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ABSTRACT: Water electrocatalytic splitting is considered as an
ideal process for generating H2 without byproducts. However, in
the water-splitting reaction, a high overpotential is needed to
overcome the high-energy barrier due to the slow kinetics of the
oxygen evolution reaction (OER). In this study, we selected the
5-hydroxymethylfurfural (HMF) oxidation reaction, which is
thermodynamically favored, to replace the OER in the water-
splitting process. We fabricated three-dimensional hybrid
electrocatalytic electrodes via layer-by-layer (LbL) assembly for
simultaneous HMF conversion and hydrogen evolution reaction
(HER) to investigate the effect of the nanoarchitecture of the
electrode on the electrocatalytic activity. Nanosized graphene
oxide was used as a negatively charged building block for LbL
assembly to immobilize the two electroactive components:
positively charged Au and Pd nanoparticles (NPs). The internal architecture of the LbL-assembled multilayer electrodes
could be precisely controlled and their electrocatalytic performance could be modified by changing the nanoarchitecture of the
electrode, including the thickness and position of the metal NPs. Even with a composition of the identical constituent NPs, the
electrodes exhibited highly tunable electrocatalytic performance depending on the reaction kinetics as well as a diffusion-
controlled process due to the sequential HMF oxidation and the HER. Furthermore, a bifunctional two-electrode electrolyzer
for both the anodic HMF oxidation and the cathodic HER, which had an optimized LbL-assembled electrode for each reaction,
exhibited the best full-cell electrocatalytic activity.
KEYWORDS: electrocatalyst, 5-hydroxymethylfurfural, hydrogen evolution reaction, biomass reforming, layer-by-layer assembly,
nanoarchitectures

The critical concerns regarding the global energy
demand and climate-change issues have motivated
considerable efforts for developing alternative en-

ergy.1,2 As an ecofriendly energy carrier, H2 is anticipated to
play a significant role in future sustainable energy. However,
most H2 is conventionally produced through the Ni-catalyzed
conversion of CH4 to H2, which inevitably produces
greenhouse gases, such as CO and CO2.

3 Therefore, water
splitting is considered as an ideal process to generate H2

without byproducts.4,5 However, in the water-splitting reaction,
a high overpotential is needed to overcome the high-energy
barrier. Generally, the overall reaction kinetics are limited by

the anodic oxygen evolution reaction (OER) because of the
sluggish four-electron transfer reaction in water oxidation in
comparison with the cathodic hydrogen evolution reaction
(HER). The OER requires an applied voltage of at least 1.23 V
to provide the thermodynamic driving force. Because of the
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practical overpotentials associated with the reaction kinetics, a
substantially higher operating voltage, typically in the range of
1.8−2.0 V, is generally required.6,7 Thus, the production cost is
not competitive with the commercial production from natural
gas, owing to the high overpotential encountered in water
electrolysis. Furthermore, the coexistence of H2 and O2 gases,
which may lead to the formation of an explosive H2/O2
mixture, requires additional gas-separation systems.8

Recent efforts have been directed toward replacing the
anodic OER with reactions involving more easily oxidizable
molecules, such as methanol, ethanol, ammonia, and urea,
which is referred to as electrochemical reforming.9−13 There
are several requirements for replacing the OER in a water-
splitting reaction. First, the kinetics should be faster than those
of the OER, with more favorable energetics when coupled to
the HER. Second, the product of the replaced reaction should
yield a higher chemical value than O2. Third, the reacting
substrate must exhibit a high solubility in an aqueous solution
for enabling concurrent H2 production.
Because these requirements highlight the need for a new

substrate, we selected the 5-hydroxymethylfurfural (HMF)
oxidation reaction to replace the OER in this study. HMF has
been classified as a top biomass-derived building block
chemical for producing valuable products; for example, 2,5-
furandicarboxylic acid (FDCA)one of the products of HMF
oxidationis as an important monomer for synthesizing the
renewable polymer poly(ethylene furanoate) in place of
petroleum-derived poly(ethylene terephthalate).1,14,15

