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chemical degradation and unique photoelectric and photo-

ABSTRACT: Searching for novel hybrid electrocatalysts chromic properties, has aroused research interest toward solar
with high activity and strong durability for a direct energy conversion applications.'® Notably, while in the majority
electrochemical hydrogen evolution reaction (HER) is of reports bR was considered as a proton pump and electron
extremely desirable but still remains a significant challenge. transporter,'®!” there is no report so far on the use of bR as an
Herein, we report a novel solid carbon cloth-supported active component in electrocatalytic water splitting for HER.

hybrid nano-bio electrocatalyst, decorated with Ag nano- Herein, we exploit bR, for the first time, as an active

particles and  proton-pumping bacteri.orhc?dopsin (bR) component for electrochemical HER application by electroless
(Ag/ bR/ CP) that were prépared by in situ electrloless deposition of Ag nanoparticles (AgNPs) on top of solid carbon
deposition .and vesicle fusion ted}nology, respectively. cloth-supported bR monolayers, denoted as Ag/bR/CP, and
When applied as a hydrogen evolution cathode, the Ag/ CP represents carbon cloth with poly-
bR/ CP_ shows a low onset overp_otgntlal of 6_3 rn\'7,. good (diallyldimethylammonium chloride) (PDDA) functionaliza-
durabllllty (no (ileteFtal:lllf ;hange gl 1ts ca:lalytl}f aCtl‘(’]ltI)jI]gofi tion. When used as a robust integrated hydrogen-evolving
up ;0 000 cyc ils In alkaline me dila)') an egbancg h cathode, the Ag/bR/CP electrode behaves like an n-type
pe; ortr.nancefuz er S(iSO nm 1#3 atlfcfm;t attfflume. tol'thet semiconductor and shows excellent activity, stability, and
actvation 0f fig aNd SYREIgiSiic etects 1oTowing 1§ enhanced HER activity under irradiation because of synergistic
absorption, demonstrated by photoelectrochemical meas- effects between AgNP and bR. With pH increase from 3 to 10,
urements. the Ag/bR/CP electrode shows enhanced HER performance.
In alkaline media, the Ag/bR/CP electrode shows a low onset
) ) overpotential of only 63 mV and needs overpotentials of 84 and
lectrochemical water reduction for hydrogen, an energy 350 mV to drive current densities of 1 and 10 mA cm™

carrier for sustainable energy applications,” offers promis- respectively, much lower than that of other reported non-Pt
ing strategies to address the escalating global energy demand. HER catalysts

To achieve efficient water splitting, active czatalysts for hydrogen The Ag/bR/CP electrode was fabricated by in situ electroless
evolution reaction (HER) are required.” Although Pt-based deposition of AgNPs on top of the solid carbon cloth-

catalysts exhibit high HER catalytic performance, they are not supported bR monolavers.’® The carbon cloth-supported bR
suitable for large-scale practical applications because of their mg Eolayers were r}e’pal:e d according to our P}; reviously
high costs and the scarcity of Pt.” Abundant nickel-based alloys developed method! & by adsorbing freshly prepared phospha-

:f:b?lsoe:gzr?leriju}; ues::jteas inHE;iifi?zal}:r:fr’irE))fn?elﬁ)t’s ire ,1?}(:; tidylcholine unilamellar vesicles with incorporated wild-type bR
limitations (;gf preciotll)s HER catalysts have motivat.e d the (bR-vesicles) on all accessible surfaces of fibrous carbon cloth
search and development of non-Pt catalvsts. Several non-Dt substrate and their fusion into random monolayers. The mean
P 2SS I hydrodynamic size of the parent bR-vesicles determined by

metal nanomaterials, such as transition metal nitrides, I e .
carbides,® sulfides,” borides,® phosphi des,’ and composites,lo dynarm? hgh't scattermg is about 80 nm, and the vesicle
along with metal alloys,'" have been intensively investigated as suspension displays ty.p1cal bR absc.)rptlon at about 568 nm
(Figure S1, Supporting Information (SI)). To promote

catalysts for hydrogen evolution from water.’? In addition, ’ 8 /

recent research has shown active carbon-based catalysts' and electrostatic adsorption of the surface negatively charged bR-

metal-based molecular catalysts'* to be efficient hydrogen vesicles onto the substrate, prior to use the carbon cloth was

evolving catalysts. Despite recent great progress in the functionalized by PDDA to obtain apositivelylglalarged surface.
bR proteins prepared by vesicle fusion tactics™™ are supposed

development of various catalysts to facilitate the HER,
developing novel HER materials and improving strategies to to be well oriented on the fiber surfaces of the carbon cloth.
Figure S2 (SI) shows the N and Cl X-ray photoelectron

