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Regulating the interfacial water structure
by tensile strain to boost electrochemical
semi-hydrogenation of alkynes†
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Electrochemical semi-hydrogenation (ECSH) of alkynes to produce alkenes is an ideal alternative to traditional thermal semi-hydrogenation (TSH) and yet is limited by low conversion yield and product selectivity. Here, we report a new strategy to tune the activity and selectivity of ECSH by regulating the interfacial
water structure. The obtained PdCu icosahedrons deliver a greatly enhanced conversion rate and 98.5%
alkene selectivity at 96.5% conversion, as well as sustaining about 100 h continuous test. Tensile strain
originating from an icosahedral twinned structure is proved to facilitate the formation of an interfacial
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water structure, especially K+ ion hydrated water (K·H2O) and 2-coordinated hydrogen-bonded water
(2-HB·H2O). We also decode the mysterious role of an interfacial water structure in ECSH performance, in
which K·H2O speeds up water splitting to produce Hads which in turn accelerates ECSH conversion, and
2-HB·H2O improves alkene selectivity. The ﬁndings provide insights into the tuning of the interfacial water
structure in electrocatalyst design in proton-coupled hydrogenation from the viewpoint of lattice strain.

Introduction
Selective semi-hydrogenation of alkynes to produce alkenes
represents an important transformation in industry as alkenes
are crucial feedstock for the manufacture of advanced
materials, pharmaceuticals and fine chemicals.1–4 Metallic Pd
is regarded as one of the most eﬀective hydrogenation catalysts
in traditional thermal hydrogenation using molecular hydrogen as an H source. However, alkynes are easily over-hydrogenated to alkanes over Pd based catalysts. Typically, interfacial
and/or electronic structure modification of Pd catalysts by
forming a PdM (M = Ag, Zn, Pb, and Cu) alloy,5–8 grafting
surface ligands,9 incorporation of p-block elements10,11 and/or
downing size to atomic dispersion of Pd sites12 are proved to

a
College of Material, Chemistry and Chemical Engineering, Key Laboratory of
Organosilicon Chemistry and Material Technology, Ministry of Education, Hangzhou
Normal University, Hangzhou, Zhejiang 311121, China.
E-mail: gaopeng@hrbeu.edu.cn, yewei@hznu.edu.cn
b
Suzhou Institute for Advanced Research, University of Science and Technology of
China, Suzhou, Jiangsu 215123, China
c
School of Chemistry and Materials Science, University of Science and Technology of
China, Hefei, Anhui 230026, China
d
College of Materials Science and Engineering, Zhejiang University of Technology,
Hangzhou, Zhejiang 310014, China
† Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2qi00767c
‡ These authors contributed equally to this work.

3444 | Inorg. Chem. Front., 2022, 9, 3444–3452

be eﬀective ways to improve alkene selectivity. However, the
above modifications poison Pd catalysts suggesting that high
alkene selectivity and high alkyne conversion rate are hardly
concurrently realized. In addition, the safety issue is always a
serious concern in TSH as hydrogen is explosive.
ECSH directly extracts H atoms from protic solvents, e.g.,
H2O, representing an ideal alternative solution to traditional
TSH.13 The merits of ECSH can be summarized as follows: (1)
explosive hydrogen is replaced with safe protic solvents, therefore energy-intensive hydrogen production is avoided as well
as safety concern is well addressed. (2) ECSH can easily enable
continuous and amplified production in a flow cell. (3) The
overall energy utilization eﬃciency in ECSH can be greatly promoted as hydrogen production, storage and transportation
processes are avoided. More importantly, a higher alkene
selectivity can be achieved by simply altering the applied
potential to tune the adsorption ability of alkynes/alkenes on
the catalyst surface.14,15 For example, Atobe et al. have realized
>99% alkene selectivity in a flow cell using a Pd catalyst.16 The
success promotes us to think deeply about the real mechanism
for the greatly enhanced alkene selectivity in ECSH. In contrast
with TSH, water molecules tend to preferentially arrange on
the catalyst surface by forming a hydrogen bonding network
driven by the applied potential in ECSH.17–19 The competing
adsorbed interfacial water molecules more or less aﬀect the
adsorption of alkenes which determines alkene selectivity.
Besides, the interfacial water structure also aﬀects the rate of
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water splitting which in turn determines the faradaic eﬃciency
(FE) of alkenes in ECSH.20,21 Therefore, the interfacial water
structure plays a central role in boosting the ECSH performance. Until now, few reports focused on the mechanism of the
interfacial water structure toward ECSH, let alone eﬀective regulating strategies for the interfacial water structure.
Here, we put forward an eﬀective way to regulate the interfacial water structure by constructing surface tensile strain. In
situ Raman spectroscopy characterization reveals that tensile
strain facilitates the formation of an interfacial water structure
toward 2-HB·H2O and K·H2O. Our investigation manifests
K·H2O accelerates alkyne conversion and 2-HB·H2O determines high alkene selectivity in ECSH. Benefitting from the
merits of eﬀective tuning of the interfacial water structure by
tensile strain, the obtained PdCu icosahedrons with a tensile
strained (111) facet deliver an enhanced alkyne conversion rate
and an excellent alkene selectivity concurrently in ECSH.

