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ABSTRACT

The design of catalyst surfaces that exhibit high activities for ethanol oxidation reaction (EOR)
is essential to achieving practical application of direct ethanol fuel cells. Composite catalysts of
Pd nanoparticles and metal hydroxide are promising candidates for EOR; however, a guide of
catalyst design, including appropriate valence states and interfacial structures between component
materials, has not been identified. Herein, we synthesize composite electrocatalysts of cubic and
octahedral Pd nanocrystals with well-defined facets and monolayer metal hydroxide nanosheets
with an identical structure and different composition containing Ni, Fe and Mn, and systematically
elucidate highly active interfacial sites between Pd and metal hydroxides for EOR. The valence
states of Pd are oxidatively changed by nanosheets modification and the composite catalysts with
higher oxidative states show higher EOR activities, probably due to stronger adsorption of ethanol
molecules. Promotion of OH™ adsorption by hydroxide nanosheets also enhances the catalytic
activities, and the improved activities are greater for (111) facet than for (100) facet of Pd whereas
the (100) facet is superior for EOR to the (111) facet for the bare Pd nanocrystals. Our study
suggests that combination of the Pd (111) facet and metal hydroxides is favorable for developing

highly active electrocatalysts for EOR.

Introduction
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The development of alternative energy sources to replace fossil fuels is an essential agenda for
modern society. Fuel cells are prospective technologies to produce clean electricity because they
convert chemical energy (fuel) into electrical energy with high efficiency and emit almost no
pollutants’. Direct ethanol fuel cells (DEFCs) have been considered a promising candidate due to
their high energy density, low toxicity, and convenient storage and transportation of liquid ethanol?.
Commercially available Pt/C and Pt-based materials are commonly used in DEFCs as anode
electrocatalysts for ethanol oxidation reaction (EOR) *, but they are in a predicament of high cost
and limited resources. Compared to Pt, Pd-based catalysts are regarded as alternatives to platinum
for EOR, particularly in an alkaline environment, due to high intrinsic catalytic activities®?®.
Therefore, improving the catalytic activity and stability of Pd-based catalysts is a challenging issue
to meet the requirements of commercial applications and has emerged as a topic of recent hot

debate.

Fabrication of composite structures with transition metal hydroxides or oxides such as Ni(OH)>*"
10°and CuO!!"'? is one of the effective strategies to improve the catalytic performance of Pd-based
catalysts. It has been reported that the introduction of metal hydroxides results in a synergistic
interaction between Pd and metal hydroxides, which changes the electronic states of Pd and
regulates the bonding between Pd and the reaction intermediates!'!: 131>, Furthermore, the metal
hydroxides can promote the supply of OH" species from electrolytes due to a high affinity between
the metal centers and the OH species, which accelerates dehydrogenation and oxidative removal
of carbonaceous intermediates on the Pd surface’. Although several metal hydroxides achieved to
improve catalytic activities of Pd nanoparticles for EOR, previous studies have not systematically

investigated the effects of the kinds of metal hydroxide, structure of the contacting interface, and
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facets of the materials on catalytic activities of composite catalysts, lacking effective design guide

of highly active electrocatalysts.

Facet control is also an effective approach to achieve surface structure manipulation leading to the
design of highly active catalysts!®?°. Studies on Pd bulk single crystals have shown that the
crystallographic orientations can have significant impacts on the various electrochemical reactions
including EOR. The three basal planes (111), (100) and (110) are of fundamental interest since
they are combined to form structurally high-index planes in single crystals®*'. From a practical
viewpoint, Pd nanocrystals are preferable to Pd bulk crystals for employment as electrocatalysts.
The basic nanofacets can be created on the surface of shape-controlled nanoparticles; for example,
Pd cubes, octahedrons and rhombic dodecahedrons are enclosed predominantly by the (100), (111)
and (110) nanofacets, respectively. Thus, a systematic investigation of the electrocatalytic
activities of the Pd catalysts with controlled facets for EOR in alkaline media is highly demanded
for development of highly efficient fuel cells. Based on the backgrounds, the combination of facet-
controlled Pd nanocrystals and metal hydroxides will provide a design guide of highly active
electrocatalysts for EOR. However, to the best of our knowledge, there is no report on the

composite electrocatalysts of facet-controlled Pd nanocrystals and metal hydroxides for EOR.

