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Length-tunable Pd,Sn@Pt core—shell nanorods for
enhanced ethanol electrooxidation with
concurrent hydrogen productiont

*

Tong Li, Qiuxia Wang, Wenjie Zhang, 22 Huaming Li, Yong Wang™ and Junfeng Liu

The electrooxidation of ethanol as an alternative to the oxygen evolution reaction presents a promising
approach for low-cost hydrogen production. However, the design and synthesis of efficient ethanol
oxidation electrocatalysts remain key challenges. Here, a colloidal procedure is developed to prepare
Pd,Sn@Pt core-shell nanorods with an expanded Pt lattice and tunable length. The obtained Pd,Sn@Pt
catalysts exhibit superior activity and stability for ethanol electrooxidation compared to Pd,Sn and
commercial Pt/C catalysts. By tuning the length of the Pd,Sn@Pt nanorods, remarkable mass activity of
upto 4.75A mgpd+p(1 and specific activity of 20.14 mA cm~? are achieved for the short nanorods owing
to their large specific surface area. A hybrid electrolysis system for ethanol oxidation and hydrogen
evolution is constructed using Pd,Sn@Pt as the anodic catalyst and Pt mesh as the cathode. The system
requires a low cell voltage of 0.59 V for the simultaneous production of acetic acid and hydrogen at
a current density of 10 mA cm™2, Density functional theory calculations further reveal that the strained Pt
shell reduces energy barriers in the ethanol electrooxidation pathway, facilitating the conversion of
ethanol to acetic acid. This work provides valuable guidance for developing highly efficient ethanol
electrooxidation catalysts for integrated hydrogen production systems.

Introduction

Hydrogen has garnered significant attention as a promising
renewable energy source due to its high energy density, non-
toxic nature, and environmental sustainability."® Electro-
catalytic water splitting is considered an efficient method for
generating high-purity hydrogen fuel. The process of water
electrolysis involves two half reactions: the cathodic hydrogen
evolution reaction (HER) and the anodic oxygen evolution
reaction (OER). The sluggish kinetics of the OER pose a signifi-
cant challenge in water electrolysis, requiring high electrical
input and hindering its widespread implementation.*® Despite
extensive research efforts to accelerate anodic oxidation,
substantial voltages are still necessary, considering the high
theoretical equilibrium potential of 1.23 V for OER.”°

To address the challenges associated with the OER in water
electrolysis, the electrooxidation of thermodynamically favor-
able small molecules as an alternative anodic process have been
proposed in recent years."?° Integrating the oxidation of
molecules with the cathodic HER not only reduces the operating
voltage of the water electrolysis system but also eliminates the
risk of H,/O, mixture explosions.>»*> Among various potential
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substrates, ethanol has emerged as a highly attractive candidate
due to its low toxicity, high boiling point, and the possibility of
deriving it from biomass fermentation.?*** The electrooxidation
of ethanol to produce acetic acid, which holds significant
economic value, represents a crucial pathway for synthesizing
acetic acid under moderate reaction conditions.?”*® Conse-
quently, there is a strong imperative to develop hybrid water
electrolysis systems that combine the ethanol oxidation reac-
tion (EOR) with HER, enabling the simultaneous production of
acetic acid and high-purity hydrogen while minimizing energy
consumption.

Pt and Pt-based catalysts have been widely recognized as
highly efficient electrocatalysts for the EOR.>**> However, their
practical application is severely hindered by the exorbitant cost
of Pt. Additionally, these catalysts often suffer from rapid
degradation during the EOR process due to the accumulation of
carbonaceous intermediates on their surfaces.®*** Thus, the
design and synthesis of high-performance Pt-based electro-
catalysts with a low Ptloading amount are worthwhile
endeavors. One common approach to enhancing Pt utilization
efficiency is the construction of catalysts in nanoscale dimen-
sions, allowing for control over phase, size and morphology.**-°
Another effective strategy is the engineering of core@Pt-shell
nanostructures by depositing Pt atoms onto the surface of
a secondary material. This approach offers the advantage of
reducing Pt usage while simultaneously enhancing EOR
performance through the modulation of electronic interactions

© 2023 The Author(s). Published by the Royal Society of Chemistry
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between the Pt surface and the core materials.**** Strain engi-
neering is an additional crucial strategy for modifying the
electronic structure of Pt and enhancing catalytic
performance.***¢ Such as He et al. developed methodologies
involving the insertion/extraction of phosphorus to induce
lattice strain on the Pt surface, leading to strained Pt catalysts
with enhanced activity for alcohol oxidation.*” While various
strategies have been developed to enhance the performance of
Pt-based catalysts, only a limited number of studies have inte-
grated all of the aforementioned strategies into a single catalyst.

