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Diffusion controlled multilayer electrocatalysts
via graphene oxide nanosheets of varying sizes†

Minsu Gu, *a Jaewon Choi,a Taemin Lee,a Minju Park,a Ik-Soo Shin,b

Jinkee Hong,c Hyun-Wook Lee a and Byeong-Su Kim *a,d

Controlling the architecture of hybrid nanomaterial electrodes is critical for understanding their funda-

mental electrochemical mechanisms and applying these materials in future energy conversion and

storage systems. Herein, we report highly tunable electrocatalytic multilayer electrodes, composed of

palladium nanoparticles (Pd NPs) supported by graphene sheets of varying lateral sizes, employing a ver-

satile layer-by-layer (LbL) assembly method. We demonstrate that the electrocatalytic activity is highly

tunable through the control of the diffusion and electron pathways within the 3-dimensional multilayer

electrodes. A larger-sized-graphene-supported electrode exhibited its maximum performance with a

thinner film, due to facile charge transfer by the mass transfer limited in the early stage, while a smaller-

sized-graphene-supported electrode exhibited its highest current density with higher mass loading in the

thicker films by enabling facile mass transfer through increased diffusion pathways. These findings of the

tortuous-path effect on the electrocatalytic electrode supported by varying sized graphene provide new

insights and a novel design principle into electrode engineering that will be beneficial for the develop-

ment of effective electrocatalysts.

Introduction

The rapidly approaching energy crisis necessitates efficient
conversion and storage technologies for sustainable and
renewable energy to diminish the current environmental con-
cerns that are growing unabated.1 In this regard, energy
devices with superior performance have been developed such
as fuel cells, metal–air batteries, and water electrolyzers, all of
which use highly efficient and cost-effective electrocatalysts
during electrochemical operation.2–5 Thus, there has been sig-
nificant progress in the development of various electrocatalysts
such as novel metal nanoparticles (NPs) and carbon-based
nanomaterials.5,6 These active materials are generally applied
in the form of composites combined with conductive supports
and binders to compensate for their drawbacks such as
volume expansion, low electrical conductivity, and poor cycling
performance. Catalytic supports are critical in the performance

of electrocatalysts and, consequently, there are continuing
efforts to develop effective conductive supports.7,8

Graphene oxide (GO), a chemically exfoliated graphene ana-
logue, serves as a unique electrocatalytic support with its large
surface area, chemical functionality, and remarkable mechani-
cal/chemical stability.9–11 Owing to the atomically thin
2-dimensional (2D) sheet structure of GO, significant efforts
have been devoted to enhancing the catalytic performance of
various electroactive nanomaterials, such as metals, metal
oxides, and semiconductors, on the surface of 2D materials as
well as GO.12–17 Furthermore, the importance of controlling
the GO sheet size has recently been illustrated by their size-
dependent electrochemical activity; for example, the Li group
demonstrated that the large size of chemically synthesized gra-
phene quantum dots showed the increased electrocatalytic
activity toward the oxygen reduction reaction.18 Conversely, the
Chen group reported that using smaller GO sheets improved
the heterogeneous electron transfer kinetics in the reduction
of redox probes within the electrode, which was correlated
with an increased defect density in smaller GO sheets.19

Consequently, using GO nanosheets with a well-defined lateral
size is important when utilizing GO electrode materials in
electrochemical reactions. However, the as-synthesized GO pro-
ducts often have a wide size distribution due to the uncon-
trolled breakage of large sheets into small sheets during the
oxidation and exfoliation processes. There are outstanding
contributions to controlling the size fractionation of GO
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nanosheets that exploit differences in the molecular weight
and charge density between GO nanosheets of varied sizes
using methods such as centrifugation, pH-assisted sedimen-
tation, and dispersibility in polar solvents.19–22