In general, materials such as metal hydroxides with different compositions have different sizes,
morphology and crystal structure, and these factors have complicated effects on catalytic
properties. Since these factors change together when the kinds of metal hydroxide are changed, it
is difficult to investigate the effects of metal hydroxides in composite catalysts systematically.
Layered double hydroxide (LDH) is a layered compound that consists of metal hydroxide
nanosheets containing various divalent and trivalent metal elements such as Ni**, Fe*" and Mn**

and water molecules and anions inserted between the layers?>?3. The OH" is preferentially
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adsorbed on metal species at the edges of monolayer nanosheets exfoliated from LDH. The LDH
has the same hydrotalcite crystal structure regardless of their various metal compositions, and the
exfoliated monolayer nanosheets also have the same structure. In other words, exfoliated
monolayer nanosheets have the same structure, but their chemical properties can be controlled by
the metal composition. Therefore, the application of monolayer metal hydroxide nanosheets
exfoliated from LDH to the shape-controlled Pd nanocrystals allows us to systematically

investigate the composite effects on the catalytic performance for EOR.

In this study, we synthesize composite electrocatalysts of cubic and octahedral Pd nanocrystals
and two kinds of monolayer metal hydroxide nanosheets exfoliated from LDHs containing Ni, Fe
and Mn, and systematically investigate the effects of a combination of metal hydroxides with the
(100) and (111) facets of Pd on catalytic performances of EOR to elucidate highly active interfacial
sites between Pd and metal hydroxides (Scheme 1). Combination of metal hydroxide nanosheets
improved catalytic performances of Pd nanocrystals by oxidative change in valence states of Pd
and promotion of OH™ adsorption. We reveal that the metal hydroxide nanosheets have different
effects on the facets of Pd and combination of the nanosheet containing Ni and Mn and Pd

nanocrystals with the (111) facet is a promising way to enhance catalytic activities for EOR.
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Scheme 1 Illustration of synthesis of the composite electrocatalysts of shape-controlled Pd

nanocrystals and metal hydroxide nanosheets exfoliated from LDH.

Experimental
2.1 Synthesis of shape-controlled Pd nanoparticles
All the chemicals were of analytical grade and used without further purification.

Palladium (IT) chloride (PdCl>), palladium (II) sodium chloride (Na2PdCl4), potassium iodide (KI),
cetyltrimethylammonium bromide (CTAB, Tokyo Chemical Industry Co., Ltd.)),

cetyltrimethylammonium chloride (CTAC), L-ascorbic acid, citric acid and hydrochloric acid
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(HCI) were obtained from Fujifilm Wako pure chemical corporation. Distilled water was used

throughout the experiments.

The cubic and octahedral Pd nanoparticles were prepared by one-pot synthesis, as reported
previously'®. A 10 mmol dm™ H2PdCls solution was prepared by dissolving 0.1773 g of PdCl> in
10 cm?® of 0.2 mol dm™ HCl solution and further diluting to 100 mL with doubly distilled water.
In the synthesis of cubic Pd, a 5 cm? aliquot of 10 mmol dm™ H2PdCls solution was added to 100
mL of 3.13 mmol dm™ CTAB solution heated at 95°C under stirring. After 5 min, 8 cm? of freshly
prepared 10 mmol dm™ ascorbic acid solution was added, and the reaction was allowed to proceed
for 20 min. The obtained suspension was washed by ultra-pure water three times and the cubic Pd

(c-Pd) suspension was prepared.

In the synthesis of octahedral Pd, a 4 cm? aliquot of 50 mmol dm™ Na2PdCls solution was added
to 7 cm? of an aqueous solution containing 116 mmol dm™ of CTAC, 46 mmol dm™ of citric acid
and 50 mmol dm™ of L-ascorbic acid heated at 95°C under stirring?*?°. The resultant solution was
heated at 100°C for 3 h with vigorous stirring. The obtained suspension was washed by ultra-pure

water three times and the octahedral Pd (o-Pd) suspension was prepared.