further prompt HER remains a great challenge.
Bacteriorhodopsin (bR), a proton-pumping protein in the

purple membrane of Halobacterium salinarum,"> due to its Received: January 8, 2015

exceptional stability toward thermal, chemical, and photo- Published: February 15, 2015
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spectroscopy (XPS), in which the principal peaks at around 400
and 198.5 eV could be ascribed to the binding energies of the N
1s and Cl 2p," indicating the functionalization of carbon cloth
with PDDA (denoted as CP thereafter). The scanning electron
microscopy (SEM) images and energy-dispersive X-ray spec-
troscopy (EDX) analyses (Figures S3 (SI)) further confirmed
the formation of CP. After bR deposition by vesicle fusion, the
resulting bR/CP displays a distinct UV—vis absorption peak at
~568 nm (Figure S4 (SI)), the characteristic of bR absorption.
Furthermore, the peaks observed at 134 and 163 eV in the P 2p
and S 2p XPS spectra (Figure SS (SI)) indicate the presence of
P and S in the as-synthesized bR/CP. The SEM images and
corresponding EDX elemental mapping images shown in
Figure S6 (SI) further show that both P and S elements that
originated from bR proteins are uniformly distributed on the
surface of the bR/CP, verifying successful coating of bR
monolayers onto CP.

Figure la—c show typical SEM and transmission electron
microscopy (TEM) images of the final Ag-deposited Ag/bR/

k \ y :
-

Figure 1. Low- and high-magnification SEM (a) and TEM (b,c)
images of the Ag/bR/CP. HAADF STEM (d) image of the Ag/bR/
CP, and corresponding elemental mapping for Ag (e), P (£), S (g), and
N (h). (Scale bar in (d—h): 200 nm).

CP, indicating successful uniform deposition of small AgNPs
(with mean diameter of ~8 nm) on the bR/CP surface. The
UV—vis absorption spectrum of the Ag/bR/CP in Figure S4
(SI) shows a typical AgNP plasmon band and bR absorption
peak at 422 and 568 nm, respectively. The XPS spectrum of the
as-prepared Ag/bR/CP was further investigated (Figure S7
(SI)). Two characteristic peaks arising from Ag 3d;/, and Ag
3d;/, orbitals are located at 368.3 and 374.3 eV (Figure S7b
(SI)), suggesting that Ag is mainly present in the metallic
state.”® To get further insight into the distribution of Ag and
bR, elemental analysis was carried out with scanning trans-
mission electron microscopy (STEM). Figure 1d—h and Figure
S8 (SI) (with higher scale images) show high-angle annular
dark-field (HAADF) micrograph and elemental maps of Ag, P,
S, and N of a selected area of the Ag/bR/CP, further
demonstrating the successful preparation and uniformity of the
Ag/bR/CP heterostructures.

For comparison, bR-free small AgNP-decorated CP hetero-
structures (Ag/CP) were also prepared via electroless metal
deposition by using the same procedures under identical
conditions and thoroughly demonstrated by UV—vis absorp-
tion spectrum (Figure S4 (SI)), SEM images and EDX analyses
(Figure S9 (SI)), TEM images (Figure S10 (SI)), and XPS
spectra (Figure S11 (SI)). The amount of Ag in the Ag/CP and
Ag/bR/CP is nearly 1:1, determined by inductively coupled
plasma mass spectrometry (ICP-MS) measurements.

Figure 2a shows the polarization curve of the Ag/CP, bR/
CP, and Ag/bR/CP cathodes, respectively, before and after
light irradiation in 1.0 M PBS (pH 10) with a scan rate of 2 mV
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Figure 2. (a) Polarization curves of the Ag/CP, bR/CP, and Ag/bR/
CP electrodes before (denoted with -A) and after (denoted with -B)
light irradiation with a scan rate of 2 mV s™". (b) Tafel plot of the Ag/
CP and Ag/bR/CP electrodes after light irradiation. (c) Series
capacitances as a function of the electrode potential and Mott—
Schottky plots for Ag/bR/CP before (-A) and after (-B) light
irradiation at 1 kHz frequencies. (d) Normalized photocurrent
responses of the Ag/CP (blue), bR/CP (red), and Ag/bR/CP
(black), respectively, at —300 mV (vs RHE). (e) Polarization curves of
the Ag/bR/CP electrode obtained initially and after 1000 CV scans
under irradiation. (f) Time-dependent current density curve for the
Ag/bR/CP electrode under static overpotential of 350 mV for 24000 s.
All the measurements were tested in O,-purged 1.0 M PBS (pH 10) at
room temperature.