Utilizing electrode fabrication techniques that allow nano-
scale blending of materials is also important when investi-
gating the nanoscopic electrochemical activity of graphene-
supported hybrid nanomaterials. This contrasts with bulk gra-
phene composites that are traditionally prepared by a simple
mixing process. Layer-by-layer (LbL) assembly is one of the
most versatile tools used to assemble multifunctional nano-
scale materials with nanoscale control over their composition
and structure.23–26 Generally, the LbL-assembled films are
formed by depositing alternating layers of oppositely charged
materials. Due to its simplicity and versatility as a method, the
LbL-assembled thin films have been examined for various
energy conversion and storage devices.11,27–32 For example, the
Shao-Horn and Lutkenhaus groups independently showed the
tunable electrocatalytic activity of LbL-assembled electrodes,
emphasizing the excellent charge-storage capability of carbon
nanotubes and GO nanosheets.33,34 Interestingly, these studies
indicate that the electrochemical activity can be tuned by
varying the number of bilayers (i.e. thickness). This phenom-
enon is attributed to the balance between electron transfer
into the inner electrode surface and ionic transport from the
electrolyte that are restricted with increasing multilayer film
thickness.32,35 In another notable example, our group found
that the performance of graphene-supported metal NP-based
electrocatalysts exhibited the maximum performance at a
specific thickness and optimized layer sequence within the
multilayer electrodes.36,37 Although there are some examples
to enhance mass transfer by structurally deformed 2D
materials,38,39 including our own efforts, demonstrating the
electrocatalytic performance of the 3D multilayer electrodes,
there are few studies achieving such fine control over the
electrocatalytic behavior simply by changing the dimension of
the individual components which unravels the underlying
electrochemical mechanism between mass and charge transfer
thus far.

Herein, we report the fabrication of elaborately designed
electrodes using an LbL assembly method that enables control
over the internal electrode structure and mass-transfer path-
ways by varying the size of the GO building blocks.
Specifically, to investigate the influence of controlled diffusion
pathways within the 3D LbL-assembled electrodes on their
electrocatalytic activity, we prepared three GO suspensions
with different GO sheet size distributions and assembled them
with Pd NPs to fabricate hybrid electrocatalytic electrodes. We
then used the methanol oxidation reaction (MOR) as a model
reaction to investigate their activity (Scheme 1). The electro-
catalytic activity toward the MOR is highly affected by the
balance between the mass-transfer pathway and charge trans-
fer within the electrode, which varies with the GO sheet
dimensions. This interesting model system offers a unique
opportunity to understand the fundamental electrochemical
mechanisms of hybrid multilayer electrodes composed of iden-

tical components, which is vital for designing high-perform-
ance electrocatalysts.

Experimental
Materials

Graphite powder, 4-(dimethylamino)pyridine, sodium tetra-
chloropalladate(II) (Na2PdCl4) and (3-aminopropyl)triethoxysi-
lane were purchased from Sigma-Aldrich. Graphite nanofibers
were purchased from Catalytic Materials (United States).

Preparation of LGO

Graphite oxide was synthesized from graphite powder by the
modified Hummers method and exfoliated to give a brown dis-
persion of LGO using a homogenizer (WiseTis, HG-15D) at a
concentration of 0.50 mg mL−1.40,41

Preparation of MGO

Graphite oxide was exfoliated under ultrasonication (Sonics &
Materials Inc., VC 750) at a concentration of 0.50 mg mL−1.42

Preparation of NGO

NGO was synthesized from graphite nanofibers according to a
literature method under ultrasonication at a concentration of
0.50 mg mL−1.43

Preparation of Pd NPs

The 4-(dimethylamino)pyridine (DMAP)-stabilized Pd NPs were
prepared by using the spontaneous phase transfer from an
organic solvent according to a literature method.44