2.2 Synthesis of metal hydroxide nanosheets

The metal hydroxide nanosheets were prepared thorough exfoliation of LDH precursors®®. The
LDH precursors were synthesized by the hydrothermal method?’?%. For preparation of LDH-FeNi,

Ni(NO3)2 « 6H20 (Fujifilm Wako pure chemical corporation) and Fe(NOs)s + 9H20 (Kanto

Chemical Co.) of which ratio of Ni to Fe was 3:1 were dissolved in 40 cm? of deionized water with

2 mmol of triethanolamine (TEA, Fujifilm Wako pure chemical corporation) to form a solution
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with a total metal cation concentration of 80 mmol dm™. Then, 5.6 mmol of urea (Kanto Chemical
Co.) were added to the solution and magnetically stirred for 1 h. Then, 40 cm?® of the above solution
was transferred to a 50 cm® stainless steel Teflon-lined autoclave and heated at 150°C for 36 h.
The obtained powder, LDH-FeNi, was collected by filtration and then washed with deionized
water and ethanol. For preparation of LDH-MnNi, 0.5 mmol of NiCl2-6H20 (Fujifilm Wako pure
chemical corporation) and 0.25 mmol of MnCl2-4H20 (Fujifilm Wako pure chemical corporation)
were dissolved in 100 cm® of deionized water. 56.6 nm® of 30 wt% H202 (Fujifilm Wako pure
chemical corporation), 1.5 mmol of NaCl (Fujifilm Wako pure chemical corporation) and 4.5
mmol of hexamethylenetetramine (HMT, Tokyo Chemical Industry Co., Ltd.) were added into the
above solution. Then, the homogeneous solution was transferred into the autoclave and heated at
90°C for 4 h. A yellow product, LDH-MnNi, was collected by filtration and then washed with

deionized water and ethanol.

Anion exchange was conducted in alcohol containing acid with an excess of the target anions »°.
An aqueous solution of perchlorate acid (HC1O4, 60%, Fujifilm Wako pure chemical corporation)
was used for ClO4™ anion exchange. The obtained LDH powders (100 mg) were dispersed into 100
cm’® of Ar-purged methanol and mechanically stirred under Ar flow for 1 h. The obtained powders
were collected by filtration and then washed with deionized water and ethanol. Finally, C104—
intercalated LDH powders were obtained after drying in vacuo at room temperature. For
exfoliation, 5 mg of ClOs—intercalated LDHs powders were dispersed in 10 cm® of degassed
formamide and then mechanically stirred in a Ar atmosphere for 24 h. Transparent colloidal

suspensions of FeNi and MnNi hydroxide nanosheets (FeNi-NS and MnNi-NS) were obtained.
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2.3 Synthesis of composite catalysts

The colloidal suspensions of prepared Pd nanocrystals and nanosheets were mixed for several
hours and then composite catalysts of Pd nanocrystals and metal hydroxide nanosheets were
prepared. The nanosheets and Pd were combined in a 1:99 weight ratio. The composite catalysts

are denoted as Pd/XNi, where X represents Fe or Mn.

2.3 Characterization

The phase of samples was examined by X-ray powder diffraction (XRD, Rigaku, Ultima IV) using
Cu Ka radiation (A = 0.15418 nm, U = 40 kV, I = 20 mA). Morphology of the prepared samples
was observed using a low-voltage scanning electron microscope (SEM, Zeiss, Sigma-500)
operated at 1.5 kV. The morphology and composition of the samples were also analyzed using a
scanning transmission electron microscope (STEM, JEOL, JEM-ARM200F) with EDS facilities.
The metal composition of catalysts was also determined by analyzing the solution of the samples
dissolved in acid using the inductively coupled plasma atomic emission spectroscopy (ICP-AES,
Shimadzu, ICPE-9000). The specimens of electrodes for cross-section observation were prepared

using a cross-section polisher (JEOL, IB-19530CP).