Experimental section
Synthesis of PdCu icosahedrons
PdCu icosahedrons were synthesized according to our previous
report with modification.22 Specifically, 1.4 mg of PdCl2,
200 mg of PVP and 15 mg of KBr were dissolved in 12 mL of
DMF. Then, CuCl2 (80 μL, 0.193 M) aqueous solution was
added to the above solution and stirred for at least 30 min.
Next, the homogeneous solution was transferred and sealed in
an autoclave with a Teflon liner and was heated at 180 °C for
4 h. After it was naturally cooled to room temperature, and the
product was collected by centrifugation and washed with
ethanol and water six times, respectively.
ECSH performance test
Before the electrochemical test, the PdCu icosahedron catalyst
was first soaked in glacial acetic acid to remove the capping
agent (PVP) on the catalyst surface. Specifically, the PdCu icosahedron catalyst and commercial carbon black (2 mg, XC-72)
were first dispersed in 8 mL of glacial acetic acid and ultrasound for 30 min to ensure full dispersion of the catalyst on
carbon black. The mixture solution was left to stand for 12 h,
and the final product was collected by centrifugation and
washed with ethanol/water three times, respectively.
Preparation of the working electrode: the obtained catalyst
was re-dispersed into a mixture of ethanol (960 μL) and Nafion
(5 wt%, 40 μL), and ultrasound for 30 min to obtain the catalyst ink. Then, it was uniformly coated on carbon paper (CP)
(area: 1.5 × 1.5 cm2, catalyst loading: 0.254 mgPdCu cm−2).
Before the catalyst loading, carbon paper was cleaned with
acetone/ethanol three times, respectively.
An electrochemical semi-hydrogenation test was carried out
in an H-type cell which was divided by a commercial Nafion
117 membrane, in which Ag/AgCl was used as the reference
electrode and Pt mesh was used as the counter electrode,
respectively. Before the ECSH test, 200 cycles of cyclic voltammetry (CV) curves were conducted in N2 saturated 1 M KOH
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solution to further remove the surface capping. The mixture of
ethanol (20 mL) and 1 M KOH solution (10 mL) was used as
the electrolyte, and 50 μL of MBY was added to the cathode
chamber. Then, a chronoamperometry test was performed at a
fixed potential from −0.1 to −0.5 V (V vs. reversible hydrogen
electrode, RHE) at 30 °C. Meanwhile, the hydrogenated products at diﬀerent reaction stages (1, 2, 3, 4, 5, 6, 7, 8 and 9 h)
in the electrolyte were extracted with dichloromethane (DCM).
The final products in the DCM phase were dried with anhydrous sodium sulfate (Na2SO4) and analyzed using a gas chromatograph-mass spectrometer (GC-MS) to estimate the GC
yields. The yields were calculated by dividing the amount of
the obtained target product by the theoretical yield. The
obtained target products were quantified according to standard calibration curves. ECSH performance evaluation for
other catalysts is similar to that of PdCu icosahedrons.