Although there are several ways to selectively oxidize HMF
to FDCA through organic chemical reactions, they often
require a harsh reaction environment, for example, a high
temperature (>100 °C) and high-pressure O2 (0.3−2.4
MPa).16−19 Therefore, it is highly desirable to develop efficient
methods that use mild conditions and novel catalysts to
produce FDCA.
Electrocatalytic HMF oxidation has attracted attention as a

promising sustainable strategy because it can be performed
under ambient conditions without toxic chemicals.19−21 For
example, Li et al. employed Au/Pd alloy nanoparticles (NPs)
to oxidize HMF to FDCA.22 The Au/Pd alloy NPs exhibited
better electrocatalytic performance than individual NPs for
producing FDCA. In a more recent study, Sun and co-workers
integrated HMF oxidation and H2 generation from water
splitting with the excellent catalytic performance of Ni-based
catalysts.23−26 Although outstanding activity was achieved,
these studies only focused on developing new materials to
enhance the electrocatalytic performance; thus far, the

structure of the electrode has not been a subject of intensive
investigation. For further advancing the outstanding individual
material properties in a platform of the electrode assembled, it
is highly desirable to deduce the architecture−performance
relationships in the electrode. Moreover, an in-depth
mechanistic analysis can further shed a light on the design of
functional electrodes with optimal performance.
In this regard, we propose the fabrication of a tailorable

three-dimensional (3D) hybrid multilayer electrode via layer-
by-layer (LbL) assembly for simultaneous HMF conversion
and H2 production. We investigate the relationships between
the electrocatalytic activity and the nanoarchitectures of
bimetallic electrodes by controlling the sequence of metal
NPs (Scheme 1).
As one of the most versatile fabrication methods for

fabricating highly ordered multilayer architectures, LbL
assembly has the unique capability to produce diverse materials
with nanoscale control of both the structure and composition.
Specifically, nanosized graphene oxide (nGO) is used as a
negatively charged building block for LbL assembly to
immobilize two electroactive components, such as positively
charged Au and Pd NPs. We highlight how the internal
architecture of LbL-assembled multilayer electrodes, not only
the film thickness (i.e., the amount of NPs) but also the
position of each metal NP within 3D multilayer thin-film
electrodes, can be precisely controlled, in addition to how it
affects the electrode electrocatalytic performance in con-
junction with the multiple reaction pathways of HMF
oxidation. Even with the identical composition of constituent
NPs, the electrodes exhibit highly tunable electrocatalytic
performance depending on the reaction kinetics as well as the
diffusion-controlled process involved in the sequential
oxidation reaction of HMF. Furthermore, the bifunctional
two-electrode electrolyzer coupled for both anodic HMF
oxidation and the cathodic HER, which was independently
optimized for each half-reaction, exhibits outstanding electro-
catalytic activity in water-splitting electrolysis. We anticipate
that the proposed concept can be employed to combine HER
with many other organic reactions for establishing a valuable
electrochemical reforming system.

RESULTS AND DISCUSSION

Design and Fabrication of Multilayer Electrodes.
Initially, highly stable aqueous suspensions of nGO and
metal NPs were synthesized to fabricate 3D LbL-assembled
electrocatalytic electrodes via electrostatic interactions. In
accordance with our previous study on diffusion-controlled

Scheme 1. LbL-Assembled Hybrid 3D Multilayer Thin-Film Electrodes for Bifunctional HMF Oxidation and H2 Production
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multilayer electrodes employing nGO, we prepared a
negatively charged nGO suspension via exfoliation from a
graphite nanofiber precursor.27 In parallel, positively charged
Au and Pd NP suspensions were prepared via the spontaneous
phase transfer of an organic solvent into an aqueous phase
using 4-(dimethylamino)pyridine (DMAP), to exclude the
effect of electrochemical charge-transfer kinetics caused by
using different capping layers on the surface of the metal NPs.
The average diameters of the Au and Pd NPs were determined
to be 5.8 and 3.4 nm, respectively, by transmission electron
microscopy (TEM, Figure S1 in the Supporting Information).
Using these stable suspensions of positively charged Au and

Pd NPs as electroactive species and the negatively charged
nGO suspension as a catalytic support, we fabricated
monometallic electrodes via LbL assembly onto indium tin
oxide (ITO) substrates consisting of nGO and either Au or Pd
NPs to obtain a thin-film electrode of (nGO−/Au+)n or
(nGO−/Pd+)n (n = number of bilayers (BLs)). Furthermore,
bimetallic hybrid electrodes composed of both Au and Pd NPs
were assembled with various structures, including substrate/
(nGO−/Au+)n/(nGO

−/Pd+)n, substrate/(nGO−/Pd+)n/
(nGO−/Au+)n, and substrate/(nGO−/Au+/nGO−/ Pd+)m (m
= number of tetralayers (TLs)). Hereafter, for simplicity, the
monometallic thin-film electrodes are denoted as Aun and Pdn,
and the bimetallic thin-film electrodes are denoted as Aun/Pdn,
Pdn/Aun, and (AuPd)n.
The successful linear growth of each multilayer electrode