Layer-by-layer assembly of hybrid electrode films

An ITO-coated glass substrate was cleaned by sonication in de-
ionized (DI) water, acetone and ethanol for 10 min. Silicon
and quartz substrates were cleaned by piranha solution to
remove any organic contamination and subsequently treated
with (3-aminopropyl)triethoxysilane to introduce a positively
charged hydrophilic surface. These substrates were first
dipped into a negatively charged GO solution (0.50 mg mL−1)
at pH 4 for 10 min. They were then dipped into DI water for
1 min three times to remove loosely bound GO. Subsequently,
the substrates were then dipped into positively charged DMAP-
coated Pd NP suspension at pH 11 for 10 min, and washed
with DI water three times for 1 min, which afforded one-
bilayer film of (GO/Pd)1. The above procedures were repeated
to achieve the desired number of bilayers (BL, n).

Electrochemical analysis

The as-assembled multilayer films were subjected to a thermal
reduction process at 150 °C for 12 h in an oven before investi-
gating the electrochemical properties. Electrochemical experi-
ments were performed using a standard three electrode cell
configuration (Biologic Science Instruments, VSP). A platinum
wire was used as a counter electrode and Hg/HgO as a refer-
ence. The working electrode was a multilayer thin film
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assembled on ITO-coated glass. Cyclic voltammetry (CV) was
performed between −0.60 and 0.60 V in 0.10 M KOH solution
with 1.0 M methanol solution at room temperature in satu-
rated N2 at a scan rate of 20 mV s−1. Electrochemical impe-
dance spectroscopy (EIS) measurements were carried out in
the frequency range from 100 kHz to 50 mHz under an AC
stimulus of 10 mV in amplitude.

Characterization

FT-IR (Varian, 670-IR) and Raman spectroscopy (WITec,
alpha300R) were used to determine the chemical structure of
varying GO sheets. The size and morphology of the prepared
NPs were measured by transmission electron microscopy
(Normal-TEM, JEOL, JEM-2100, accelerating voltage of 200 kV).
The absorbance of the thin films was characterized by using
UV/vis spectroscopy (Varian, Cary 5000). The thickness of the
as-prepared samples on silicon substrates was measured by
using a surface profiler (Veeco, Dektak 150). The surface mor-
phology of the samples was investigated using scanning elec-
tron microscopy (Cold FE-SEM, Hitachi, S-4800) and atomic
force microscopy (AFM, Veeco, Dimension D3100) via a

tapping mode. The active mass of each material adsorbed onto
the film surface was analyzed by using a quartz crystal micro-
balance (QCM, Stanford Research Systems, QCM200), using
the following Sauerbrey eqn (1) and (2):

ΔFðHzÞ ¼ � 2Fo2

A ffiffiffiffiffiffiffiffiffiffiρqμq
p Δm ð1Þ

ΔFðHzÞ ¼ �56:6� Δm ð2Þ
where ΔF is the resonant frequency change (Hz), Δm is the
mass change per unit area of the quartz crystal (μg cm−2),
Fo (5 MHz) is the fundamental resonance frequency of the
crystal, A is the area of the Au–Cr electrode, ρq (2.65 g cm−3) is
the density of the quartz crystal and μq (2.95 × 1011 g cm−1 s−2)
is the shear modulus.

Results and discussion

Highly stable aqueous GO suspensions and electrocatalytic Pd
NPs are prerequisites for fabricating 3D LbL multilayer electro-
des based on electrostatic interactions. In order to prepare GO

Scheme 1 Schematic representation of layer-by-layer (LbL)-assembled (GO/Pd)n multilayer thin film electrodes with varying GO sheet sizes (LGO,
MGO, and NGO) toward methanol oxidation reaction in bulk electrolyte solution. The black and red dotted arrows indicate the diffusion of methanol
molecules into electrolyte and the 3D LbL electrodes, respectively. The yellow arrows indicate the charge transfer from the 3D LbL electrodes.
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suspensions of varying size, graphite powder was initially oxi-
dized according to the modified Hummers method to obtain
graphite oxide, which contains various chemical functional
groups such as carboxyl acid, hydroxyl, and epoxide
groups.40,41 We then utilized two different exfoliation methods
using homogenization and ultrasonication to prepare GO sus-
pensions with different size distributions. Homogenization
was used as a mild exfoliation method to produce a lower-
defect GO by shear stress, resulting in a suspension of large-
sized graphene (LGO) sheets, while medium-sized GO (MGO)
sheets were prepared using ultrasonication, which tears the
graphene sheets and introduces more damage.42 In addition,
we prepared nanosized graphene (NGO) sheets according to a
literature method using exfoliation from a graphite nanofiber
precursor, which has smaller carbon domains than conven-
tional graphite powder.43