Results and discussion
Synthesis and characterization of materials
PdCu icosahedrons are synthesized by a simple one-pot solvothermal method in which Pd2+ and Cu2+ are co-reduced at
180 °C. The reason to choose alloying Cu in a Pd lattice is due
to the key role of Cu in inducing the formation of a Pd icosahedral structure and the enhanced alkene selectivity in TSH.5,22
Inductively coupled plasma atomic emission spectrometry
(ICP-AES) measurement reveals that the mole percent of Pd
and Cu in the sample is 96.1 and 3.9%, respectively. ICP-AES
results indicate that Pd is dominated in the final product.
Then, powder X-ray diﬀraction (XRD, Fig. 1a) characterization
is performed, and the three characteristic peaks located at
39.8, 46.3 and 68.0° can be assigned to (111), (200), and (220)
planes of the face-centered cubic (fcc) phase of Pd or PdCu
alloy, respectively. Compared with metallic Pd, the peak
indexed to the (111) plane for the sample is shifted 0.3°
toward a small angle, suggesting that the (111) planes are
tensile strained (Fig. S1†).23 In order to resolve the morphology
of the sample, transmission electron microscopy (TEM) characterization is performed. The TEM image of the sample
(Fig. 1b) indicates that the sample is a uniform icosahedral
structure with a hexagonal outline (the inset of Fig. 1b). The
size of the particles is about 24.6 ± 4.6 nm after counting more
than one hundred particles (Fig. S2†). Then, a high-resolution
TEM (HRTEM) measurement is carried out to resolve the crystalline structure of the sample. As shown in Fig. 1c, there are
two diverse regions with lattice distances of 0.23 and 0.22 nm,
respectively. The larger lattice spacing is attributed to the
tensile strained (111) planes located on the surface of icosahedrons, consistent with the XRD results. The smaller lattice distance is assigned to the (111) planes located on the ridges of
icosahedrons.24,25 Tensile strain for the (111) planes located
on the icosahedral surface is estimated to be +4.5% according
to HRTEM results. It should be noted that tensile strain originated from the twinned structure rather than Cu doping. To
reveal the distribution of Pd and Cu, energy-dispersive X-ray
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In order to further reveal the constituent and electronic
structure of the sample, an X-ray photoelectron spectroscopy
(XPS) examination is conducted. The XPS survey spectrum
indicates that strong Pd 3d and weak Cu 2p peaks are
observed, consistent with the Pd rich alloy structure (Fig. S3†).
The Pd 3d spectrum (Fig. 1e) is deconvoluted into two pairs of
peaks, and the peaks located at 340.7 and 335.5 eV are
assigned to 3d3/2 and 3d5/2 of Pd0, respectively. Another pair of
peaks located at 341.9 and 336.2 eV are ascribed to 3d3/2 and
3d5/2 of Pd2+, respectively, suggesting partial oxidation of the
outermost Pd.26,27 Moreover, the Cu 2p spectrum (Fig. 1f ) is
also divided into two pairs of peaks, and the peaks located at
931.7 and 951.6 eV originated from 2p3/2 and 2p1/2 bands of
Cu0. Other peaks located at 933.9 and 954.3 eV are assigned to
2p3/2 and 2p1/2 bands of Cu2+ species, respectively.28–30 Similar
to Pd, Cu is also partially oxidized.

Evaluation of the ECSH performance

Fig. 1 (a) XRD pattern, (b) TEM, and (c) HRTEM images of PdCu icosahedrons, respectively. The inset in (b) shows the icosahedron model. (d)
EDS elemental mapping images of PdCu icosahedrons, Pd (green) and
Cu (red). High-resolution (e) Pd 3d and (f ) Cu 2p spectra.

spectroscopy (EDS) is carried out. As indicated in Fig. 1d, Pd
and Cu elements are uniformly distributed across icosahedrons, suggesting a PdCu alloy structure.

ECSH of alkynes to produce alkenes over PdCu icosahedrons is
carried out in an H-type cell with a divided three-electrode
system operated at 30 °C (Fig. S4†). In this work, semi-hydrogenation of 2-methyl-3-butyn-2-ol (MBY) to 2-methyl-3-butene2-ol (MBE) is selected as a model reaction at the cathode.
Linear sweep voltammetry (LSV, Fig. 2a and S5†) curves for
PdCu icosahedrons show enlarged current density under the
potential range of 0.2 to −0.6 V versus RHE when 1 mmol MBY
is introduced into the electrolyte. It turns out that ECSH
indeed occurred even at a positive potential.31 ECSH of MBY is
triggered by employing a chronoamperometry test, and the i–t
curves are shown in Fig. 2b. The current density is gradually
increased with the applied potential shifting to a more negative region. The hydrogenation products in the cathode