was monitored by the gradual increase of absorbance upon
increasing the number of layers in UV−vis spectra (Figure
S2a−d). The thickness of each multilayer film also exhibited a
linear growth with an average BL thickness of 6.7 and 11.3 nm
for a single BL of the Aun and Pdn multilayers, respectively, and
14.2 nm for a single TL of the (AuPd)n electrode (Figure S2e).
To monitor the sequential adsorption behavior of the
components, such as nGO, Au NPs, and Pd NPs, in the
(AuPd)n multilayer electrodes, a quartz-crystal microbalance
(QCM) was used to perform measurements with respect to the
number of deposition steps (Figure S 2f). The average mass of
each layer within a single TL was determined to be 0.21 μg

cm−2, 6.35 μg cm−2, and 1.03 μg cm−2 for nGO, Au NPs, and
Pd NPs, respectively.
Using seven BLs of each metal NP electrode as a

representative example, which exhibited the optimal electro-
catalytic activity, the internal architecture of the multilayer film
electrodes was controlled with various structures, such as a
fully alternating (AuPd)7 electrode and opposite structures of
Au7/Pd7 and Pd7/Au7 multilayer electrodes. The nano-
architectures of the fabricated thin-film electrode were
examined via cross-sectional TEM (Figure 1) and atomic
force microscopy (AFM) (Figure S3). The multilayer
electrodes with different architectures were clearly observed
with the aid of the contrast difference in elemental mapping
between the Au and Pd NPs (Figure 1). According to the AFM
images for the surface analysis, the root-mean-squared surface
roughness (Rrms) values (averaged over 25 × 25 μm2) for the
Pd7/Au7, Au7/Pd7, and (AuPd)7 multilayer film electrodes
were determined to be 85.8 ± 3.6, 55.1 ± 2.2, and 46.9 ± 7.0
nm, respectively. This tendency is in accordance with a
previous study where large Au NPs were deposited on a
surface, yielding a surface roughness significantly higher than
that for smaller Pd NPs.28

Electrocatalytic Performance. Initially, we investigated
the electrocatalytic oxidation of HMF for each electrode to
identify the architecture−performance relationships for the
electrocatalytic reaction. Because the OER was the major
reaction competing with HMF oxidation, water oxidation in
the absence of HMF was first investigated using one of the
bimetallic Pd7/Au7 electrodes, which had the optimal perform-
ance for HMF oxidation (Figure S4). Without HMF, the linear
sweep voltammetry (LSV) curve showed an anodic current
onset at 1.53 V (vs reversible hydrogen electrode (RHE)),
resulting from the OER. In contrast, the anodic onset potential
was approximately 0.34 V (vs RHE) in the presence of 10 mM
HMF, indicating that the oxidation of HMF was significantly
favored over water oxidation.
To evaluate the electrocatalytic activity with respect to the

thickness of the electrodes, we measured the LSV curves
according to the number of BLs for Pdn and Aun electrodes

Figure 1. Architecture-controlled multilayer thin-film electrodes. Representative cross-sectional TEM, scanning TEM (STEM), and EDS
mapping images of (a) (AuPd)7, (b) Au7/Pd7, and (c) Pd7/Au7 multilayer thin-film electrodes assembled on an ITO-coated substrate (scale
bar: 50 nm).
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(Figure S5a,b). In our previous studies, the performance of
LbL-assembled multilayer electrodes was highly dependent on
the number of layers (i.e., thickness), which is related to the
concentration of electrocatalytically active NPs.28−31 In LbL-
assembled thin-film electrodes, the electrocatalytic perform-
ance is considerably influenced by their electrochemical
kinetics and charge-transfer resistance (Rct) owing to a facile
mass transfer. Electrochemical impedance spectroscopy (EIS)
was employed to evaluate the electrochemical kinetics and
interfacial resistance of Aun and Pdn film electrodes (n = 2−8)
(Figure S6 and Table S1). In the case of Aun films, the Rct
value was significantly decreased from 1679 to 483.4 Ω as
increasing the BLs from 2 to 8 BLs. In contrast, Pdn electrodes
indicated a considerably higher Rct value of 1469 Ω even at 8
BLs, resulting in a low electrocatalytic activity of Pdn film
electrodes. As shown in Figure S5d, for both the Aun and Pdn
monometallic electrodes, the current density for HMF
oxidation gradually increased with the increasing thickness,
up to 14 BLs. However, the electrocatalytic performance began
to decrease after a critical thickness was reached, due to the
limitation of the mass transfer of HMF into the 3D electrodes.
In order to identify the origin of the limited mass transfer after
a critical thickness, the average BL thickness of Pdn films was
determined by a surface profilometer (Figure S7). Interest-
ingly, it was found that the average BL thickness of Pdn films

above 12 BLs (24.1 nm/BL) was considerably higher than that
of early deposition stage (11.3 nm/BL). As similarly observed
in other LbL-assembled films, the increased BL thickness could
result from the increased roughness and interdiffusion of
polyions within the LbL films.32,33 Thus, the mass transfer was
more critically limited at a higher number of BLs.
The current density of the Aun electrodes was higher than