Herein, we present a facile electrocatalyst denoted as Pd,-
Sn@Pt, which consists of intermetallic Pd,Sn nanorod (NR)
cores with Pt shells. The synthesis of Pd,Sn NRs grown on the
[010] direction was achieved using a novel colloidal method,
followed by the growth of Pt on the surface of the NRs. The
lattice mismatch between the surface Pt and the Pd,Sn cores
induced a significant tensile strain in the Pt shells. This strain
plays a crucial role in modulating the binding affinity of reactive
species on the catalysts, thereby enhancing the EOR activity.
Additionally, the length of the Pd,Sn@Pt NRs was further tuned
by adjusting the Pd,Sn core size to maximize their performance.
The Pd,Sn@Pt catalysts exhibit exceptional EOR activity in
alkaline conditions, surpassing both the performance of Pd,Sn
and unstrained Pt/C counterparts. This remarkable perfor-
mance can be attributed to the controlled morphology, core-
shell structure, and surface strain effects. To gain further
insights, density functional theory (DFT) calculations were
employed to elucidate the influence of tensile strain on the
adsorption ability of reaction intermediates along the EOR
pathway. Furthermore, we constructed a coupled electrolyzer
utilizing Pd,Sn@Pt as the anodic catalyst for EOR and Pt mesh
as the cathodic catalyst for HER. This system demonstrated
a remarkably low cell voltage of 0.59 V to run the system at

a current density of 10 mA cm™>.

Results and discussion

Pd,Sn@Pt NRs were synthesized through a two-step colloidal
procedure. In the first step, Pd,Sn intermetallic NRs were
synthesized using oleylamine as the solvent and reducing agent,
trioctylphosphine as the surface ligand, and methylamine
hydrochloride (MAHC) as the directing agent for NRs growth.
The length of Pd,Sn NRs was controlled by adjusting the
amount of MAHC in the reaction solvent.*® In the second step,
Pt precursor was introduced into the suspension containing
Pd,Sn NRs and oleylamine, with glucose acting as the reducing
agent (see the ESIT for details). Due to the lower energy barrier
for heterogeneous nucleation of Pt on Pd,Sn seeds compared to
homogeneous nucleation, Pt grew on the surface of Pd,Sn NRs,
forming the Pd,Sn@Pt core-shell structure.* Fig. 1a—c displays
the transmission electron microscopy (TEM) micrographs of
obtained Pd,Sn@Pt NRs using 50.4, 58.7 and 100 mg of MAHC
in the Pd,Sn synthesis process. All the synthesized NRs
exhibited highly monodisperse and uniform morphology. With
increasing amounts of MAHC, the NRs exhibited different
lengths: a small length of 8 x 18 nm (referred to as Pd,Sn-
S@Pt), a medium length of 10 x 38 nm (referred to as Pd,Sn-
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m@Pt), and a long length of 14 x 200 nm (referred to as
Pd,Sn-1@Pt), as shown in Fig. S1.7 The X-ray diffraction (XRD)
patterns matched well with those of Pd,Sn (JCPDS 89-2057) and
Pt (JCPDS 87-0636), confirming the presence of intermetallic
Pd,Sn cores and Pt shells (Fig. 1d). As the length of the NRs
increased, the full width at half maximum of the peak corre-
sponding to the (020) facet decreased significantly, indicating
the growth of Pd,Sn NRs along the (010) facet. Despite the
variations in length, all the Pd,Sn@Pt NRs exhibited similar Pt
ratios based on energy-dispersive X-ray spectroscopy (EDS)
analysis (Fig. S27).

