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ABSTRACT In this work, we report a three-dimensional (3D) oxygen evolution reaction (OER)

catalyst with hierarchical pores for water splitting. The remarkable features of well-developed in-
and out-of-plane pores, 3D conductive networks, and N-doping have greatly promoted the transport
in electrodes and assured high catalytic efficiency. The 3D hybrid paper of N-doped graphe-
ne—NiCo,0, has shown a remarkable OER catalytic activity that was comparable to that of
previously reported noble metal catalysts (Ir0,). The catalytic process occurred with favorable
kinetics and strong durability. The dual-active-site mechanism is responsible for the excellent
performance of the hybrid catalyst; that is, the edges of NiCo,0, and the N (0)—metal (Ni or Co)
bonds are both active sites. This study affords a new strategy to achieve optimal performance in 3D

catalysts, which may be extended to the preparation of other 3D hybrid materials for a broad range

of technological applications.
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atalysts are critical elements in many
C important technological processes.'?

Recently, there has been an intensive
effort to investigate the use of nanomate-
rials with three-dimensional (3D) architec-
tures as advanced catalysts for a number of
key renewable energy systems>* These
studies include integration of MoS, into
nickel foam for hydrogen generation® and
porous carbon coated on nickel foam for
oxygen evolution.” The great interest in 3D
catalysts is probably promoted by the re-
cognition that 3D architectures could sig-
nificantly enhance catalytic activity and
kinetics due to their high catalyst loadings
and excellent catalyst—electrode contact.
Note that nickel foam was exclusively used
to prepare 3D catalysts, probably due to its
low price, high conductivity, and rich
macroporosity. However, problems with
nickel foam could be the difficulties in
tailoring its properties and structures, such
as pore structures. As the porosity directly
determines the transport in catalytic pro-
cesses, the capability of manipulating pores
is crucial for achieving optimal performances
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for 3D catalysts. As a consequence, the study
of a new class of 3D catalysts with tunable
pores and properties is emerging. Recently,
graphene-based 3D macrostructures, such
as self-supported films, have received ex-
tensive interest due to their exceptional
electrical and mechanical properties.”~’
Interestingly, the properties and microstruc-
tures of graphene can be rationally tuned
through various chemical methods. For
example, their electron-donor properties
were tailored by doping graphene sheets
with other elements such as nitrogen (N),
which has increased the catalytic activi-
ties.2® Also, two kinds of pores, i.e.,, out-of-
plane and in-plane, have been introduced
into graphene sheets, which have led to
enhanced kinetics.'~'* Out-of-plane pores
generated by adding “spacers” between
graphene sheets can improve the mass
transport,'® while in-planes pores are usually
created by techniques such as copolymer
lithography,'" enzymatic oxidation,'? and
chemical activation,''* which have short-
ened the diffusion path lengths and
expanded electrode—electrolyte contact areas.
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In this aspect, self-supported graphene films would be
very suitable candidates for developing a new genera-
tion of 3D catalysts. By blending N-doping with in-and
out-of-plane pores, the resulting hierarchically porous
N-doped graphene films should feature both high
activity and favorable kinetics.

Meanwhile, the oxygen evolution reaction (OER),
which is the bottleneck of the water-splitting process,
is naturally sluggish and usually proceeds on noble metal
catalysts such as IO, and RuO,.">~"° In view of their
prohibitive price and scarcity, various low-cost alterna-
tives, such as NiCo,0,, have been developed.'®~1720-%
Efforts for enhancing the performances of NiCo,0,
mainly include tailoring its microstructures or using
nanostructured supports.>2~2* Despite the great inter-
estin various carbonaceous supports such as graphene
sheets, there are no reports of using 3D N-doped
porous graphene films for the controllable assembly
of NiCo,0,. Such hybrid systems are attractive targets,
as they permit the use of advanced properties of both
materials, such as high activity of NiCo,0y,, rich poros-
ity, 3D conductive network, and excellent mechanical
properties of porous graphene films along with the
strong N—metal bonding.