that of the Pdn electrodes (Figure S5c), whereas the Pdn
electrodes exhibited a significantly lower peak potential (0.77
V vs RHE) than the Aun electrodes (1.2 V vs RHE). For these
reasons, we expected that the bimetallic system combining Au
and Pd NPs would improve the electrocatalytic performance,
reducing the onset potential as well as increasing the anodic
current for HMF oxidation.
On the basis of the optimized catalytic activity of the

monometallic system at 14 BLs achieved through a fine
balance between the HMF oxidation and diffusion process,
four different bimetallic systems with 7 BLs of each metal NP
(a total of 14 BLs, i.e., the optimal number) were fabricated
with Au and Pd NPs: Au7/Pd7, Pd7/Au7, (AuPd)7, and
(PdAu)7. All the assembled electrodes were investigated to
identify the architecture−performance relationship toward
HMF oxidation. As indicated by the LSV measurements
(Figure 2), all bimetallic film electrodes exhibited significantly
improved electrocatalytic activity, with an increased peak

Figure 2. Electrocatalytic activity for the HMF oxidation reaction of all multilayer electrodes prepared in the study. (a) LSVs measured at a
scan rate of 2.0 mV s−1 with 10 mM HMF in a 1.0 M KOH electrolyte and (b) comparison of the peak potential (black) and current density
at the peak potential (gray) for each film electrode with the corresponding architecture.

Figure 3. Electrocatalytic activity of multilayer electrodes for the HER. (a) LSVs of all electrodes prepared in the study, obtained at a scan
rate of 2.0 mV s−1 with 10 mM HMF in a 1.0 M KOH electrolyte. (b) Comparison of the onset potential at −0.2 mA cm−2 (black bar) and
the current density at −0.4 V (vs RHE) (gray bar) for each electrode.
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current density and a low peak potential, in comparison with
the monometallic Au14 and Pd14 electrodes. Among them, the
fully alternating (Pd/Au)7 bimetallic electrode exhibited the
highest current density of 3.24 mA cm−2, which was a 225%
improvement in comparison with that of the monometallic
Pd14 electrode. The Pd7/Au7 bimetallic electrode had the
lowest peak potential (0.76 V vs RHE), clearly suggesting that
there was a synergistic effect for HMF oxidation within the
heterogeneous bimetallic 3D multilayer electrodes. Since the
difference between fully alternating bimetallic (AuPd)7
electrode and (PdAu)7 electrode was insignificant, (AuPd)7
was chosen as the representative electrode to investigate
further in this study.
For successful coupling of the full cell system with

simultaneous FDCA and H2 production, the LbL-assembled
multilayer electrodes require high HER performance in the
presence of HMF. Here, the electrocatalytic activity for the
HER was investigated for the synthesized multilayer electrodes
in the absence and presence of 10 mM HMF (Figure S8).
Interestingly, there was no significant change in the LSV curve,
indicating that the cathodic H2 evolution was not influenced by
the presence of HMF. In addition, this result suggests that
hydrogen is originated from water instead of HMF. According
to the previous literature, the origin of H2 in electrochemical
reforming was suggested to be water as revealed by the
deuterated solvent experiments.34

The electrocatalytic activity for the HER in the HMF
solution was then investigated for LbL-assembled multilayer
electrodes (Figure 3). When the Au and Pd NPs were
assembled together, the HER activity was significantly
improved, with a lower onset potential and a higher current
density, compared with the case of the monometallic

electrodes. Among the electrodes, the fully alternating
(AuPd)7 electrode exhibited the best performance, with the
highest current density (−8.62 mA cm−2) at −0.4 V (vs RHE)
and the lowest onset potential (−0.10 V vs RHE) at −0.2 mA
cm−2. The Au7/Pd7 electrode required a significantly higher
overpotential of 0.18 V (vs RHE) and had a lower current
density (5.55 mA cm−2), whereas the Pd7/Au7 electrode
exhibited similar HER catalytic performance to (AuPd)7,
which was similar to the tendency of the electrocatalytic
performance for HMF oxidation. Furthermore, to identify
HER performance with respect to the number of BLs, the
electrocatalytic activity was compared with (AuPd)n film
electrodes (n = 4−7). While the HER activity was improved
with respect to the number of BLs (Figure S9), the number of
BLs was fixed to 7 BLs for each NP throughout this study, as it
is optimized for the anodic reaction.