The successful synthesis of the three GO sheet suspensions
was confirmed by atomic force microscopy (AFM) and Fourier-
transform infrared (FT-IR) spectroscopy measurements.
Representative AFM images revealed that all the GO suspen-
sions were mainly composed of single-layer GO sheets, with a
thickness of ∼1.4 nm (Fig. 1). Each GO suspension exhibited a
distinct lateral-size distribution, with average dimensions of
52.61 ± 50.88, 0.57 ± 0.22, and 0.38 × 10−3 ± 0.17 × 10−3 μm2

for LGO, MGO, and NGO, respectively. This indicates that
using different exfoliation processes and precursors was suc-
cessful in controlling the GO sheet size.

FT-IR spectroscopy was employed to characterize the chemi-
cal functionalities present in LGO, MGO, and NGO (see Fig. S1
in the ESI†). All three GO products showed the carbonyl-
stretching vibration peaks associated with carboxylic acid
(COOH, at 1722 cm−1) and carboxylate groups (COO−, at
1600 cm−1). The relative fraction of the carboxylate to car-
boxylic acid at pH 4 was determined to be 0.75, 1.20, and 3.86
for LGO, MGO, and NGO, respectively. This indicates that the
ionization of the GO sheets is significantly affected by the

density of chemical functional groups on the GO sheets due to
the structural difference induced by the number of defects
within the GO sheets.

Raman spectroscopy analysis was used to further investi-
gate the structural differences between the three GO products
(see Fig. S2 in the ESI†). Generally, GO displays two prominent
peaks at 1344 and 1601 cm−1, which corresponded to the sym-
metry A1g mode of the D band and the E2g mode of the sp2

carbon atoms of the G band, respectively.45 It is well estab-
lished that the D band corresponds to structural defects, amor-
phous structures, or edges that break the sp2-carbon-lattice
symmetry, while the G band is associated with graphitic sp2-
carbon domains. A strong D-band intensity indicates a high
defect density and the presence of edge functional groups in
GO. The D-to-G-band intensity ratio (ID/IG) was 0.99, 1.04, and
1.09 for LGO, MGO, and NGO, respectively, suggesting that the
sp2 carbon structure becomes more damaged with decreasing
GO sheet dimensions.

In parallel, a positively charged Pd NP suspension was pre-
pared based on the spontaneous phase transfer of organic-
soluble Pd NPs into an aqueous phase using 4-(dimethyl-
amino)pyridine (DMAP), a readily available organic ligand that
affords the necessary stability in aqueous solutions.44 The
resulting DMAP-coated Pd NPs had an average diameter of
3.4 ± 0.5 nm (see Fig. S3 in the ESI†).