High-resolution TEM (HRTEM) and scanning transmission
electron microscopy EDS (STEM-EDS) mappings were employed
to characterize Pd,Sn-s@Pt and Pd,Sn-l@Pt NRs. HRTEM
analysis in Fig. 1e and f for Pd,Sn-s@Pt and Fig. 1h and i for
Pd,Sn-l@Pt confirmed the presence of orthorhombic Pd,Sn
cores and cubic Pt shells on the NRs. The lattice parameter of
the Pt shells, indexed to the (111) planes, was measured to be
0.236 nm, which was larger than that of commercial Pt/C
(0.228 nm, Fig. S37). Comparing the lattice parameters of the
Pt shell in Pd,Sn@Pt and conventional Pt, a 3.5% tensile strain
in the Pt shell was observed. We attribute this lattice strain to
the epitaxial growth of the Pt shell on the Pd,Sn core (Fig. S47).
Importantly, the Pt (111) facet was found consistently across the
entire surface of the NRs, ranging from 6 atomic layers in short
NRs to 10 atomic layers in long NRs (Fig. S51). Fig. 1g and j
revealed that the Pd and Sn elements were located in the inte-
rior of the NRs, while Pt was located in the exterior, confirming
the core-shell structure with the Pt shell enclosing the Pd,Sn
core. This observation was further supported by the EDS line-
scan plot (Fig. 1k-n), which clearly demonstrated the accumu-
lation of Pt in the near-surface region.

Fig. 2 illustrates the X-ray photoelectron spectroscopy (XPS)
spectra of Pd 3d, Sn 3d, and Pt 4f for both Pd,Sn-s@Pt and
Pd,Sn-s NRs. The Pd 3d spectra of both NRs exhibited two
doublets. For Pd,Sn-s@Pt, the Pd° species was found at a higher
binding energy of 335.8 eV (Pd 3ds) compared to Pd,Sn-s
NRs.? The slight blueshift in the binding energy can be
attributed to the presence of more electronegative Pt, which
induces electron displacement toward Pt. The second peak
observed at binding energy of 336.3 eV (Pd 3ds,,) corresponds to
Pd** species, likely formed due to surface oxidation during the
synthesis of Pd,Sn NRs. Similarly, two doublets were identified
in the Sn 3d spectra, corresponding to Sn° (485.3 eV) and Sn**
(486.9 eV) chemical states. The Pt 4f region of Pd,Sn-s@Pt also
exhibited two doublets.>® The main Pt component, assigned to
a Pt° chemical environment, was observed at a binding energy
of 71.2 eV (Pt 4f;,), accounting for 83% of the total detected Pt.>
Another component corresponding to Pt** at 72.7 eV (Pt 4f;),)
was also identified, resulting from slight surface oxidation of
Pd,Sn-s@Pt NRs when exposed to air. The atomic ratio of Pd, Sn
and Pt at the surface of the NRs, as determined by XPS, was
found to be Pd/Sn/Pt = 51/31/18. It is noteworthy that the
measured Pt content is significantly higher than the value
detected by EDS analysis. Considering that the detected thick-
ness by XPS typically corresponds to the outermost 2-3 nm of
the surface, it can be concluded that Pd,Sn-s@Pt NRs possess
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(a—c) TEM micrographs of (a) Pd,Sn-s@Pt, (b) Pd,Sn-m@Pt, (c) Pd,Sn-l@Pt and (d) their XRD patterns. (e) HRTEM image of Pd,Sn-s@Ptand

(f) integrated pixel intensity of the crystal phase taken from the dotted rectangle in (e) panel. (g) STEM image and corresponding EDS elemental
mappings of Pd,Sn-s@Pt. (h) HRTEM image of Pd,Sn-l@Pt and (i) integrated pixel intensity of the crystal phase taken from the dotted rectangle in
(h) panel. (j) STEM image and corresponding EDS elemental mappings of Pd,Sn-l@Pt. (k and |) EDS line scan across the Pd,Sn-s@Pt (1) as indicated

by the dashed line in STEM image shown in (k). (m and n) EDS line scan
shown in (m).

a Ptrich surface, further confirming the formation of Pd,Sn
core and Pt shell architectures.

The Fourier transform infrared (FT-IR) showed the presence
of oleylamine and trioctylphosphine as ligands on the NRs
surface (Fig. S61), to ensure unobstructed access to the catalytic
active sites, these long-chain ligands were exchanged with
a short, air-stable, and environmentally friendly inorganic
molecule, ammonium thiocyanate.”* Subsequently, the NRs,
along with commercial carbon support, were evaluated for their
electrocatalytic performance in an alkaline electrolyte. Fig. 3a
shows the cyclic voltammetry (CV) curves of Pd,Sn@Pt and
commercial Pt/C electrocatalysts in 1 M KOH aqueous solution
at a scan rate of 50 mV s~ '. The peaks observed in the range of
0 to 0.5 V can be attributed to the adsorption (during the
cathodic scan) and desorption (during the anodic scan) of