Mechanistic Study and Architecture−Performance
Relationships. Encouraged by the improved electrocatalytic
behavior of the bimetallic Au and Pd NPs toward electro-
catalytic activity, we then examined the relationship between
the architecture of the multilayer electrodes and the electro-
chemical behavior in further detail. At first, the catalytic
mechanism of HMF oxidation was investigated. Generally,
there are two possible pathways in the HMF oxidation reaction
to produce FDCA through various reaction intermediates of
different oxidation levels (Figure 4a).17,35,36 To investigate the
mechanisms of HMF oxidation for the Au-Pd bimetallic
system, chronoamperometric (CA) tests were performed at a
constant potential of 0.82 V (vs RHE), which corresponds to
the peak potential of HMF oxidation. During the electro-
catalytic oxidation, the concentration of HMF and its
corresponding oxidation products with various LbL-assembled

Figure 4. (a) Schematic reaction pathways for the sequential oxidation of HMF to FDCA through various reaction intermediates. (b) Yield of
the final product FDCA from each electrode during the electrochemical oxidation and (c) comparison of the relative concentration ratio
between 5-hydroxymethyl-2-furancarboxylic acid (HFCA) and FDCA for different types of electrodes at 120 min. Reaction conditions: 10
mL of 5.0 mM HMF in 1.0 M KOH; anode potential of 0.82 V vs RHE.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c00581
ACS Nano 2020, 14, 6812−6822

6816

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c00581/suppl_file/nn0c00581_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c00581/suppl_file/nn0c00581_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00581?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00581?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00581?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00581?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c00581?ref=pdf


electrodes were monitored by high-performance liquid
chromatography (HPLC) (Figure 4b,c and Figure S10).
Among them, HFCA appeared as a major intermediate,
whereas 2,5-furandicarbaldehyde (FDA) was not observed in
the overall reaction (Figure S10b). This observation indicates
that the oxidation of the aldehyde group was more favorable
than that of the alcohol group of HMF in our system.
For both the mono- and bimetallic electrodes, the

conversion of HMF occurred rapidly in the early stage (within
30 min), except only for the monometallic Pd14 electrode,
which exhibited a significantly low HMF conversion of 4.92%
after 30 min (Figure S11). It is also of note that the
monometallic Au14 electrode displayed a poor yield of the final
product FDCA (3.22%) (Table S2), albeit with a high yield of
HFCA (23.6%) from HMF (Figure 4c), indicating that the Au
NPs were more effective than Pd NPs for the oxidation of
HMF to HFCA. In contrast, while the HMF conversion by the
Pd NPs was significantly slower, it resulted in high selectivity
for FDCA. In other words, the conversion efficiency from
HFCA to FDCA for Pd14 was 53.2%, which was much higher
than that of Au14 (12.0%), in addition to the significantly
reduced HFCA yield for all the Pd-supported Au bimetallic

electrodes. These results indicate that the conversion of HFCA
was more favorable for the Pd NPs than for the Au NPs.
After the slow rate-limiting steps for pure Au and Pd

monometallic electrodes were identified, conclusions could be
drawn regarding the benefit of Au-Pd bimetallic electrodes for
FDCA production. Combining both Au and Pd NPs led to
more facile aldehyde oxidation at a low potential with an
enhanced alcohol oxidation activity in comparison to
individual single components. Indeed, the bimetallic system
exhibited an FDCA yield more than 2-fold higher than that of
the monometallic electrodes. More interestingly, even with the
identical composition of NPs, the electrocatalytic activity was
tunable according to the location of the NPs within the
multilayer electrodes, which could be related to the stepwise
reaction pathway involved in the HMF oxidation. For instance,
although the (AuPd)7 and Pd7/Au7 electrodes exhibited similar
FDCA yields, there was a significant difference in electro-
chemical activity, between the electrodes with opposite
layering sequences, that is, Au7/Pd7 (Pd layer atop Au layer)
and Pd7/Au7 (Au layer atop Pd layer) (Figure 4b,c). The
current density of the Pd7/Au7 electrode (3.09 mA cm−2) was
significantly higher than that of the Au7/Pd7 electrode (2.53
mA cm−2). Furthermore, the Pd7/Au7 electrode exhibited a

Scheme 2. (a) Schematic Reaction Pathways for the Sequential Oxidation of HMF with Pd and Au NPs and Putative Reaction
Mechanism with (b) Pd7/Au7 and (c) Au7/Pd7 Multilayer Electrodes for Converting HMF into FDCA

Figure 5. (a) LSV curves with Au7/Pd7 and Pd7/Au7 multilayer electrodes for converting HFCA into FDCA. (b) FDCA yield from HFCA
measured via HPLC. All LSVs were recorded in 1.0 M KOH with 10 mM HFCA, at a scan rate of 2.0 mV s−1.
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higher yield of both FDCA (16.4%) and HFCA (10.1%) in
comparison with the Au7/Pd7 electrode.
Because Au NPs favored the conversion of HMF into