2.4 Electrochemical measurement

The electrocatalytic activity was evaluated by the rotating disk electrode (RDE) system using the
catalyst-loaded glassy carbon disk electrode. After polishing the glassy carbon disk electrode, 12

nm® of the colloidal suspensions of catalysts were dropped on the glassy carbon disk electrode,
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and the solvent was evaporated at 90°C (loading of 8.15 pg cm™). The electrochemical
measurements were carried out using a three-electrode system connected with VERTEX
potentiostat/galvanostat (Ivium Technologies). A platinum coil and Hg/HgO/1 mol dm™ KOH
were used as counter and reference electrodes, respectively. All measurements were carried out at
room temperature in 80 cm® of a 1 mol dm™ KOH aqueous solution with and without 1 mol dm™
ethanol (pH=14) under Ar atmosphere. The electrocatalytic activity was evaluated using cyclic
voltammetry (CV). Before EOR, to remove the capping reagents which may bind to the facets of
nanoparticles, electrochemical cleaning processes were performed before the EOR measurements.
CV measurements were conducted in a 1 mol dm™ KOH aqueous solution without 1 mol dm™
ethanol as the blank condition with a potential sweep rate of 100 mV s™'. Then, ethanol was added
to the solution and CV measurements were carried out to evaluate the EOR activities. The potential
was converted from the Hg/HgO/4 mol dm KOH reference scale to the RHE using the following

equation:
E vs RHE = E vs Hg/HgO/4 mol dm> KOH + 0.926 V (1)

Chrono amperometry (CA) measurement was performed at 0.6 V vs RHE in an Ar-saturated 1 mol
dm™ KOH aqueous solution with 1 mol dm™ ethanol solution. The CV curves were also measured
from 0.0 to 1.2 V vs RHE to determine the electrochemically active surface area (ECSA) of Pd

nanocrystals in the catalysts '%3%-32, The ECSA value was estimated according to the equation:
ECSA = Q/(0.405 x Wrd)  (2)

wherein Q represents the charge by integrating the reduction peak area of Pd oxide, Wrpd is the
loading amount of Pd on the electrode, and the value of 0.405 mC cm™ is the charge required for

reduction of a Pd oxide single layer. Electric double layer capacitance (Ca) was calculated to

10



10

11

12

13

14

15

16

17

18

19

estimate the ECSA of FeNi-NS and MnNi-NS by measuring the CV curves in the double layer
capacitance region. The scan rates were 10, 20, 30, 40 and 50 mV s!. The Ca was estimated by
plotting the Aj (ja-jc) at 1.1 V vs RHE (1 mol dm™ KOH) against the scan rate. The slope is twice

of the Ca.

Results and discussion
3.1 Morphology of LDH nanosheets

The LDH precursors were prepared using a hydrothermal method as reported previously 728, After
exchanging the carbonate anions in the LDH precursor for perchlorate anions, metal hydroxide
nanosheets were exfoliated in formamide. TEM and SEM observations revealed that LDH
precursors have typical plate-like morphologies with a lateral size of several hundred nanometers
(Figure 1). The exfoliated nanosheets exhibited lateral sizes from several to several tens of
nanometers with faint and uniform contrast. The results indicate that the nanosheets became a
monolayer and fragment during exfoliation '* 2%, The exfoliated nanosheets showed similar ECSA
values (Figure S1). The EDX analysis indicated a nickel-iron ratio of 3:1 and a nickel-manganese
ratio of 5:1 of each hydroxide nanosheets, which was similar to those of the corresponding LDH
precursors. Therefore, we successfully prepared the monolayer metal hydroxide nanosheets with

similar morphology, thickness, and different metal compositions.

11
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(c) FeNi-NS (d) MnNi-NS

Figure 1 (a,b) SEM and (c,d) TEM images of FeNi- and MnNi-LDH precursors and NS.