Herein, we report an advanced 3D structured cata-
lyst fabricated on the basis of N-doped graphene films
with in- and out-of-plane pores. The key of this study is
the use of in-plane porous graphene as precursors and
to generate the out-of-plane pores by adding NiCo,0,
between graphene sheets, which can substantially
improve the catalytic processes occurring in the elec-
trode. By taking advantage of its advanced structural
properties, the 3D hybrid film of porous N-doped
graphene—NiCo,0, (denoted as PNG-NiCo) showed a
remarkable catalytic activity toward OER, which was
comparable to that of previously reported noble metal
catalysts.'®'® The enhanced performance is correlated
with the dual-active-site mechanisms originating from
the synergistic effects of graphene and NiCo,0,. The
3D catalyst paper is obtained in a highly flexible and
macroscopic form; thus it can be easily further pro-
cessed and integrated into various devices.

RESULTS AND DISCUSSION

The synthesis of 3D hybrid catalysts is described in
Scheme 1. First, graphene was oxidized and etched
with KMnO, and hydrochloric acid (HCl) to create in-
plane pores on the sheet, which was then filtrated into
a self-supported film (porous graphene film, or PG).
Next, N atoms were doped onto graphene sheets by
using ammonia to generate the N-doped porous gra-
phene film (PNG). Subsequently, the PNG-NiCo hybrid
was achieved via a heterogeneous reaction process by
heating the PNG film in a mixed solution containing
Ni(NOs), and Ni(NOs), (see Methods section for details).

PNG-NiCo is a highly flexible macroscopic film of a
few centimeters in size and only ~17 um in thickness
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Scheme 1. Fabrication of 3D hybrid catalyst (note: PG, PNG,
and PNG-NiCo signify porous graphene, porous N-doped
graphene, and porous N-doped graphene—NiCo,0, hybrid,
respectively).
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Figure 1. (A) Optical image and (B, C) SEM images of PNG-
NiCo; (D) TEM image of PNG; (E) pore size distribution
(expressed in cm® g~' nm™") of PNG-NiCo; the inset in (E)
shows the corresponding nitrogen adsorption—desorption
isotherm (expressed in cm® STP g~') for PNG-NiCo; (F)
specific surface area (expressed in m? g”) of PNG, PNG-
NiCo, and NG-NiCo measured by methlylene blue (MB)
experiments.

(Figure 1A,B). The large out-of-plane macropores af-
forded by a relatively oriented assembly of graphene
sheets in PNG-NiCo range from tens of nanometerstoa
few micrometers (scanning electron microscopy, SEM,
Figure 1C). The relatively ordered lamellar structure of
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PNG-NiCo is different from many previously reported
graphene architectures formed by randomly aggregated
sheets, such as graphene hydrogels and aerogels,?>2°
which may promote effective transport in the catalytic
process. Moreover, the in-plane pores of PNG-NiCo
observed by transmission electron microscopy (TEM,
Figure 1D) are small mesopores in the range of several
to tens of nanometers randomly distributed on gra-
phene sheets. The observation of both out-of-plane
macropores and in-plane mesopores in PNG-NiCo is
consistent with its nitrogen adsorption analyses, where
the adsorption isotherm resembles type IV with an
obvious capillary condensation step (hysteresis loop)
(Figure 1E).2”*® The corresponding pore size distribu-
tion obtained by the Barrett—Joyner—Halenda (BJH)
method shows the presence of mesopores and small
macropores ranging from 10 to 100 nm. Note that
NiCo,0, and PNG-NiCo have a similar pore size dis-
tribution (Figure S1B), but the pores of NiCo,0, stem
from the restacking of nanoparticles, which is different
from those of PNG-NiCo, stemming from both in-plane
pores of graphene sheets and restacking pores
of NiCo,0,4. The nitrogen adsorption of NiCo,0,
only accounts for 7.1% of the adsorbed amount of
PNG-NiCo at a relative pressure of P/Py ~ 1.0 (9 vs
126 cm® STP g™ "), thus indicating that porous gra-
phene is the main contributor of nitrogen adsorption
of PNG-NiCo. Further, the high surface area of PNG-NiCo
was also proved by a methlylene blue (MB) adsorption
experiment (155 m? g™, Figures 1F,52).**° The surface
area of PNG-NiCo estimated from the MB absorption
experiment exceeds that of its counterpart (N-doped
graphene—NiCo,0, film or NG-NiCo) with only out-
of-plane pores (155 vs 126 m? g~ "), underlining the
importance of hierarchical pores for achieving highly
accessible surfaces for catalysts.