HFCA, HMF is rapidly oxidized to HFCA when Au NPs are
located at the outer layer (Scheme 2a). Indeed, both the Au14
and Pd7/Au7 electrodes exhibited a high concentration of
HFCA (Figure 4c). Subsequently, the generated HFCA served
as a reactant on Pd NPs to facilitate afford the conversion
toward the final product, that is, FDCA. The Au NPs supplied
an additional reactant, that is, HFCA, to the surface of the Pd
NPs and increased the concentration, resulting in enhanced
mass transfer for the 3D multilayer electrodes. Therefore, when
Au NPs were located at the outer layer, as in the case of the
Pd7/Au7 electrode, the current density was high owing to the
enhanced mass transfer into inner-layer Pd NPs for the
effective oxidation toward FDCA.
To verify this interpretation, we investigated the electro-

catalytic oxidation of the intermediate HFCA compound using
Pd7/Au7 and Au7/Pd7 electrodes (Figure 5). In contrast to the
case of HMF oxidation, the Au7/Pd7 electrode exhibited a
higher FDCA yield (17.5%) and current density (2.17 mA
cm−2) than the Pd7/Au7 electrode (13.0% and 1.55 mA cm−2,
respectively). Thus, when Pd NPs existed at the outer layer
(Au7/Pd7 electrode), the electrocatalytic performance for
converting HFCA was high, because Pd NPs could rapidly
oxidize HFCA to FDCA. These differences in the electro-
catalytic performance and product distribution clearly
demonstrate that the reaction pathway of HMF oxidation is
highly dependent on the types of catalysts and the architecture
of bimetallic electrodes, which is difficult to observe in other
conventional electrode manufacturing techniques.
In addition, Faradaic efficiency for anode is calculated with

each multilayer film electrode (Table S3). Interestingly,
monometallic Pd14 film and all bimetallic films showed a
good faradaic efficiency for producing FDCA (72.8−85.8%),
whereas Au14 has a poor efficiency of 45.8% albeit with the
high charge passed. This result further supports the proposed
mechanism that Au NP favors to convert HMF to HFCA,
while it is still undesirable to yield the final product, FDCA
(Scheme 2).
To further correlate the nanoarchitecture and performance

of the multilayer electrodes with the mechanisms for the HER,
the electrochemical kinetics for the HER was investigated
using the Tafel slopes of the LbL-assembled electrodes. As
described in the section related to the HMF oxidation reaction,
the HER activity strongly depends on the architecture of the
multilayer electrodes. For example, both monometallic electro-
desAu14 and Pd14exhibited a low HER activity, with a
high Tafel slope of 288 and 174 mV dec−1, respectively, in the

Tafel region from −0.06 to −0.33 V (Figure S12). In contrast,
the bimetallic (AuPd)7 and Pd7/Au7 electrodes exhibited
significantly improved kinetics, with a lower Tafel slope of
105−109 mV dec−1, which is comparable to the values
reported for other catalysts.37,38

It is widely known that in the first step of the HER, a water
molecule receives an electron and generates an adsorbed H
atom (Hads) as an intermediate (Volmer reaction) on the
surface of the catalysts.39,40 In the second step, the electron is
transferred to the Hads, and generated H2 molecules are then
released on the catalyst surface via a Tafel or Heyrovsky
reaction. Therefore, the optimal Gibbs free energy for Had
between the adsorption and desorption of hydrogen in the
volcano plots (ΔGHad

≈ 0) is necessary to develop highly
efficient HER electrocatalysts.
According to the volcano plots for the HER, which are

correlated to the binding energy of Hads, Pd has a small energy
barrier with negative ΔGHad

for the adsorption of protons.40−44

On the other hand, Au, which has a high ΔGHad
for Had (ΔGHad

> 0), can participate more easily in the desorption process.
Therefore, the diffusion coefficient of Hads atoms on Au is
approximately 1.47 × 10−3 cm2 s−1,45 which is significantly
higher than that on a Pd surface (1.30 × 10−7 cm2 s−1).46

According to these distinctive features of relatively adsorption-
like Pd and desorption-like Au, Hads was more favorable to
form on the surface of Pd layers in our Au-Pd bimetallic
multilayer electrodes. The hydrogen coverage on the restricted
Pd surface increases rapidly, and the excessive Hads atoms
begin to spill over from hydrogen-rich Pd to the nearby
hydrogen-poor Au NP layers, freeing Pd sites that can be filled
by newly Hads. Thus, in addition to the possible desorption of
hydrogen on the Pd surface, the chemical desorption of spilled
over hydrogen can occur on the adjacent Pd-Au and/or Au-Au
layers within the multilayer electrodes. Consequently, the
electrocatalytic HER activity of the bimetallic electrodes is
significantly improved in comparison with that of the
monometallic electrodes, because the excessive Hads produced
on the Pd layers quickly spills over to the neighboring Au and
then undergoes fast desorption (Scheme 3). According to the
previous researches, the effect of hydrogen spillover in
heterogeneous catalysts has been reported for diverse alloy
systems.44,45,47−50 In concert with our results, by employing
both experimental and theoretical approaches, Sykes et al.
demonstrated a similar spillover phenomenon of hydrogen
onto Au-supported Pd clusters.50