3.2 Morphology of cubic and octahedral Pd nanoparticles

The cubic and octahedral Pd nanocrystals were prepared by one pot synthesis using shape-
controlled reagents'® 2. Figure 2 shows the representative SEM and TEM images of the
synthesized c- and 0-Pd nanocrystals. Both Pd nanocrystals showed good uniformity in shape and
narrow distribution in size with high selectivity (>95%). The mean sizes of diagonal line lie around
22 £2.1 and 22 + 2.7 nm for the c- and o-Pd, respectively. The HRTEM images (Figure 2 (c) and
(f)) revealed that the exposed surfaces of c-Pd and o-Pd are enclosed by (100) facets with d spacing
2.01 A and (111) facets with d spacing 2.32 A of the fcc Pd crystal, respectively. The

corresponding SAED patterns (inset in Figure 2 (c) and (f)) also suggest the single crystal nature

12
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of the obtained nanoparticles. The samples showed similar ECSA values obtained from CV as
described later. Thus, we successfully synthesized well-faceted the cubic and octahedral Pd

nanoparticles with the similar specific surface area.

Figure 2 (a,d) SEM and (b,c,e,f) TEM images of (a-c) c- and (d-f) o-Pd nanocrystals. Insets in (b)

and (e) show the particle size distributions and insets in (c) and (f) show the SAED patterns.

3.3 Morphology of composite catalysts

13
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We investigated the morphology of composite catalysts and composite states at the interfaces
between the faceted Pd surface and modifying nanosheets. Figure 3 shows high-angle annular
dark-field STEM (HAADF-STEM) images of the composited catalysts. The all composite showed
bright contrast of c- and 0-Pd nanocrystals and faint contrast of hydroxide nanosheets with 2-3 nm
thickness modified on the surface of Pd nanocrystals. The STEM-EDX mappings showed Pd
signal overlapped with the Pd nanocrystals and Ni, Fe and Mn signals overlapped with the entire
composite catalysts containing the nanosheets and Pd nanoparticles. This suggests that the
hydroxide nanosheets were uniformly distributed on the surface of the Pd. High magnification
STEM images clarified that metal hydroxide nanosheets were in contact with the Pd surface at
their edges or lateral planes in all composite catalysts (Figure S2), showing that the fragmented
fine nanosheets were modified on the (100) or (111) Pd facets in a random direction. Therefore,
we successfully prepared the composite catalysts having similar interfacial states regardless of the

Pd shape and metal composition of nanosheets.

14



\S]

(O8]

Figure 3 (a,c,e,g) HAADF-STEM images and (b,d,f,;h) STEM-EDX mappings of (a,b) c-Pd/FeNi-

NS, (c,d) o-Pd/FeNi-NS, (e,f) c-Pd/MnNi-NS and (g,h) 0-Pd/MnNi-NS.
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3.4 Valence states of the prepared catalysts

Since electronic states of catalysts intensively influence catalytic performances, we conducted
XPS measurements to investigate the valence states of composed metals in the pristine samples
and composite catalysts. Figure 4 shows XPS spectra of composed metals in the pristine Pd
nanocrystals, hydroxide nanosheets and composite catalysts. Both the c- and o-Pd showed the Pd
3d spectra attributable to zero valent Pd, indicating that Pd surfaces have metallic states. The
valence states of metals in the pristine nanosheets were assignable to Ni>*, Fe*", Mn*" and Mn*",
similar to previous studies '* 3. Since the Mn species were easily oxidized in atmospheric
conditions, Mn*" species partially formed through oxidation of Mn*'. For all the composite
catalysts, XPS spectra of all metal elements were shifted to higher energy region compared to those
for the corresponding pristine ones. The results were probably due to effects of the change in
charge of the nanosheets through combination ' 1313, The metal hydroxide nanosheets inherently
have a positive charge and intercalated anion species compensate the charge neutrality in the LDH
stacks. The positive charge of exfoliated nanosheets in the suspensions was also compensated by
the anions existing in neighboring circumstances. Because the exfoliated nanosheets in the
composite catalysts were contacted on the Pd surfaces after combination with Pd nanoparticles,
the anions could not sufficiently exist with the nanosheets for charge compensation and electrons
were probably withdrawn from Pd nanocrystals. Thus, the valence states of Pd surface changed to
more oxidative by nanosheet modification. Furthermore, previous studies reported that metal
hydroxide such as Ni(OH)2 converted to metal oxyhydroxide accompanied with oxidative change
in valence states of metals 2> 3. The results of the XPS analysis implied that metal hydroxide
nanosheets were partially converted to metal oxyhydroxide. Thus, the electronic states of all metal

species in the composite catalysts changed to the oxidative states compared to those of the