SEM and TEM images further confirm that PNG-NiCo
is composed of graphene and NiCo,0,4, where two dis-
crepant structures are clearly observed, i.e., the almost
transparent graphene sheet and a thick NiCo,0, sheet
uniformly coated on graphene (Figure 2A,B). A control
experiment shows that NiCo,0,4 grown on nickel foam
forms nanosheets a few nanometers thick and a few
micrometers in size (Figure S3). HRTEM images of PNG-
NiCo show the (440) crystal lattice of NiCo,0, inside
the hybrid material (Figure S4A,B). The element map-
ping shows homogeneous C, N, Co, and Ni distribu-
tions inside PNG-NiCo (Figure S4C). Carbon atoms
originate from the framework of graphene, N atoms
from the N-doping of graphene using ammonia,
and Co and Ni atoms from NiCo,0,. The presence of
NiCo,0, in the hybrid is also supported by the X-ray
diffraction (XRD, Figure 2C), in which almost all the
prominent peaks of PNG-NiCo match well with cubic
phase NiCo,0, (JPCDS card no. 20-0781). Moreover,
graphene and NiCo,0, account for 34.1 wt % and
65.9 wt % of PNG-NiCo, respectively, as determined
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Figure 2. (A) SEM and (B) TEM images of PNG-NiCo; (C) XRD
patterns of PNG-NiCo and PNG; (D) TGA plots of PNG-NiCo,
PNG, and NiCo0,0,; the inset in (D) is the mass loss of the
corresponding samples; high-resolution XPS C1s (E) and
N1s (F) spectra of PNG-NiCo.

by thermal gravimetric analysis (TGA, Figure 2D).
X-ray photoelectron spectroscopy (XPS) and energy-
dispersive X-ray spectroscopy (EDS) suggest PNG-NiCo
contains C, O, N, Ni, and Co as the main elements
(Figure S5A,B). The high-resolution C1 XPS spectrum
signifies a number of functional groups on graphene
sheets, such as hydroxyl (C—OH) and carboxyl
(—COOH) groups (Figure 2E), which might interact with
NiCo,0, by covalent chemical bonding, hydrogen
bonding, or van deer Waal's forces and enable the
direct growth of NiCo,0,4 on graphene sheets. The N/C
ratio in PNG-NiCo is ~11.2%, with the pyridinic N struc-
ture dominating on the graphene sheets (Figure 2F).
The functional groups of hydroxyl (C—OH) or carboxyl
(—COOH) as well as pyridinic N atoms in PNG-NiCo may
provide additional active sites for the catalytic process.

The OER catalytic properties were investigated in a
three-electrode system directly using PNG-NiCo as a
working electrode. PNG-NiCo shows a high activity
with the small onset potential of 310 mV (linear scan
voltammograms, LSV, Figure 3A), which is more nega-
tive than other samples such as NG-NiCo (340 mV), PNG
(352 mV), and porous graphene—NiCo,0, hybrid films
(PG-NiCo, 315 mV, Figure S6A). The high activity was
also demonstrated by comparing the current density
of PNG-NiCo with others, showing that PNG-NiCo
explicitly outperforms others over the whole potential
range. Note that the catalytic current of PNG-NiCo
reaches 5 mA cm™2 at the overpotential of 373 mV;
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Figure 3. (A) LSV plots of PNG-NiCo, NG-NiCo, and PNG at
50 mV's~ " in 0.1 MKOH; the insetin (A) shows the correspond-
ing data replotted as the current density vs overpotential;
(B) EIS spectra of PNG-NiCo and NG-NiCo; Tafel plots for
PNG-NiCo in comparison to those for PG-NiCo (C) and NG-
NiCo (D), respectively; (E) LSV plots of PNG-NiCo at different
scan rates; the inset in (E) shows the corresponding data
replotted as the current density (at 1.0 V vs Ag/AgCl) vs scan
rates; (F) LSV plots for PNG-NiCo (express as mA cm™?)
before and after CV testing of 1000 cycles; the inset of (F)
shows the relationship between current density (expressed
as mA cm 2, at 1.0 V vs Ag/AgCl) and cycle numbers.