For these reasons, a large number of contact layers between
Au and Pd NPs in the fully alternating (AuPd)7 multilayer
electrode yielded a low Rct of 135 Ω (Figure S13), which

Scheme 3. HER Mechanisms for the (a) (AuPd)7, (b) Pd7/Au7, and (c) Au7/Pd7 Multilayer Electrodesa

aGray balls with solid and dashed lines represent adsorbed (Hads) and desorbed H atoms, respectively.
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eventually resulted in better performance in comparison with
the other bimetallic electrodes, that is, Pd7/Au7 and Au7/Pd7.
In the case of the same number of contact layers between Au
and Pd layers, for example, Au7/Pd7 and Pd7/Au7, Pd NPs
located at the inner layer (Pd7/Au7) may be more beneficial
not only for forming a high concentration profile of Hads within
the Nernst diffusion layer at the bottom end of the catalytic
electrodes underneath but also for releasing Hads on the Au
surface of the outer layer near electrolytes for the desorption
process via Heyrovsky reaction. As a result, the HER kinetics
could be facilitated with a low Rct value of 190 Ω compared to
a high Rct value of 1397 Ω for the Au7/Pd7 electrode.
Full-Cell Performance. According to our investigation of

the nanoarchitecture-related electrocatalytic performance, we
fabricated the full-cell system exclusively with LbL-assembled
electrodes. The system was optimized for the respective half-
cell reactions. Because the full-cell system requires a higher
energy than the half-cell system, the overall catalytic perform-
ance differed considerably depending on the architecture of the
multilayer film electrodes. When the two-electrode system was
coupled with the same multilayer electrodes in both anode and
cathode, (AuPd)7∥(AuPd)7 demonstrated the highest current
density among all combinations because the fully alternating
(AuPd)7 electrode showed a good activity for both HMF
oxidation and HER (Figure 6 and Figure S14). Furthermore,
when we combined the Pd7/Au7 film as the anode and
(AuPd)7 as the cathode, the full-cell electrocatalytic perform-
ance was more improved compared to that of Pd7/Au7∥Pd7/
Au7 system, owing to the outstanding performance of (AuPd)7
film toward HER.
These results confirmed that a rational strategy for

controlling the architecture is essential for controlling the
electrocatalytic activity. This fine control is particularly
important in the case of cascade or tandem reactions, because
the deposition sequence of active NPs is critical, as each type

of NP has different kinetics and a different energy barrier for
the electrochemical reactions. As demonstrated in this study,
HMF oxidation requires several oxidative processes to produce
FDCA. While Au NPs are more favorable for converting HMF
into the intermediate HFCA, Pd NPs can rapidly convert
HFCA into the final product FDCA. In the case of the HER,
an architecture with adjacent Pd and Au (fully alternating
(AuPd)7 electrode) is highly desirable for the rapid spillover of
adsorbed hydrogen from the Pd NPs to the Au NPs.

CONCLUSION
In summary, we systematically examined LbL-assembled
bimetallic electrodes to reveal the architecture−performance
relationship for electrochemical HMF oxidation and H2
production. The electrocatalytic activity with LbL-assembled
multilayer electrode is mainly governed by the thickness and
the architecture of the electrodes. Even with the identical
composition of NPs, when Au NPs were located at the outer
layer, as in the case of Pd7/Au7 electrode, the yield of FDCA
was higher compared with that for Au7/Pd7, due to the
enhanced mass transfer of HFCA into inner-layer Pd NPs. In
the case of the HER, an architecture with adjacent Pd and Au
(fully alternating (AuPd)7 electrode) was highly desirable for
the rapid spillover of hydrogen from the Pd NPs to the Au
NPs. Furthermore, a full-cell electrochemical system with the
optimized electrodes for HMF oxidation and the HER was
successfully controlled according to the assembled combina-
tions of electrodes. We believe our systematic study involving
LbL-assembled electrodes can be extended to the rational
design of other highly active and selective catalysts for various
oxidation reactions in ecofriendly processes.