across the Pd,Sn-l@Pt (n) as indicated by the dashed line in STEM image

hydrogen on the surface of Pt (Fig. S7t). Based on the coulombic
charges in this region, the electrochemically active surface area
(ECSA) of the surface Pt was estimated.”* As shown in Fig. S8,
the Pd,Sn@Pt-based electrocatalysts exhibited larger ECSA
values compared to the Pt/C catalyst. Notably, the Pd,Sn-s@Pt
catalyst demonstrated the highest ECSA among the Pd,Sn@Pt
catalysts, which is ascribed to the high specific area originating
from its short length. Additionally, the ECSA normalized by
both the Pd and Pt content of the catalysts was also calculated
through CO stripping experiments, which were performed by
electrochemical oxidation of a pre-adsorbed saturated CO
adlayer. As shown in Fig. S9,7 Pd,Sn-s@Pt exhibited higher
ECSA values than the longer length of Pd,Sn@Pt catalysts.
Consequently, the combination of the Pt shell structure and the
tunable length of the Pd,Sn@Pt catalysts enables high Pt
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Fig. 2 XPS spectrum of Pd,Sn-s@Pt and Pd,Sn-s in the (a) Pd 3d, (b) Sn 3d and (c) Pt 4f regions.

9490 | Chem. Sci, 2023, 14, 9488-9495

78
Binding energy (eV)

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc02771f

Open Access Article. Published on 16 August 2023. Downloaded on 6/14/2026 3:16:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
0.04 5 5
a b [ —rasnsert [\ C | o mass vy
— Pd,Sn-m@Pt [ Specific activity
0.024 41 ——Pd,Sn-@Pt 44
’% ’% —PtIC §
5 0.00 23 _234
K ' =)
gj»o 02 Eo E ]
< < <
- '/ —— Pd,Sn-s@Pt = 4 )
-0.04 4 V —— Pd,Sn-m@Pt ] 14
——Pd,Sn-@Pt
0.06 —pPtC 0 ol |
00 05 10 15 00 04 08 12 W0 &
E (V vs. RHE) E (V vs. RHE) @ o™ 0"
3.5
d —Pd,sns@prt | € ] CH,COOH
1 —— Pd,Sn-m@Pt 301 / »/ »/ / f 3 ’
. —— Pd,Sn-I@Pt : >
[ —PtC — ~|2
i 251 S|
-707 0.1 ﬁE \@; <
g gz,o- (18 180 175
< @ | Chemical shift (ppm)
S 0.01 < 45l g
> | After L
1.0
0.001 Before
0.5 T T T T T T T T T
0 2 4 6 8 10 12 0 1000 2000 3000 4000 5000 12 10 8 6 4 2 0
t(h) t(s) Chemical shift (ppm)
Fig. 3 (aand b) CV curves of catalysts in a 1 M KOH solution (a) and ina 1 M KOH + 1 M ethanol solution (b). (c) Comparison of specific and mass

activities of the catalysts. (d) CA profile of catalysts ina 1 M KOH + 1 M ethanol solution. (e) CA curves of catalysts with CV reactivation every
1000 s. (f) 'H NMR analysis of the electrolytes before and after CA measurements for Pd,Sn-s@Pt catalyst.

utilization efficiency and an increased number of catalytically
active sites, indicating the potential of Pd,Sn-s@Pt catalyst as
an efficient electrocatalyst towards EOR.