16



1 corresponding pristine samples. In comparing the electronic states of composite catalysts, the Pd
2 3d spectra for the Pd/MnNi-NS catalysts shifted to a higher energy region than those of Pd/FeNi-
3 NS in both composite catalysts. Since the Mn ion can have higher valence states (Mn*") than that
4  of the Fe ions (Fe*"), the Pd surface states in the Pd/MnNi-NS composites changed to more
5  oxidative than that in the Pd/FeNi-NS composites. Thus, the peak energy of Pd 3d in the catalyst
6  was in the order of Pd/MnNi-NS > Pd/FeNi-NS > Pd. The composite catalysts showed similar
7  energy shifts of Pd 3d spectra around 0.6 eV for Pd/FeNi-NS and 1.4 eV for the Pd/MnNi-NS
8 regardless of Pd shape, respectively. The degree of change in electronic states of Pd by the

9  combination of nanosheets was similar for the c-Pd and o-Pd.
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Figure 4 XPS spectra for (a) Pd 3d, (b) Ni 2p, (c) Fe 2p and (d) Mn 2p of pristine Pd nanocrystals,

pristine NS and composite catalysts.

3.5 Catalytic performances of ethanol oxidation

The CV measurements were conducted to evaluate the electrochemical properties of the prepared
samples in an Ar-saturated 1 mol dm™ KOH aqueous solution at a potential sweep rate of 50 mV
s ! from 0 V to 1.2 V vs RHE (Figure 5 (a) and (b)). Current densities were normalized to the mass
of Pd on the working electrode. All the CV curves exhibit a similar shape and several peaks can
be clearly observed. Peaks from 0.1 to 0.3 V vs RHE were attributed to the hydrogen
adsorption/desorption, while the cathodic peak from 0.6 to 0.9 V vs RHE corresponded to the
reduction of Pd oxide to metallic Pd. The c-Pd and o-Pd showed similar ECSA, 0.043 and 0.040
m?g !, respectively. The ECSA values of the c-Pd/FeNi-NS, c-Pd/MnNi-NS, o-Pd/FeNi-NS and
c-Pd/MnNi-NS were determined to be 0.047, 0.043, 0.037 and 0.039 m?g !, respectively,

indicating no significant change in the ECSA of Pd after the combination of nanosheets.

The catalytic performances for EOR were evaluated by CV measurements in an Ar-saturated 1
mol dm™ KOH aqueous solution with 1 mol dm™ ethanol (Figure 5 (c) and (d)). All the catalysts
showed an anodic peak in the forward scan between 0.5 and 0.9 V vs RHE, and an anodic peak in
the reverse scan between 0.4 and 0.8 V. The former was typically assigned to the oxidation of
ethanol to intermediate products, and the latter was attributed to the further oxidation of
intermediate products, which is not completely oxidized during the forward scan >3, Judging

from the mass-specific current density in the forward scan, the c-Pd (2760 mA mgpd ') exhibited
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a higher peak current for EOR than that of the 0-Pd (2190 mA mgpd'). Since the bare samples
showed a similar ECSA value, the activity difference was attributed to the catalytic properties of
the (100) and (111) facet. Previous studies have reported that Pd catalysts with exposed (100) facet
showed higher EOR activities than those with (111) facet 378, which is coincident with the present
results. The catalytic activities of composite catalysts were compared with those of bare Pd
catalysts under the same condition. The composite catalysts showed higher activities than
corresponding bare Pd for each shape, i.e., the peak current of c-Pd/FeNi-NS (3040 mA mgpa ™)
and c¢-Pd/MnNi-NS (3140 mA mgpqd ') is higher than that of ¢-Pd, and that of 0-Pd/FeNi-NS (2680
mA mgpd ') and 0-Pd/MnNi-NS (3140 mA mgpa ') is higher than that of 0-Pd. Since the hydroxide
nanosheets alone did not show EOR activities, Pd is an active site for EOR in the composite
catalyst and the combination of nanosheets clearly improved EOR activities of the Pd crystals. The
EOR performances of composite catalysts depended on the metal composition of nanosheets and
the Pd/MnNi-NS showed higher EOR performances than those of the Pd/FeNi-NS in each Pd

shape.