With these stable suspensions of the positively charged Pd
NPs (ζ-potential of +35 mV) as electroactive species and the
negatively charged GO suspension (ζ-potential of −40 mV) as a
stable catalytic support, we fabricated three types of multilayer
electrodes by LbL assembly using LGO, MGO, and NGO. The
resulting multilayer architectures were denoted as (LGO/Pd)n,
(MGO/Pd)n, and (NGO/Pd)n, where n is the number of GO/Pd
bilayers (BLs, typically 2–10). UV/vis spectroscopy was used to
monitor the successful growth of each multilayer (Fig. 2a and
Fig. S4 in the ESI†). The absorbance gradually increased with
increasing number of layers, indicating the successful assem-
bly of GO-supported-Pd NP multilayer electrodes. Moreover,
the linear growth of the characteristic GO absorbance peak at
215 nm clearly demonstrated the uniform formation of multi-
layers with respect to the number of BLs. The corresponding
thickness of each multilayer film grew linearly with the
number of BLs and the average bilayer thickness was 8.5, 8.5,
and 10.1 nm for a single bilayer of (LGO/Pd)n, (MGO/Pd)n, and
(NGO/Pd)n, respectively (Fig. 2b). These similar film thick-
nesses are attributed to the well-exfoliated nature of the single-
layer GO regardless of the sheet size. It should be noted that
the internal architecture of the hybrid electrodes could be con-
trolled precisely by the LbL assembly method with high
accuracy.

We further analyzed the sequential adsorption behavior of
GO and Pd NPs in each multilayer electrode using a quartz
crystal microbalance (QCM). Fig. 2c shows the stepwise
measurement of the mass deposited after each layer, which
quantifies the amount of each component in the multilayer
structure. The adsorption of Pd NPs was greater than that of
the GO sheets, with the relative mass ratio of GO to Pd NPs

Fig. 1 Representative AFM images of (a) LGO, (b) MGO, and (c) NGO
sheets with the corresponding line scan profiles and size distribution
histograms. The average values were collected over 40 samples.
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within each multilayer found to be 0.146, 0.219, and 0.341 on
the surface of LGO, MGO, and NGO, respectively (Fig. 2d). This
could be attributed to decreasing GO sheet density per single-
layer unit area with decreasing GO sheet size. In addition, we
calculated the volumetric mass of Pd NPs within each multi-
layer based on the film thickness determined. The volumetric
mass of Pd NPs within each layer decreased from 1.89 to 1.45
as the GO sheet size decreased from LGO to NGO, indicating a
change in the 3D multilayer electrode morphology from rela-
tively densely packed films to porous films.

Analyzing the surface morphology of each film also sup-
ports the assembled multilayer films (Fig. 3). Scanning elec-
tron microscopy (SEM) measurements with the corresponding
elemental mapping images showed that the substrate surfaces
were successfully covered with uniformly deposited Pd NPs on
top of GO sheets in all multilayers of (LGO/Pd)n, (MGO/Pd)n,
and (NGO/Pd)n (Fig. S5 in the ESI†). The surface morphology
of the assembled films exhibited characteristic wrinkled GO
sheets of varying sizes, distributed over the entire film surface.
In addition, the films assembled with NGO nanosheets dis-
played a relatively rough morphology, with root-mean-square
roughness (Rrms) values of 5.9, 9.7, and 21.2 nm determined
from the AFM measurements for the (LGO/Pd)4, (MGO/Pd)4,
and (NGO/Pd)4 films, respectively.

The change in surface roughness by graphene sheet size
was further confirmed by cross-sectional high-resolution trans-
mission electron microscopy (HR-TEM), clearly indicating the
different surface morphologies with respect to the dimension
of GO sheets within the multilayers (Fig. 4). In addition, the
identification of the precise nanoscale architecture was eluci-

dated by cross-sectional high-angle annular dark field scan-
ning transmission electron microscopy (HAADF-STEM) with
corresponding electron energy loss spectroscopy (EELS). The
HAADF-STEM image demonstrated the homogeneous lateral
distribution of respective components with the corresponding
EELS line scan analysis of (LGO/Pd)6 multilayer films clearly
distinguishing the alternate deposition of LGO sheets and Pd
NP layers through a sequential nanoscale control enabled by
LbL assembly.