METHODS
Preparation of Nanosized Graphene Oxide (nGO). nGO was

synthesized from graphite nanofibers (Catalytic Materials, United

Figure 6. (a) Illustration of the two-electrode full-cell system of Pd7/Au7∥(AuPd)7 used in this study for the simultaneous generation of
FDCA in the anode and H2 in the cathode. (b) LSV curves of the two-electrode full-cell system for HMF oxidation in a 1.0 M KOH solution
with 10 mM HMF, collected using a scan rate of 2.0 mV s−1. (c) Schematic of the Pd7/Au7 multilayer anode and the (AuPd)7 multilayer
cathode with the corresponding electrocatalytic reactions. Gray balls with solid and dashed lines represent adsorbed (Hads) and desorbed H
atoms, respectively. Note that the carboxylic acid groups of FDCA and intermediates are deprotonated in the 1.0 M KOH solution.
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States) according to a previously reported method.51 Graphite oxide
was synthesized by the modified Hummers method and exfoliated to
obtain a brown dispersion of nGO under ultrasonication at a
concentration of 0.50 mg/mL.
Preparation of Au and Pd NPs. The DMAP-stabilized Au and

Pd NPs were prepared via spontaneous phase transfer from an organic
solvent, using a previously reported method.52

LbL Assembly of Hybrid Electrode Films. An ITO-coated glass
substrate was cleaned via sonication in deionized (DI) water, acetone,
and ethanol for 10 min. Si and quartz substrates were cleaned with a
piranha solution to remove organic contamination, followed by
treatment with (3-aminopropyl)triethoxysilane to introduce a
positively charged hydrophilic surface. These substrates were first
dipped into a negatively charged nGO solution (0.50 mg/mL) with a
pH of 4 for 10 min. They were then dipped into DI water for 1 min
three times to remove loosely bound nGO. Subsequently, the
substrates were dipped into a positively charged DMAP-coated Au or
Pd NP suspension with a pH of 11 for 10 min and washed with DI
water three times for 1 min, yielding a 1-BL film of Au1 or Pd1,
respectively. The foregoing procedures were repeated to obtain the
desired number of BLs (n). Multicomponent assembly was conducted
using the identical procedure with both Au and Pd NP suspensions.
All the as-assembled multilayer films were subjected to thermal
reduction at 150 °C for 12 h in an oven before the electrochemical
analysis.
Electrochemical Analysis. Electrochemical experiments were

performed using a standard three-electrode cell configuration (Bio-
Logic Science Instruments, VSP). A Pt wire was used as a counter
electrode, and Hg/HgO was used as a reference electrode. The
working electrode was a multilayer thin film assembled on ITO-
coated glass. LSV and cyclic voltammetry were performed between
−0.6 and 0.6 V vs Hg/HgO in a 1.0 M KOH solution with a 10 mM
HMF solution at 25 °C at a scan rate of 20 mV s−1. The current
density was calculated by dividing with the geometric area (cm2) of
the as-prepared LbL-assembled electrodes. The values of the potential
were converted from vs Hg/HgO to vs RHE as follows: Hg/HgO +
0.924 V = RHE. Electrochemical impedance spectroscopy measure-
ments were performed in the frequency range of 100 kHz to 100 mHz
under alternating current.
Characterizations. The absorbance of the thin films was

characterized by using UV−vis spectroscopy (UV-2550, Shimadzu).
The thickness of the as-prepared samples on Si substrates was
measured using a surface profiler (DektakXT Stylus Profiler, Bruker).
The surface morphology of the samples was investigated using atomic
force microscopy (AFM, NX-10, Park Systems) in a noncontact
mode. The size and morphology of the prepared NPs were measured
by transmission electron microscopy (TEM, JEM-2100, JEOL). The
cross-sectional TEM samples were prepared using a focused ion-beam
(FIB) technique (Crossbeam 540, ZEISS), and cross-sectional images
were obtained by high-resolution transmission electron microscopy
(HR-TEM), high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), and energy dispersive X-ray
spectroscopy (EDS, JEM-F200, JEOL). The active mass of each
material adsorbed onto the film surface was analyzed by a quartz
crystal microbalance (QCM, QCM200, Stanford Research Sys-
tems).28 The intermediates during the reaction were investigated by
high-performance liquid chromatography (HPLC, Shimadzu Prom-
inence). To study the oxidation products of HMF, 0.2 mL of
electrolyte was collected every 30 min during chronoamperometry at
0.82 V (vs RHE) and then analyzed by HPLC at room temperature.
The products, including HMF, HFCA, FFCA, and FDCA, were
separated using a C18 column (200 × 4.6 mm2). The furan
compounds were detected using a UV detector at 265 nm. The
mobile phase was composed of water and methanol, with a ratio of
90:10, and the flow rate was set as 1.0 mL/min. Each concentration of
products was quantified by a calibration curve with standard samples.
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