The CA measurements were performed to assess the durability of catalysts at 0.6 V vs RHE in
alkaline media (Figure 5 (¢)). For all electrocatalysts, the mass-specific current densities rapidly
decreased at the initial reaction stage and then declined with the prolongation of time. Similar
behaviors have been frequently observed in previous studies **-*!. The sharp drop in current density
is attributed to the formation of carbonaceous intermediates on the surface of catalysts during the
EOR, which block the active sites and decrease the electrochemical activities. The c-Pd showed
higher initial current density than that of 0-Pd; however, both pristine Pd showed a rapid decrease
in current density and no activity within 200 s due to the poisoning of carbonous intermediates.

The composite electrocatalysts showed a higher current density than those of the corresponding
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pristine Pd, which was similar to the CV results. Furthermore, the composite catalysts exhibited
slower activity decay than the pristine Pd, suggesting the promotion of poisoning tolerance by
combining nanosheets. Thus, the combination of nanosheets with Pd enhanced not only activities
but also durability for EOR. The CA performances of composite catalysts also depended on
nanosheet metal composition, and the Pd/MnNi-NS showed higher performances than those of the

Pd/FeNi-NS for each Pd morphology.

Previous studies have suggested that a possible reason for the activity enhancement by the
hydroxide modification on metal nanoparticles is the change in the electronic states of active sites
L1315 The valence states of Pd changed oxidatively by nanosheet modification, and Pd in the
Pd/MnNi-NS showed more oxidative states than that in the Pd/FeNi-NS. The order of peak current
in the CV and current density in the CA of the catalysts for each Pd shape is consistent with the
order of peak energy of Pd 3d in XPS, i.e., Pd/MnNi-NS > Pd/FeNi-NS > Pd. Therefore, the results
indicate that electronic states of Pd significantly contribute to the EOR activities and the catalysts

with more oxidative states of Pd show higher EOR activities.

Comparing the Pd shape, the c-Pd/NiMn-NS and c-Pd/NiFe-NS exhibited peak current about 1.1
and 1.05 times higher than that of the c-Pd alone, respectively, while the 0-Pd/NiMn-NS and o-
Pd/NiFe-NS exhibited the peak current about 1.5 and 1.3 times higher than that of the o-Pd alone
in the CV measurements. Furthermore, 0-Pd/MnNi-NS showed similar or slightly higher
performances than those of c-Pd/MnNi-NS, that is, lower overpotential on the CV and slower
current density decay on the CA while the 0-Pd and o-Pd/FeNi-NS catalysts exhibited lower
activities than those of the corresponding c-Pd catalysts. The results indicate that the degree of
activity enhancement by nanosheet modification was greater for o-Pd than for c-Pd. Even though

similar changes in valence states of Pd due to combination with FeNi-NS and MnNi-NS were
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observed from XPS regardless the Pd shape, the variation of activity enhancement suggests that
another factor derived from the combination also contributed to activity enhancement in the
composite catalysts. The difference in activity enhancement would be due to the effects of
nanosheet modification on each facet. We discuss mechanisms of activity enhancement in the

composite catalysts in the next section.
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Figure 5 Electrochemical measurements of prepared catalysts. (a, b) CV curves of the pristine Pd

nanocrystals and composite catalysts at 100 mV s~! under the blank condition. (c, d) CV curves of

1

the pristine Pd nanocrystals and composite catalysts at 100 mV s ! in an Ar-saturated 1 mol dm

3

KOH aqueous solution with 1 mol dm™ ethanol. (¢) Long-time durability of the pristine Pd

nanocrystals and composite catalysts at 0.6 V vs RHE.
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3.6 Mechanism of catalytic performance improvement

Since the adsorption energy of substrates and intermediates affects the activation energy of
elementary steps in electrochemical reactions, the electronic states of the catalyst, which influences
their adsorption energy, are regarded as important factors ***3. Previous studies reported that
catalytic activities of many composite catalysts were enhanced by a change in the electronic states
of active sites due to electron transfer between component materials **°. In this study, the
electronic states of Pd oxidatively changed by combination with nanosheets and the oxidative
change in electronic states probably increased the adsorption energy of ethanol and intermediates,
promoting the EOR. The higher EOR performances of Pd/MnNi-NS than those of Pd/FeNi-NS

were attributed to stronger ethanol adsorption on the Pd.