Fig. S107 shows the LSV curves carried out in a 1 M KOH
aqueous solution with and without 1 M ethanol. The absence of
ethanol resulted in the occurrence of OER at a high potential
above 1.5 V. However, in the presence of ethanol, the OER was
significantly suppressed due to the dominant oxidation of
ethanol on the catalyst surface. When Pd,Sn-s@Pt was used as
the catalyst for EOR, a remarkably low potential of only 0.54 V
was required to achieve a current density of 10 mA cm ™%, which
is notably lower than the OER potential by 1.29 V. To investigate
the electrocatalytic activity of different length of Pd,Sn@Pt and
commercial Pt/C catalysts for EOR, CV measurements were
conducted in a solution containing 1 M KOH and 1 M ethanol.
As shown in Fig. 3b, all catalysts exhibited two distinct peaks
associated with the oxidation of ethanol in alkaline conditions.
The forward peak corresponds to the oxidation of ethanol
molecules, while the backward peak is attributed to the elimi-
nation of reaction intermediates.”® During the forward scan,
a significantly lower onset potential was required for ethanol
oxidation on the Pd,Sn@Pt catalysts compared to the
commercial Pt/C catalyst (Fig. S117), indicating lower activation
energy and superior reaction activity of Pd,Sn@Pt toward
ethanol oxidation. The Pd,Sn@Pt catalysts exhibited (Pd + Pt)
mass-normalized current densities of 4.75, 3.72, and 2.91 A
mgpaspe - for Pd,Sn-s@Pt, Pd,Sn-m@Pt, and Pd,Sn-l@Pt,
respectively. These activities are much higher than that 0.60 A
mgp, ' for commercial Pt/C catalyst. The activities of the cata-
lysts, normalized to the geometric area of the electrode,
exhibited a consistent trend, with the Pd,Sn-s@Pt catalyst
demonstrating the highest activity (Fig. S127). To evaluate their

© 2023 The Author(s). Published by the Royal Society of Chemistry

intrinsic catalytic activities, the specific activities of these cata-
lysts were calculated by normalizing their currents to the cor-
responding ECSA (Fig. S131). The specific activity of all the
Pd,Sn@Pt catalysts is higher than that of the Pt/C catalyst,
particularly the Pd,Sn-s@Pt catalyst, which is calculated to be as
high as 20.14 mA cm 2 (Fig. 3c). This is 11 times higher than the
specific activity of the commercial Pt/C catalyst (1.81 mA cm ™).
To the best of our knowledge, the mass and specific activity
values for Pd,Sn-s@Pt are the highest among the published Pd-
and Pt-based electrocatalysts (Table S1t). The Tafel plots ob-
tained from the CV curves in the potential range between 0.4
and 0.5 V are shown in Fig. S14.f Among the catalysts, the
Pd,Sn-s@Pt catalyst exhibits the smallest Tafel slope of 141 mV
dec™, indicating faster charge-transfer kinetics for EOR in
alkaline medium. Furthermore, the charge transfer at the
electrolyte/catalyst interface was evaluated by electrochemical
impedance spectroscopy (Fig. S151). In the Nyquist plots, the
semicircles observed at high frequency range are associated
with the charge transfer resistance. The Pd,Sn-s@Pt catalyst
exhibited the smallest semicircle among the catalysts, demon-
strating its superior charge-transfer capability during the EOR
process.

To further understand the effect of the Pt shell in Pd,Sn@Pt
catalysts on their catalytic performance, the mass and specific
activities were normalized to the amount of Pt and their corre-
sponding ECSA. As shown in Fig. S16 and S17, Pd,Sn-s@Pt
exhibits the highest mass activity of 20.0 A mgp ' and
specific activity of 15.2 mA cm ™2, which are 34 and 10 times
higher than that of Pt/C respectively. This indicates that the
presence of the strained Pt shell plays a crucial role in
enhancing the EOR activity. Furthermore, Pd,Sn-s NRs without
Pt layers and spherical Pd,Sn@Pt nanoparticles were also

Chem. Sci., 2023, 14, 9488-9495 | 9491
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synthesized, and their EOR activity was measured under iden-
tical conditions. As shown in Fig. S18-S20,7 the presence of a Pt
shell on the Pd,Sn-s@Pt catalyst significantly enhanced the
activity in comparison to the Pd,Sn-s catalyst alone. Addition-
ally, despite the larger surface area of spherical Pd,Sn@Pt
nanoparticles compared to Pd,Sn-s@Pt, their EOR performance
was relatively inferior, indicating the crucial role of nanorod
morphology in enhancing EOR activity (Fig. $21-5237). Specif-
ically, the superior EOR performance of Pd,Sn-s@Pt is attrib-
uted to the synergistic effects of the core-shell structures, the
tensile strain present on the surface of Pt, and the tunable
nanorod morphology.