when the overpotential is 564 mV, the OER current
density of PNG-NiCo is 21.1 mA cm 2. These values are
even comparable to that of previously reported noble-
metal catalysts.'®'® Further, the performance of our
catalyst was compared with previously reported
NiCo,0, samples. As expected, our material shows
better performance than many others; for example, it
has a smaller overpotential than nickel cobalt nanowire
arrays (310 vs 379 mV).?> Moreover, when the over-
potential is 434 mV (700 mV vs Ag/AgCl), it has a higher
current density of 16.5 mA cm~2 than NiCo,0, obtained
by the propionic acid sol—gel route (10 mA cm™2) and
NiCo,0, prepared by dip-coating and sequential solu-
tion coating (9.33 mA cm %)%

On the other hand, the catalytic kinetics of PNG-NiCo
was examined with a number of characterizations.
Electrical impedance spectroscopy (EIS, Figures 3B, S7),
performed on PNG-NiCo, NG-NiCo, and PG-NiCo, re-
spectively, is composed of two regions, i.e., a semi-
circle at high frequencies and a linear part at low
frequencies. As compared to NG-NiCo and PG-NiCo,
PNG-NiCo has a low charge transfer resistance (12.2 Q
for PNG-NiCo vs 23.8 Q for NG-NiCo and 27.6 Q for PG-
NiCo, obtained from the x-axis intercept of semicircle),
corresponding to favorable charge transport kinetics.
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Note that PNG-NiCo and PG-NiCo have similar precipi-
tous slopes in the linear part of the EIS, indicating
similar mass transport properties within the electrodes
(Figure S7). Moreover, Tafel plots of the samples are
recorded with the linear regions fitted into the Tafel
equation ( = b log j + a, where 7 is the overpotential,
j is the current density, and b is the Tafel slope,
Figures 3C,D and S6B). The enhanced kinetics of
PNG-NiCo is also approved by its lower Tafel slope of
156 mV dec™' than other samples such as NG-NiCo
(249 mV dec "), PG-NiCo (254 mV dec '), and PNG
(168 mV dec™"). Meanwhile, we note that PNG-NiCo
and PG-NiCo only slightly change their catalytic cur-
rents with increasing scan rates from 10 to 100 mV s~
(<5%, Figures 3E, S5A), probably due to their hierarchi-
cal pores that allow efficient charge and mass trans-
port in catalytic process. While in the case of NG-NiCo
with only out-of-plane pores, the transport process
might be insufficient, as evidenced by significant
current increase under a similar testing condition
(20.4%, Figure S8). This result has provided additional
support for the critical role of hierarchical porosity for
efficient catalysis.

Furthermore, the high stability of catalysts toward
OER is important for energy conversion systems. PNG-
NiCo showed excellent durability in alkaline electrolyte
with less than 10% anodic current loss during ~1000
continuous potential cyclings (cyclic voltammetry, CV,
Figure 3F). Also, the chronoamperometric test of PNG-
NiCo demonstrated only slight current attenuation
(less than 10%) after operation for 10 h (Figure S9).
The remarkable features of high activity, favorable
kinetics, and strong durability suggest PNG-NiCo is a
promising candidate to catalyze OER for water splitting.