Fig. 2 (a) LSV curves of PdCu icosahedrons recorded in a mixture of ethanol and 1 M KOH solution (VEtOH/VKOH = 2 : 1) with or without MBY. (b) I–t
curves, (c) time-dependent conversion of MBY, and (d) MBE selectivity in ECSH of MBY using PdCu icosahedrons as a catalyst, respectively. (e)
Faradaic eﬃciency for ECSH at a ﬁxed potential. (f ) Cycling stability for PdCu icosahedrons tested at −0.3 V vs. RHE.
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chamber are extracted with dichloromethane and examined by
gas chromatography-mass spectrometry (GC-MS). Fig. 2c and d
show the time-dependent MBY conversion and MBE selectivity,
respectively. MBY conversion is accelerated as the applied
potential shifts from −0.1 to −0.3 V, and the largest conversion
rate is achieved at −0.3 V. When further shifting the applied
potential to −0.4 and −0.5 V, the MBY conversion rate is
declined which may be due to the enhanced competing hydrogen evolution reaction (HER).32 Remarkably, MBE selectivity as
shown in Fig. 2d exceeds 90% at all potentials. In particular,
MBE selectivity reaches 98.5% at an MBY conversion of 96.5%
for PdCu icosahedrons at −0.3 V, which is higher than most
reported results in TSH.33,34 More importantly, MBE selectivity
is maintained at 98.0% when further prolonging one hour of
reaction time, suggesting excellent MBE selectivity. To benchmark against a commercial Pd/C catalyst, ECSH performance
of Pd/C is also obtained. MBY conversion for Pd/C is accelerated as the potential shifts from −0.1 to −0.5 V (Fig. S6†). In
stark contrast, MBE selectivity for Pd/C is lower than 50% and
then slowly declines to 6.0% at 98.0% MBY conversion at −0.3
V, far lower than that of PdCu icosahedrons (98.5%).
Apart from MBE, MBY can be over-hydrogenated to
2-methyl-2-butanol (MBA). Therefore, MBE FE is also calculated which refers to the ratio of electrons used for semi-hydrogenation of MBY to MBE. As shown in Fig. 2e, MBE FE is
declined from 36.0% at −0.1 V to 6.6% at −0.5 V. The low FE is
attributed to the continuous MBY consumption and violent
HER at −0.5 V.22 We also acquire FEs of MBE, MBA and H2 in
the initial 1 h (Fig. S7†). As expected, MBE and H2 are dominated, and the FE of MBE improves to 26.3% at −0.5 V,
suggesting that high FE can be obtained by maintaining a constant substrate concentration in real application. The energy
utilization eﬃciency of MBE reaches 37.8% with an applied
voltage of 4.2 V (Fig. S8†). Furthermore, we also assess the

Table 1

Entry

cycling stability of PdCu icosahedrons. As shown in Fig. 2f,
PdCu icosahedrons can sustain continuous 11 cycles (about
100 h) without obvious MBY conversion and MBE selectivity
decay. PdCu icosahedrons still maintain the icosahedral structure after the durability test, suggesting excellent structure
stability of PdCu icosahedrons (Fig. S9†). ICP-AES and XPS
results (Cu, 2.5%) reveal that copper on the catalyst surface is
partially dissolved (Fig. S10†). To further show the broad application in real application, we also carry out substrate expansion experiments using various alkynes as substrates. As
shown in Table 1, alkynes with conjugated or nonconjugated
groups are successfully converted to alkenes with conversion
and selectivity exceeding 90% at −0.3 V, suggesting the potential application prospects for PdCu icosahedrons in ECSH.
Confirmation of the role of tensile strain
Upon evaluating the ECSH performance for PdCu icosahedrons, a question naturally arises: why PdCu icosahedrons
deliver so excellent ECSH performance, especially high alkene
selectivity? Apparently, there are two structural features for
PdCu icosahedrons, i.e., tensile strained (111) planes rooted in
a twin structure and a PdCu alloy structure. To decode the contribution of tensile strain in ECSH, we first construct
Pd@PdCu core–shell octahedrons (Fig. S11†), in which the
exposed PdCu (111) surface possesses no lattice strain and a
similar Pd/Cu ratio to that of PdCu icosahedrons. The ECSH
performance of Pd@PdCu core–shell octahedrons is also
assessed (Fig. S12 and S13†). Fig. 3a shows the comparison of
time-dependent MBY conversion for PdCu icosahedrons and
Pd@PdCu core–shell octahedrons at −0.3 V. Due to the diﬀerence in particle sizes of the two catalysts, intrinsic specific
activity is obtained which refers to the converted MBY molecules in the initial 1 h divided by surface area of the catalyst
(Fig. S14 and S15†). As shown in Fig. 3b, PdCu icosahedrons

Catalytic performance in ECSH of various unsaturated alkynes using PdCu icosahedrons as catalysts at −0.3 V for 9 h

Substrate

Alkene

Conv. (%)

Sel. (alkene) (%)

FE (alkene) (%)