s™". Notably, as compared to the control Ag/CP and bR/CP
electrodes, the Ag/bR/CP shows significantly high HER
activity with greater current over the whole potential range
and lower onset overpotential (cf. Table S1 and Figure S12
(SI)). Also, the bR/CP electrode displays a weaker but still
considerable HER activity in the dark. These imply that bR acts
as an active catalyst component (other than proton pumping
capability) for electrochemical HER and the existence of
synergistic effects of bR and AgNPs for enhanced HER
performance. The onset overpotential of the Ag/bR/CP is as
low as 63 mV under light irradiation, which is much lower than
that of Ag/CP (Table S1 (SI)). When recorded at —0.3, —0.4,
and —0.5 V, respectively, the HER current densities of the Ag/
bR/CP are all about 2.3 times as high as that of the Ag/CP (cf.
Figure S12b (SI)). In addition, this electrode needs an
overpotential of only 84 and 350 mV to drive current density
of 1 and 10 mA cm™2 respectively. These overpotentials
compare favorably to or even surpass those of recently reported
advanced non-Pt HER catalysts in alkaline media (Table S2
(SI)). Moreover, all three samples showed small but detectable
enhanced HER activity under light irradiation. As shown in
Figure S13 (SI), the current density of the Ag/bR/CP
electrode, after normalization to the electrochemically active
surface area (ECSA) obtained by Ag underpotential deposition
experiments, is still obviously higher than that of the Ag/CP
and bR/CP electrodes in the HER potential region, further
indicating that the change in the onset for H, evolution is a
kinetic effect rather than a simple surface effect in the system.
The enhanced HER activity under light irradiation may be
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attributed mainly to the surface activation of Ag and synergistic
effects between Ag and bR.

To further evaluate the catalytic reaction efficiency of the Ag/
bR/CP electrode, the catalytic kinetics of the Ag/bR/CP and
control Ag/CP and bR/CP electrodes were examined. First,
electrical impedance spectroscopy (EIS) was performed (Figure
S14 (SI)). As compared to Ag/CP and bR/CP, the Ag/bR/CP
shows a low charge transfer resistance in the high frequency
region of the Nyquist plot, indicative of favorable charge
transport kinetics. The higher electroconductivity of the Ag/
bR/CP electrode was believed to play a crucial role in
enhancing its electrochemical performance. In addition, Tafel
plots as shown in Figure 2b are considered with the linear
regions fitted into the Tafel equation. The Ag/bR/CP electrode
exhibits a Tafel slope of ~170 mV dec™ in the region of 7 =
350—500 mV, revealing that the rate-determining step of the
HER process is electrochemical hydrogen adsorption in this
hybrid nanosystem.”’ In comparison with the Tafel slope of
Ag/CP (295 mV dec™'), the Ag/bR/CP displays a lower Tafel
slope, which further manifests the enhanced kinetics of the Ag/
bR/CP. The value of exchange current density of Ag/bR/CP is
calculated to be 586 uA cm™* by extrapolating the Tafel plot
(Figure S15 (SI)), which is larger than that of Ag/CP (341 A
cm™2). Such high catalytic performance of the Ag/bR/CP,
obviously better than its single compoments, could be ascribed
to the synergistic effects from bR and AgNPs; in this hybrid
nanosystem, bR provides its biological function of pumping
protons to the H,-evolving Ag cocatalyst following light
absorption, prompting the adsorption and formation of Ag—
Hogsorption 0N AgNP surfaces, which accelerates the rate-
determining step of the HER process (electrochemical
hydrogen adsorption)”' and therefore results in enhanced
evolution of hydrogen (Scheme S1 (SI)).

To further study the synergistic effect and mechanisms of the
materials for HER, photoelectrochemical measurements were
carried out using the typical three-electrode system. Potentio-
dynamic electrochemical impedance spectroscopy was per-
formed for bR/CP and Ag/bR/CP at 1 kHz frequency. The
capacitances vs potential and Mott—Schottky plots of the Ag/
bR/CP and bR/CP are presented in Figure 2¢ and Figure S16
(SI). Both Ag/bR/CP and bR/CP electrodes demonstrated
positive slopes in the Mott—Schottky plots, indicating that the
Ag/bR/CP and bR/CP behave like an n-type semiconductor.??
Notably, the Ag/bR/CP shows smaller slope of the Mott—
Schottky plot compared to bR/CP, suggesting a faster charge
transfer (Table S3 (SI)). The calculated carrier densities (Np)
of the Ag/bR/CP and bR/CP under light irradiation enlarged
and were 1.79 X 10* and 6.80 X 10** cm™, respectively. The
higher Ny of the Ag/bR/CP signified a faster carrier transfer
and thus enhanced photoelectrochemical water splitting
property.23