In addition to the electronic states of Pd, OH™ adsorption also influenced on the EOR performances
in the composite catalysts *'% 330 In Pd nanocrystals, experimental and computational studies
have pointed out that octahedral Pd with (111) facet is less active than cubic Pd with (100) facet
37-38. 4748 "and have proposed that the low activity of the (111) facet was mainly due to the low
adsorption energy of OH™ rather than the low adsorption energy of ethanol or intermediates on the
surface’” 4% For alkaline EOR, adsorbed OH" species assist dehydrogenation of ethanol and
oxidative removal of intermediates. The (111) surface is less favorable than the (100) surface for
EOR since adsorption energy of OH  on (111) facet is lower than that on (100) facet. In composite
catalysts of Pd nanoparticles and metal hydroxides, OH" is easily adsorbed on the metal ion centers
of the hydroxide due to their higher affinity to oxygen than that of Pd. Since the OH" species
adsorbed on metal hydroxides promote the dehydrogenation of ethanol and the oxidation reaction

of intermediates at interfacial sites between Pd nanoparticles and metal hydroxides, composite

catalysts achieved higher EOR performances than those of bare Pd catalysts in previous studies’
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10. 15,30 For the composite catalysts in this study, OH" species adsorbed on nanosheets could
promote the EOR performances under a similar process. However, the degree of activity
enhancement due to the promotion of OH™ adsorption by nanosheets differed for the (100) and
(111) facets. Catalytic activities of the o-Pd with (111) facet were lower than those of the c-Pd
with (100) facet mainly due to the energetically unfavorable adsorption of OH for Pd alone. The
promotion of OH™ adsorption by nanosheets reduced the difference in activities on the facets in the
composite catalysts. Thus, the degree of activity enhancement by nanosheet modification was

relatively greater for o-Pd than for c-Pd.

The 0-Pd/MnNi-NS partially showed higher EOR performances than those of c-Pd/MnNi-NS,
such as the overpotential in the CV and current density decay in the CA. Ensemble effects may
occur when ethanol molecules adsorbed on a particular crystal facet react with OH™ on the
hydroxide rather than OH- adsorbed on Pd. A computational study will elucidate the activity trends
of the composite catalysts, which would be the next challenge. In this study, we applied relatively
large Pd nanocrystals with around 20 nm to clearly elucidate the effects of the facets on the EOR
performances of the composite catalysts. Excellent activities will be achieved by the combination
of fine Pd nanocrystals with several nanometers and porous metal hydroxide supporting the Pd
nanocrystals with high dispersion. Based on the results, the combination of metal hydroxide
nanosheets and the Pd (111) facet, which induces the oxidative valence states of Pd and promotes

OH" adsorption, is the promising approach to develop highly active electrocatalysts for EOR.

Conclusion
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We synthesized composite electrocatalysts of the c-Pd with (100) facet and o-Pd with (111) facet
with FeNi-NS and MnNi-NS for EOR and systematically investigated the combination effects of
metal hydroxide on the Pd facets on the EOR performances. The valence states of Pd were
oxidatively changed by nanosheets modification and the Pd in the Pd/MnNi composites had more
oxidative state than that in the Pd/FeNi-NS composites for both shapes due to high valence states
of Mn*". Modification of nanosheets improved catalytic performances of Pd for EOR and the
composite catalysts with higher oxidative states showed higher EOR activities due to stronger
adsorption of ethanol and intermediates. Although the c-Pd was superior for EOR than the o-Pd in
the bare Pd nanocrystals, the degree of activity enhancement by nanosheet modification was
greater for o-Pd than for c-Pd due to the effects of promotion of OH™ adsorption and the o-
Pd/MnNi-NS showed the highest EOR performances. The results suggests that the combination of
metal hydroxides and the Pd (111) facet provides promising catalyst designs to develop highly

active electrocatalysts for EOR.
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