The enhanced performance of PNG-NiCo is asso-
ciated with its advanced structural properties. First, the
hierarchical pores of PNG-NiCo can enhance the trans-
port during catalytic processes for favorable kinetics
(Figures 3B—D and S6B). Specifically, its large out-of-
plane pores (macropores, Figure 1C) can facilitate the
mass transport and infiltration of electrolytes, while the
small in-planes pores (mesopores, Figure 1D) can
provide high surface area and short diffusion path
lengths. The hierarchical porosity of PNG-NiCo was
also confirmed by both nitrogen adsorption and MB
experiments (Figures 1E,F and S2), and the enhanced
kinetics were proved by its low charge transfer resis-
tance (Figure 3B), small Tafel slope (Figures 3C,D and
S6B), and insignificant current change with increasing
scan rates (Figure 3E). Second, the use of 3D graphene
architecture for controllable assembly of NiCo,0, sig-
nificantly contributes to enhanced activity (Figures 3A, S6A).
FTIR of PNG-NiCo (Figure 4A) shows features of both
graphene (—COOH, C—O(N)) and NiCo,0, (Ni—O
and Co—0). The functional groups of graphene in
PNG-NiCo have played dual roles, i.e., interacting with
water molecules to render the hybrid film somewhat
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Figure 4. (A) FTIR spectra of PNG-NiCo and PNG; (B) contact
angle of PNG-NiCo; (C) LSV plots of PNG-NiCo with different
growth duration of NiCo,0,4; the insets in (C) show the
relationship of current density (at 1 V vs Ag/AgCl) vs growth
duration; (D) SEM image of PNG-NiCo with the growth
duration of 3 h.

hydrophilic for more accessible catalytic surfaces
(Figure 4B) and simultaneously acting as anchoring
sites to bridge NiCo,04 and graphene. The contact
angle of PNG-NiCo is similar to that of PNG (78.4° vs
76.7°) due to the presence of similar functional groups
in these samples (Figures 4A, S10A). Note that PNG-
NiCo shows a smaller contact angle than pristine
graphite (78.4° vs 90.3°, Figure S10B) because the
former is more hydrophilic than the latter. Control
experiments show the growth duration of NiCo,0y, is
a critical factor to achieve an optimal performance for
hybrid catalysts (Figure 4C,D). The direct growth of
NiCo,04 on graphene films with 3D conductive net-
works can impart the effective charge transport in
electrodes, which can maximize the use of NiCo,04
for high activity. Further, the 3D catalyst exhibited
excellent electrochemical stability toward OER pre-
sumably due to its unique layer-by-layer structure. In
the common nickel foam-based electrodes, active
species are decorated on the surface of scaffolds, and
they are vulnerable to peeling off from substrates
during a long-term cycling. In contrast, NiCo,0O,4 in
the PNG-NiCo paper can be fully accommodated be-
tween graphene sheets in the macroscopic film, where

METHODS

Synthesis. Graphite oxide (GO) was prepared from natural
graphite via Hummers' method*® and was exfoliated by ultra-
sonication using a Brandson digital sonifier (S450D, 500 W, 30%
amplitude) for ~30 min. Next, in-plane pores of graphene were
introduced by oxidizing and etching GO with KMnO, and HCI.
Specifically, the GO dispersion (100 mL, ~0.5 mg mL™") was
mixed with potassium permanganate (KMnO,4 500 mg) in a
covered beaker for 2 h. The above solution was merged with
30 mL of HCl and 30 mL of hydrogen peroxide (H,0,) for 3 h.The
product, i.e., porous graphene oxide or PGO, was collected
and washed with deionized (DI) water. The concentration of

their volume change during the catalytic process can
be effectively buffered by adjacent graphene sheets
with excellent mechanical properties to afford high
durability.