For a conventional n-type semiconductor, such as TiO, or a
TiO,—Au system, a negative shift in the Fermi level of the TiO,
would occur if electrons accumulate in the TiO, or TiO,—Au
system under irradiation because the Fermi level is directly
related to the number of accumulated electrons and the
electron accumulation increases the Fermi level of Au to more
negative potentials.24 However, we found that the flat-band
potential of Ag/bR/CP (—0.98 V vs RHE) is more anodic than
that of bR/CP (—1.08 V vs RHE) under light irradiation in our
system by comparing the Mott—Schottky plots of the Ag/bR/
CP and bR/CP that presented in Figure 2¢ and Figure S16
(SI). This result indicated that the Fermi level of the AgNP/bR

2842

nanohybrid, behaving like an n-type semiconductor, shifts to
more positive potentials when irradiated (Figure S17 (SI)).
This shift is tentatively attributed to the accumulation of
protons and hence increased carrier densities that caused
synergistically by bR and AgNPs with strong reduction
performance under alkaline condition during the process.

Figure 2d shows the normalized photocurrent responses of
Ag/CP, bR/CP and Ag/bR/CP under light illumination. As
shown in Table S4 (SI), the photocurrent of the bare bR/CP is
~30S uA cm?, while the current of Ag/CP is 415 pA cm™ at
—300 mV vs RHE. In the case of the Ag/bR/CP, the
photocurrent reaches a value of 773 yA cm™2 which is 7.4%
higher than that of the sum of bare bR/CP and Ag/CP. This
result further indicated synergism between AgNP and DR,
which enhances the HER properties of the hybrid catalyst.

We further examined the durability of the Ag/bR/CP
electrode. The polarization curve shows negligible difference
after 1000 cycles, suggesting superior stability of the Ag/bR/CP
in the long-term electrochemical process (Figure 2¢). The time-
dependent current density curve at —400 mV (vs RHE)
suggests that the as-prepared Ag/bR/CP electrode maintains its
catalytic activity for at least 24000 s (Figure 2f).

We also further investigated the HER performance of the
Ag/bR/CP in 1.0 M PBS at pH’s 3 and 7, respectively. In either
acidic or neutral conditions, the HER performance of the
electrodes demonstrated the same tendency. The Ag/bR/CP
showed more favorable HER activity than Ag/CP, and the Ag/
bR/CP showed enhanced HER activity under irradiation and
excellent durability (Figure 3 and Figure S18 (SI)). The onset
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Figure 3. Polarization curves of the Ag/CP, bR/CP, and Ag/bR/CP
electrodes before (-A) and after (-B) light irradiation at pH 7 (a) and
pH3 (b). Polarization curves of the Ag/bR/CP recorded initially and
after 1000 CV scans at pH 7 (c) and pH 3 (d) under irradiation. All
the measurements were performed in O,-purged 1.0 M PBS with a
scan rate of 2 mV s™! at room temperature.

overpotential of the Ag/bR/CP electrode under light
irradiation is only 76 mV in neutral conditions, and this
electrode needs overpotentials of 199 and 364 mV to drive
current densities of 2 and 10 mA cm™? respectively, much
lower than that required by other reported non-Pt HER
catalysts in neutral media (Table SS (SI)). As shown in Figure
3b,d, unlike those at pH 7, the HER polarization curves at pH 3
display two reduction waves, with a shoulder peak around —0.4
V. This is supposed to be related with a strong adsorption of
hydronium ion (H;0%) on catalyst surface in acidic media,
followed by electrochemical reduction into adsorbed H and the
formation of adsorbed H to H,.** With pH increase from 3 to
10, the onset overpotential and Tafel slope of Ag/bR/CP

DOI: 10.1021/jacs.5b00200
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electrode becomes smaller and smaller (Table S1, Figure S19a,b
(SI)), revealing that Ag/bR/CP showed enhanced HER
performance. Table S4, Figure S19c,d (SI) showed the
normalized photocurrent density of the bR/CP, Ag/CP, and
Ag/bR/CP under difterent pH at —300 mV (vs RHE), further
exhibiting enhanced HER performance, which is related with
strong reduction performance of AgNPs under alkaline
condition and synergistic effects between AgNP and bR.

In summary, a hybrid nano-bio electrocatalyst material, Ag/
bR/CP, was prepared successful by in situ electroless
deposition of Ag nanoparticles on top of the solid carbon
cloth-supported bR and exploited for direct electrochemical
hydrogen evolution. The Ag/bR/CP electrode displays
excellent catalytic performance, good stability, and enhanced
HER activity under light irradiation, induced by the strong
reduction performance of AgNPs and the interaction between
the AgNP and bR. This study provides promising features for
the design of novel hybrid catalysts with improved activity and
durability for many other areas, such as solar cell, metal—air
batteries, and supercapacitors.
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