An increased electrode surface roughness can enhance the
interactions between the Pd NPs within the multilayer and the
electrolyte, leading to increased diffusion pathways for the
reactants into the inner multilayer electrode. This tortuous-
path effect created by the layered architecture of the 2D
materials in the multilayer films has been similarly demon-
strated in barrier films that block the diffusion of permeable
gases or liquids.46,47 However, the effect on electrocatalytic
films by the tortuous-path has not been studied intensively
with quantitative electrochemical comparison such as the
mass-transfer process of electroactive species from the
diffusion layer of the electrolyte into the surface of the
electrode.

In order to electrochemically investigate the influence of
increased diffusion pathways with varying GO sizes, cyclic
voltammetry was performed to evaluate the electrochemical
performance of the multilayer electrodes toward the MOR
(Fig. 5). The MOR is a particularly interesting model reaction,
as it allows the assessment of the mass transfer (diffusion of
methanol molecules from the electrolyte) and charge transfer
(dissociation of methanol molecules by C–H bond breaking)

Fig. 2 (a) UV/vis absorbance spectra of representative (LGO/Pd)n multi-
layer thin films. The inset image shows the samples prepared with the
corresponding number of bilayers (BLs, n). (b) Film thickness measured
by surface profiler and (c) quartz crystal microbalance (QCM) analysis of
all multilayer thin film electrodes as a function of the number of BLs (n).
The inset in b shows the corresponding UV/vis absorbance maxima at
215 nm for all multilayer electrodes. (d) Mass ratio of GO to Pd and volu-
metric mass of Pd in each multilayer thin film.

Fig. 3 Representative SEM (left) and AFM (right) images of (a) (LGO/
Pd)4, (b) (MGO/Pd)4, and (c) (NGO/Pd)4 multilayer thin film electrodes.
The scale bar in the SEM images is 1 μm and the Rrms values of the AFM
images are averaged over a 5 × 5 μm2 area.
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properties of 3D electrodes with respect to the electrochemical
process. Compared to the fast kinetics of a redox probe such
as ferricyanide, the methanol oxidation kinetics are sluggish.
Additionally, the diffusion of the methanol molecules into the
inner electrode significantly influences the overall catalytic

performance.36,37,48,49 In our previous study, the maximum
catalytic effect for methanol oxidation was found at a specific
number of BLs in graphene-supported metallic multilayers
due to the limited diffusion of methanol into the 3D electrode
by the layered architecture of 2D GO sheet building blocks,
resulting in a conversion from a surface-confined process to a
diffusion-limited process as the film thickness was
increased.50 It is of note that this layer-dependence of the
electrochemical operating principle is a unique characteristic
of LbL-assembled multilayer electrodes.

Interestingly, in this study, the larger-sized GO sheet-sup-
ported (LGO/Pd)n multilayers showed a maximum current
density of 3.55 mA cm−2 at only 4 BLs (Fig. 5a). This indicates
that the methanol diffusion pathways were limited at an early
stage by the balance between the mass and charge transfer
processes, compared to that of the (MGO/Pd)n films that satu-
rated at 6 BLs (Fig. 5b). Most interestingly, the (NGO/Pd)n
films, which have many more diffusion pathways, yielded the
highest current value of 9.74 mA cm−2 at 12 BLs (Fig. 5c).
Accordingly, we found that a higher number of BLs were
required for the maximum catalytic effect in smaller-sized
NGO. This highlights the enhanced mass transfer of the
methanol reactants resulting from facile diffusion through the
multiple pathways created within the multilayer electrodes
integrated with NGO. The chronoamperometric measurement
of electrocatalytic performance is in accord with the current
density values measured in CVs (see Fig. S6 in the ESI†). It
also exhibited the high stability owing to the stable graphene
nanosheet supports for electroactive metal NPs.

Fig. 5d summarizes the relationship between mass and
charge transfer with varying GO sheet sizes. In terms of charge

Fig. 4 (a–c) Representative cross-sectional high-resolution TEM images of (a) (LGO/Pd)6, (b) (MGO/Pd)6, and (c) (NGO/Pd)6 multilayer thin film
electrodes. (d) Representative cross-sectional HAADF-STEM image of (LGO/Pd)6 with (e) EELS line scan and extracted EELS analysis of (f ) LGO and
(g) Pd NPs corresponding to the multilayer films.

