFe-MOFNs, the activation energies (Ea) of
HER with light on and off were further performed to provide
quantitative insights into the energetics (Figure 4a, Fig-
ure S30).The HER reaction rates, under both light irradiation
and dark, can be promoted with elevated temperatures. Plot
of lnj–1/T (j : current density; T: temperature) results in linear
lines (Figure 4a, inset), showing the typical Arrhenius behav-
ior. Using Arrhenius equation and kinetic data, the value of
Ea for Au/CoFe-MOFNs in dark is calculated to be
113.55 kJmol@1. After irradiation with 808 nm laser, the Ea

decreases to 63.24 kJ mol@1 (Figure 4b). As a result, a decrease
of 50.31 kJ mol@1 in reaction activation energy resulting from
the plasmonic activation under 808 nm irradiation can be
concluded (Figure 4 c). The decreased activation energy
originates from direct hot-electron injection from plasmonic
AuNRs to CoFe-MOFNs, leading to upraised energy level of
the MOF. Furthermore, the higher light excitation power, the
lower activation energy can be observed. The apparent
activation energy decreased until the effect began to taper
off at the highest power explored in this work (Figure 4d),
suggesting that the photo-assisted reaction is mainly owing to
the electron transfer effect.[10]

In conclusion, plasmonic AuNRs stabilized on CoFe-
MOFNs have been constructed as an electrocatalyst for much
enhanced HER performance by LSPR excitation. Upon light

irradiation, the overpotential at a current density of
1 mAcm@2 decreases from 228 to 135 mV and current density
realizes an approximately 4-fold (at @0.236 V) enhancement.
As evidenced by photoelectrochemical analysis and EPR
results, this enhanced activity relies on the efficient injection
of hot electrons from plasmonic AuNRs to CoFe-MOFNs
under light irradiation. This charge transfer results in a raised
Fermi level of CoFe-MOFNs to match better with the energy
level of H2O/H2 potential. In addition, the HER activation
energy is significantly decreased due to the LSPR effect under
light irradiation and thus the HER process can be driven
more easily. To our knowledge, this is the first report on the
integration of the plasmonic effect into MOFs for enhanced
HER. It is believed that the findings provide new avenues to
design and fabrication of efficient, yet simple, water splitting
systems.
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Figure 4. a) HER activity of Au/CoFe-MOFNs composite under 808 nm
laser excitation at different temperatures (Inset: Arrhenius plots).
Overpotentials are taken from 250 to 400 mV at an interval of 50 mV.
b) Activation energy with light off and on at the zero overpotential
obtained through trend extrapolation. c) Schematic representation of
the activation energy change of Au/CoFe-MOFNs composite by
808 nm irradiation. d) Activation energy change of Au/CoFe-MOFNs
composite irradiated by laser with different intensities.
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