The durability of the catalysts was evaluated through chro-
noamperometry (CA) testing at a constant potential of 0.724 V
vs. RHE. As shown in Fig. 3d, all the catalysts initially experi-
enced a noticeable decay in activities. However, the Pd,Sn-s@Pt
catalyst demonstrated remarkable durability, retaining a high
mass activity of 54 mA mgpg.p; * even after 12 hours of opera-
tion. In contrast, the commercial Pt/C catalyst showed negli-
gible activities, indicating its inferior durability compared to
the Pd,Sn-s@Pt catalyst. To investigate the initial activity decay
during the measurements, CA curves were recorded in consec-
utive periods of 1000 s. Between these periods, 5 CV cycles in the
range from —0.924 to 0.4 V vs. Hg/HgO at a rate of 50 mV s~
were applied. As shown in Fig. 3e, the activity of the Pd,Sn-s@Pt
catalyst was almost fully recovered after each CV activation,
suggesting that the decrease in current density during stability
measurements was primarily due to the blocking of active/
adsorption sites by reaction intermediates rather than struc-
tural degradation of the catalyst. In contrast, the Pt/C and
Pd,Sn-s catalysts only exhibited partial recovery of activity after
reactivation, indicating the enhanced anti-poisoning and
desorption capabilities of reaction intermediates on the Pd,-
Sn@Pt surface (Fig. S247t). Fig. S25t shows the CV curves of the
catalysts after 12 h of stability measurement and subsequent
reactivation by CV cycles. As compared with the initial activity,
Pd,Sn-s@Pt catalyst exhibits a negligible decrease of only 2.0%
in mass activity, demonstrating its superior stability. Further-
more, TEM analysis after the stability test showed little variation
in size and geometry, confirming the excellent structural
stability of the Pd,Sn-s@Pt catalyst (Fig. S261). These results
highlight the significant impact of the Pt tensile strain and the
core-shell structure on the catalytic stability during alkaline
EOR processes.

To gain insights into the ethanol oxidation pathway on the
Pd,Sn@Pt catalyst, 'H nuclear magnetic resonance (‘H NMR)
analysis was conducted on the electrolyte before and after EOR
measurements. As presented in Fig. 3f, a new peak appeared at
1.81 ppm, associated with the ionized acetate, was detected in
the electrolyte after EOR measurements, indicating the
production of acetic acid during the EOR process. Therefore,
acetic acid was the unique C2 product resulting from the
ethanol oxidation reaction. To further investigate the potential
occurrence of the C1 pathway in the EOR process, the electrolyte
following the CA measurement was subjected to high-
performance liquid chromatography (HPLC) analysis.
Fig. S271 displays the standard curve depicting the integral area
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of the HPLC peak corresponding to acetic acid concentration.
By utilizing this standard curve, the faradaic efficiency of the
produced acetic acid was estimated to be approximately 98%.
Thus, only a minor portion of ethanol undergoes the C1
pathway, primarily due to the substantial energy consumption
necessary for breaking the C-C bond within ethanol. Consid-
ering that acetate was the primary detected oxidation product, it
can be concluded that the ethanol oxidation on the Pd,Sn-s@Pt
catalyst in an alkaline solution predominantly follows the
reactive-intermediate pathway. This pathway involves the initial
oxidation of ethanol to acetaldehyde and further oxidized to
acetic acid.

DFT calculations were conducted to clarify the origin of
enhanced EOR performance of the strained Pt surface in Pd,-
Sn@Pt catalyst. In the reactive-intermediate pathway, the
ethanol and different intermediate species adsorbed on the Pt
(111) and strained Pt (111) surfaces, ultimately leading to the
formation of the final C2 product, CH;COOH, as schematically
shown in Fig. 4a and b. Fig. 4c and d shows the calculated free
energy diagrams for the oxidation of ethanol to acetic acid on
both the Pt (111) and lattice strained Pt (111) surfaces. The
results indicate that the rate-determining step (RDS) for both Pt
surfaces is the oxidation of (CH3CO),qs to (CH3COOH),q. In the
RDS, the strained Pt (111) surface exhibits a lower energy barrier
of 1.64 eV compared to the unstrained Pt (111) surface, which
has a higher energy barrier of 1.81 eV. This indicates that the
lattice expansion of the strained Pt surface further increases the
reaction kinetics for EOR. Additionally, the adsorption free
energies of OH were calculated to be 0.67 and 0.91 eV for the
strained and unstrained Pt (111) surfaces, respectively. The
higher adsorption ability of OH on the strained Pt facilitates the
conversion of (CH3CO),qs to (CH3COOH),4s in the RDS and
promotes the removal of carbonaceous species bonded to the
catalyst surface, thereby improving the EOR activity and
stability.*® These DFT calculation results are consistent with the
experimental observations. Therefore, besides the tunable
length of NRs, the lattice expansion of the Pt shell in Pd,Sn@Pt
also contributes to the excellent catalytic performance of EOR.