Fig. 5 (a–c) Cyclic voltammograms (CVs) of (a) (LGO/Pd)n, (b) (MGO/
Pd)n, and (c) (NGO/Pd)n multilayer thin film electrodes. (d) Comparison
of the electrochemical performance toward the MOR as a function of
the number of BLs. The inset in d shows the maximum number of BLs
for all multilayer thin films and the current density at 4 BLs. All CVs were
recorded in N2 saturated 0.10 M KOH with 1.0 M CH3OH at a scan rate
of 20 mV s−1.
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transfer processes, it is generally reported that GO sheets of a
smaller size have a lower conductivity than large-sized GO
sheets because of the increased degree of oxidation. As a
result, the current density of each multilayer electrode com-
pared at 4 BLs, at which the (LGO/Pd)n film displayed its
maximum current density, decreased with decreasing GO
sheet size, indicating a trade-off between the mass and charge
transfer properties of the graphene-based multilayer
electrodes.

Electrochemical impedance spectroscopy (EIS) was per-
formed to evaluate the electrochemical kinetics and interfacial
resistance with respect to the charge transfer processes that
are critical in electrochemical reactions (Fig. 6a). The charge-
transfer resistance (RCT) values obtained from the Nyquist plot
semicircles of the (LGO/Pd)4, (MGO/Pd)4, and (NGO/Pd)4
multilayer films were 122, 1115, and 900 Ω, respectively, at
−0.1 V. These results demonstrate that the (LGO/Pd)4 film exhi-
bits a higher current density than the (MGO/Pd)4 and (NGO/
Pd)4 films due to facile charge transfer resulting from the
higher conductivity of larger-sized GO sheets with a lower
defect density. This is in accordance with the defect densities
determined from FT-IR measurements and the low ID/IG ratio

of the LGO sheets determined from Raman spectroscopy
measurements. Conversely, with regard to the mass-transfer
process, the number of BLs at which the films displayed their
maximum current density increased with decreasing GO sheet
size. Additionally, the electrode assembled with smaller GO
sheets also displayed their highest current density at a larger
overpotential compared to other films, which was attributed to
the alleviation of reactant depletion by enhancing the metha-
nol mobility into the 3D electrode through increased diffusion
pathways within the multilayer. In order to quantitatively
determine the effects of enhanced mass transfer, the diffusion
coefficient (D) was calculated for the (LGO/Pd)n, (MGO/Pd)n,
and (NGO/Pd)n multilayer electrodes, where n is above 6
because the thin layer films such as 2 and 4 BLs are not gov-
erned by the diffusion-limited process, but the surface-con-
fined charge-transfer process as demonstrated similarly in our
previous study.37 For an irreversible diffusion-limited process
such as the MOR, the current (i) and peak current (ip) are
given by eqn (3) and (4):

i ¼ FAC*
OD

1=2
O ν1=2

αF
RT

� �1=2

π1=2χðbtÞ ð3Þ

Fig. 6 (a) Nyquist plots of impedance of (LGO/Pd)4, (MGO/Pd)4, and (NGO/Pd)4 multilayer thin films at −0.1 V with an equivalent circuit. (b) The cal-
culated tortuosity and (c) diffusion length of (LGO/Pd)n, (MGO/Pd)n, and (NGO/Pd)n multilayer thin films with cross-sectional schematic representa-
tion of multilayer thin films, where n is above 6. The inset in b and c shows the magnified tortuosity and diffusion length of (NGO/Pd)n with respect
to the bilayer numbers (n), respectively.
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ip ¼ ð2:99� 105Þα1=2AC*
OD

1=2ν1=2 ð4Þ

where F is the Faraday constant (C mol−1), A is the area (cm2),
C*
O is the bulk concentration of electroactive components