The mechanism of hybrid catalyst has been dis-
cussed on the basis of literature and experimental
results. NiCo,0,, as a typical 3D transition-metal oxide,
is particularly active for catalyzing OER because it can
interact with water molecules to form Ni(Co)—0 bond-
ing and consequently expedite the catalytic process.3'>?
Similar to other transition-metal catalysts,'®?** the
edges and defective sites of NiCo,0, are the active
centers to facilitate the dissociation of water. Mean-
while, the strong interactions between NiCo,0, and
N-doped graphene afforded by direct growth of
NiCo,0,4 on graphene sheets have also contributed
to enhanced OER activity. In view of the relatively low
electronegativity of O or N atoms of N-doped gra-
phene, they might interact with NiCo,0, to form
strong O (N)—metal (Ni, Co) bonds.>* Therefore, be-
sides NiC0,0,, the strong interactions of O (N)—metal
(Ni, Co) are the other active centers for expediting
water dissociation. Because the activity of PNG without
NiCo,0, only accounts for 31.5% of PNG-NiCo, NiC0,0,
should be the main active species in the hybrid.

CONCLUSIONS

In conclusion, we have proposed the first design and
synthesis of a hierarchically porous N-doped graphene—
NiCo,0, film as an advanced OER catalyst. The result-
ing material combines a number of remarkable fea-
tures such as well-developed in- and out-of-plane
pores, a 3D conductive network, and excellent me-
chanical flexibility. This novel material has exhibited
significantly enhanced catalytic performances with
high catalytic activity, favorable kinetics, and strong
durability. Further, the dual-active-site mechanism is
proposed for the 3D catalyst, which may afford rich
active centers in the catalytic process. The materials are
prepared through a facile strategy that is expected to
be further promoted to prepare a wide range of other
3D architectures for various applications such as metal—
air batteries, solar cells, and photocatalysis.

as-prepared PGO was determined by comparing its ultraviolet—
visible spectra (UV—vis) absorbance to that of a GO solution
with known concentration.

The porous graphene film (denoted as PG) was prepared through
a filtration method. Specifically, PGO (200 mL, 0.1 mg mL~") was
first mixed with a small amount of ammonia (0.8 mL) and
hydrazine hydrate (0.08 mL) followed by heating at 95 °C for
12 h. Most of the functional groups of PGO were removed
except carboxyl (—COOH),3* which can be ionized into —COO~
in alkaline solution to make graphene sheets highly negatively
charged (zeta potential —50.5 mV, Figure S11). The electrostatic
repulsion then can prevent the aggregation of graphene sheets
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and enable the formation of a well-dispersed black aqueous
dispersion (inset in Figure S11). Next, the as-obtained porous
graphene dispersion was filtered through a mixed cellulose
ester filter membrane (0.05 um pore size). When the solution
was just drained out, the vacuum suction was stopped. The
resultant filtration cake was immediately transferred to a Petri
dish and dialyzed for 12 h.

Next, the PG film was doped with nitrogen (N) atoms by
adding ammonia (NH3-H,0, 30 mL ~35 wt % in water) and
heating at 150 °C for 12 h. The as-obtained N-doped PG film
(denoted as PNG) was dialyzed against DI water for 12 h.

The hybrid film of N-doped porous graphene-NiCo,0,4
(denoted as PNG-NiCo) was prepared through a heterogeneous
reaction method. Specifically, 1T mmol of Ni(NOs),-6H,0,
2 mmol of Co(NO3); - 6H,0, and 12 mmol of urea were dissolved
into a mixed solution of ethanol (20 mL) and H,O (20 mL),
generating the intermediate complex [M(H,0)s_,(urea),]*".
Then the PNG film was mixed with the above solution and
heated at 90 °C for 2 h. The metal complex [M(HZO)&,X(urea)X]2+
began to decompose into metal oxide nuclei (NiC0,0,). During
this process, the functional groups of graphene, such as
—COOH, can act as anchor sites to interact with metal oxide
nuclei through hydrogen bonding, van der Waals forces, or
covalent interactions. Moreover, the highly opened pores of the
graphene film allow easy access of the metal salt sources into
graphene film, and NiCo,0, grew on the surfaces of the
graphene sheets to result in the formation of a sandwich-like
structure. The hybrid film was finally collected and annealed in
air at a temperature of 250 °C for 2 h.