The excellent electrocatalytic performance of Pd,Sn-s@Pt
catalyst for ethanol oxidation has inspired the design of
a hybrid electrolyzer for anodic EOR with concurrent hydrogen
production at the cathode, as shown in Fig. 5a. In this system,
a glassy carbon electrode modified with Pd,Sn-s@Pt serves as
the anode, while a platinum (Pt) mesh acts as the cathode.
Fig. 5b shows the LSV curves of the two-electrode system
measured in a 1 M KOH with 1 M ethanol electrolyte. The
Pd,Sn-s@Pt catalyst exhibited high activity in the hybrid elec-
trolyzer system, achieving current densities of 10 mA em™> at
a remarkably low cell voltage of 0.59 V (Table S27}). In contrast,
a conventional alkaline electrolysis cell employing commercial
Pt/C as the cathode and commercial IrO, as the anode, with 1 M
KOH as the electrolyte, required a significantly higher cell
voltage of 1.73 V to achieve the same current densities for water
splitting (Fig. S28t). The low voltage requirement of the hybrid
electrocatalytic system indicates its low energy consumption,
making it an energy-efficient approach for hydrogen produc-
tion. Furthermore, similar hybrid electrolyzers utilizing Pd,Sn-s

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Schematic diagram of the two-electrode electrolyzer. (b)

LSV curves and (c) CA curves of the cell in 1 M KOH containing 1 M
ethanol electrolyte. (d) LSV curves of Pd,Sn-s@Pt before and after 12 h
CA measurement with reactivation.

or commercial Pt/C as the anodic catalyst were also assembled
and tested. While all the hybrid systems required lower cell
voltages compared to the conventional water splitting system,
the Pd,Sn-s@Pt||Pt system exhibited the best performance,
attributed to its high activity toward EOR. Fig. 5c¢ shows the
durability of the hybrid electrolyzer evaluated using CA at a fixed
voltage of 0.8 V. The Pd,Sn-s@Pt||Pt system demonstrated
better durability compared to other catalyst-based systems.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Importantly, after the long-term stability measurement and
subsequent reactivation of the anodic catalysts using 5 CV
cycles, the activity was almost fully recovered with minimal
variations compared to the initial activity, as shown in Fig. 5d.
However, Pd,Sn-s and Pt/C based electrolyzer showed signifi-
cant decrease in current density, demonstrating the better
stability of Pd,Sn-s@Pt based anodic electrolyzer system
(Fig. S291). This activity decay in the long-term measurements is
inferred to be associated with the adsorption of C2 intermedi-
ates on the anode, similar to the behavior observed in the three-
electrode system for ethanol oxidation. Overall, the hybrid
system utilizing Pd,Sn-s@Pt as the anode not only enhances the
economic value of the anodic ethanol oxidation but also
demonstrates high energy efficiency for cathodic hydrogen
generation.

Conclusions

In summary, we present a facile colloidal strategy to engineer
Pd,Sn@Pt core-shell NRs with lattice-expanded Pt shell and
tunable nanorod length. The resulting Pd,Sn@Pt catalysts
exhibit significantly enhanced electrocatalytic EOR perfor-
mance under alkaline conditions. The Pd,Sn-s@Pt catalyst,
with shorter nanorods, shows the highest mass activity up to
4.75 A mgpa.p: * and a specific activity of 20.14 mA cm 2
making it one of the most efficient electrocatalysts for EOR. DFT
calculations provide insights into the improved activity of Pd,-
Sn@Pt, highlighting the reduced energy barriers for the RDS of
ethanol oxidation and the enhanced adsorption capacity of OH
on the strained Pt surface. Furthermore, the Pd,Sn@Pt catalyst
demonstrates excellent performance as an anodic electro-
catalyst in a hybrid electrolyzer, enabling simultaneous acetic
acid generation at the anode and hydrogen production at the

Chem. Sci., 2023, 14, 9488-9495 | 9493
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cathode. The hybrid electrolyzer operates at a remarkably low
cell voltage of 0.59 V to attain a current density of 10 mA cm™>.
This work provides a promising avenue for the development of
advanced core-Pt shell structures with precise morphological
control, offering new opportunities for efficient electrocatalytic

EOR and low-cost hydrogen production technology.
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