(mol cm−3), v is the scan rate (V s−1), R is the ideal gas constant
(J K−1 mol−1), T is the temperature (K), χ(bt ) is a function for
the normalized current for an irreversible system, and α is the
transfer coefficient. The function χ(bt ) becomes maximum at
π1/2χ(bt ) = 0.4958 for peak current (ip) and α values were calcu-
lated from Tafel slopes, where the number of electrons trans-
ferred during the redox reaction, n, was assumed to be
1 because the first charge transfer is the rate determining step
in the MOR (see Fig. S7 and Table S1 in the ESI†). (NGO/Pd)n
films show the significantly high D values, which are 160
times higher and 1400 times higher than the D values of
(MGO/Pd)n and (LGO/Pd)n films, respectively, at 10 BLs.
Owing to its superior diffusion properties with a considerably
higher D value, the inferior charge-transfer kinetics exhibited
by the NGO multilayer electrodes can be overcome by increas-
ing the number of BLs with a high Pd NP mass loading and
the overpotential through alleviating reactant depletion at the
diffusion-limited region above 0 V, resulting in increased
electrocatalytic performance (Scheme 2).

Furthermore, we also calculated two parameters such as tor-
tuosity (τ) and diffusion length (L) of each multilayer film
based on eqn (5):

τ ¼ D
DO

¼ L
T

ð5Þ

Where DO is the diffusion coefficient of commercial Pd/C cata-
lysts (see Fig. S8 and Table S1 in the ESI†) and T is the film
thickness. As a result, τ of (NGO/Pd)n films was found to be
significantly smaller than other multilayer films in the order
of NGO < MGO < LGO as shown in Fig. 6b; for example, as a
fixed number of bilayers, the (NGO/Pd)10 displayed a τ value of
merely 2 in comparison to that of the (LGO/Pd)10 film with a

considerably higher τ of 2917 (Table S1 in the ESI†). This result
suggests that all reactants are directly accessible into the inner
catalytic surface of films without taking a detour. In contrast, the
(LGO/Pd)n films should experience a considerably longer and tor-
tuous path which corresponds to longer L with respect to the
number of BLs as shown in Fig. 6c. Although developing the elec-
tron pathway by increasing the electrical conductivity has been
mainly emphasized in the literature when designing efficient elec-
trocatalysts,51 achieving a facile diffusion pathway is also a critical
issue that has not been the subject of intensive study so far. The
results presented here reaffirm that establishing the high
diffusion pathways, as well as increasing the conductivity, is essen-
tial for designing high-performance nanomaterial electrodes.

Conclusions

In conclusion, we developed hybrid electrocatalytic multilayer
electrodes for the methanol oxidation reaction composed of
Pd NPs supported by GO sheets of varying lateral dimensions.
The facile LbL assembled nanoelectrode offers precise control
over not only the electrode thickness and composition, but
also its catalytic effect by changing the number of BLs. We
found that the catalytic activity of multilayered (GO/Pd)n
hybrid electrodes could be tuned by varying the number of BLs
and the GO sheet size. The larger-sized GO support showed
facile charge transfer in the thinner electrode films, while the
smaller-sized graphene support exhibited enhanced mass
transfer in the thicker electrode films, indicating a trade-off
between the mass and charge transfer within these multilayer
electrodes. With this structural control, as well as the versatile
nature of the LbL assembly method for building 3D electrodes,
we anticipate that this new design will offer a unique opportu-
nity to understand the fundamental electrochemical kinetics
of various electrode designs for future energy conversion and
storage systems.

Scheme 2 Schematic representation of the tunable electrocatalytic activity of multilayer electrodes, consisting of Pd NPs assembled with graphene
sheets of varying sizes, toward the MOR. The gray and yellow arrows indicate the mass transfer of methanol molecules and the charge transfer,
respectively, into the 3D LbL electrodes.
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