For reliable comparison, the N-doped graphene—NiCo,0,
hybrid film (denoted as NG-NiCo) was prepared similarly by
replacing PGO with GO; the porous graphene—NiCo,0,4 hybrid
film (denoted as PG-NiCo) was obtained following a similar
procedure without using NH3 - H,0.

Characterization. Powder X-ray diffraction patterns were
recorded on a Philips 1130 X-ray diffractometer (40 kV, 25 mA,
Cu Ka. radiation, A = 1.5418 A); Fourier transform infrared (FTIR)
spectroscopy was recorded on a Nicolet 6700 spectrometer;
UV—vis spectroscopy was obtained by using a Shimadzu
UV-2600 spectrophotometer; thermogravimetric analysis was
conducted on a TGA/SETARAM thermogravimetric analyzer
from 100 to 500 °C at a heating rate of 10 °C- min~" in N, flow;
the contact angle was tested on a Theta/Attension optical
tensiometer; XPS spectra were recorded on an Axis Ultra
(Kratos Analytical, UK). X-ray photoelectron spectroscopy was
obtained on an Axis Ultra (Kratos Analytical, UK) XPS spectro-
meter equipped with an Al Ka source (1486.6 eV); morphologies
of the samples were observed on transmission electron micro-
scopy (Tecnai G2 Spirit) and scanning electron microscopy
(QUANTA 450); energy-dispersive X-ray spectroscopy was ob-
tained on SEM (QUANTA 4500).

MB adsorption experiments were used to probe the acces-
sible surface areas of the samples. Specifically, the samples were
put into an MB solution in ethanol (0.1 mg mL™") and were left
at 25 °Cfor 24 h to allow the accessible surface of the samples to
be maximally covered by MB molecules. The amount of ad-
sorbed MB was calculated from the change in the concentration
of MB in the solution by UV—vis spectra. The surface area was
calculated according to the fact that each milligram of adsorbed
MB occupies 2.45 m? of surface area.?®>°

Moreover, the BET surface area and pore volume were
evaluated by using nitrogen adsorption—desorption isotherms
measured at 77 K on a TriStar Il 3020 Micrometrics apparatus.
The hybrid film was crushed into fine powder by using a mortar
and used for nitrogen adsorption measurement. The BET
specific surface area was calculated using adsorption data in a
relative pressure range of P/Py = 0.05—0.3. Pore size distribution
was derived from the adsorption branch using the BJH
method.?”?® The total pore volume was estimated from the
amount adsorbed at a relative pressure (P/P,) of 0.99.

Electrochemical Measurement. Electrochemical measurements
were performed in a standard three-electrode glass cell on a 760
workstation (Pine Research Instruments, USA) directly using
hybrid films as working electrodes, a Pt wire as a counter
electrode, and Ag/AgCl/KCl (3 M) as a reference electrode.

The electrolyte was prepared using Milli-Q water (18 M Q cm™)
and KOH pellets (99.99% weight, Sigma-Aldrich). All measure-
ments were conducted under O, saturation (ultra-high-grade
purity, Airgas) to ensure the O,/H,0 equilibrium at 1.23 V vs RHE.

Linear scan voltammograms and cyclic voltammetry were
conducted with scan rates in the range of 10 to 100 mV s~
Electrical impedance spectroscopy was recorded under the
following conditions: ac voltage amplitude 5 mV, frequency
ranges 10° to 1 Hz, and open circuit. Tafel plots were obtained
at the scan rate of 10 mV s™'. Note that the current density
was normalized to the geometrical area and the measured
potentials vs Ag/AgCl were converted to a reversible hydro-
gen electrode (RHE) scale according to the Nernst equation
(Erre = Eag/agar + 0.059 pH + 0.197); the overpotential (1)
was calculated according to the following formula: 7 (V) =
Erpe — 1.23 V.
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