1

85.6

>99.9

19.4

2

98.4

96.1

21.5

3

98.4

98.1

17.6

4

97.0

96.3

17.0

5

97.1

95.4

14.8

6

99.6

91.3

13.8

7

97.4

93.0

9.5

8

99.6

81.5

9.2
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Mechanistic insight of the interfacial water structure on the
ECSH performance

Fig. 3 Comparison of ECSH performance for PdCu icosahedrons at
−0.3 V in reference to commercial Pd/C, Pd@PdCu core–shell octahedrons, Pd icosahedrons and PdCu nanocrystals loaded on XC-72,
respectively. (a) MBY conversion, (b) speciﬁc activity and (c) MBE selectivity. (d) Time-dependent conversion of MBY (left) and MBE selectivity
(right) for PdCu icosahedrons in diﬀerent electrolytes.

deliver a specific activity of 299.3 μmol m−2 min−1, which is
about 3.3 times higher than that of Pd@PdCu core–shell octahedrons (89.6 μmol m−2 min−1). The result indicates that the
tensile strained (111) facet really improves ECSH activity. To
further resolve the impact of Cu alloying into Pd lattice on
ECSH activity, the ECSH performance of Pd icosahedrons is
also obtained, and the specific activity is 127.8 μmol m−2
min−1 at −0.3 V, lower than that of a tensile strained PdCu
surface, suggesting the positive role of Cu alloying in ECSH
activity. This conclusion can be further verified by a comparison of ECSH activities for PdCu nanocrystals loaded on XC-72
(165.8 μmol m−2 min−1) and Pd/C (41.6 μmol m−2 min−1) as
they all expose (111) planes (Fig. 3b and Fig. S16–18†). Under
the combined role of tensile strain and alloying, the specific
activity for the tensile strained PdCu (111) facet is 7.2 times
higher than that of metallic Pd.
Moreover, the corresponding alkene selectivity at −0.3 V for
the above catalysts is also obtained. As shown in Fig. 3c, PdCu
and Pd icosahedrons deliver MBE selectivities of 98.5% and
98.0% at approaching 100% MBY conversion, respectively,
higher than those of Pd@PdCu core–shell octahedrons
(94.0%), PdCu nanocrystals/XC-72 (87.2%) and Pd/C (6.0%).
These results indicate that alloying Cu into a Pd lattice can
greatly help to improve MBE selectivity from 6.0% to 87.2%,
suggesting the positive role of the alloying structure in alkene
selectivity in ECSH. The promotion eﬀect toward a higher
alkene selectivity can be attributed to week adsorption of
alkenes on the PdM alloy, consistent with previous
reports.6–8,35 Notably, metallic Pd icosahedrons exposing a
tensile strained (111) facet deliver comparable MBE selectivity
with PdCu icosahedrons but is greatly higher than that of Pd/
C, suggesting that tensile strain is the determining factor for
the excellent MBE selectivity in ECSH.
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So far, it is still confused how tensile strain determines the
enhanced activity and selectivity in ECSH? Actually, electrochemical hydrogenation in the alkaline electrolyte is proceeded according to two successive steps, i.e., water splitting to
produce adsorbed H atoms (denoted as Hads) on the catalyst
surface by following H2O + e− → Hads + OH− (Volmer step),
and then two Hads atoms are added to alkynes to produce
alkenes by following 2Hads + R–CuCH → R–CHvCH2.36,37
Obviously, the ECSH activity and alkene selectivity are closely
related to the interfacial water structure. To verify this conclusion, we carry out ECSH of alkynes in pure ethanol, a
mixture of ethanol + KOH solution (V/V = 2 : 1) or KOH solution
(Fig. 3d), respectively. As expected, ECSH is forbidden in pure
ethanol, suggesting that water splitting to produce Hads is a
precondition to trigger ECSH. It also highlights that Hads is
sourced from water splitting not from ethanol.38 Water splitting is accelerated in KOH solution which leads to expedited
ECSH activity compared with that in ethanol + KOH solution.
It is worth noting that alkene selectivity at approaching 100%
alkyne conversion is always maintained above 90% whether in
the mixture of ethanol + KOH solution or KOH solution,
suggesting that alkene selectivity in ECSH is related to KOH or
the interfacial water structure in a double electrode layer.
To verify whether the interfacial water structure improves
alkene selectivity, we further carry out TSH of alkynes using
PdCu icosahedrons as catalysts and molecular hydrogen as an
H source in diﬀerent media. As shown in Fig. 4a, when MBY
conversion is approaching 100%, the selectivities of MBE are
98.5, 95.1 and 75.3% in ethanol + KOH solution (V/V = 2 : 1),
ethanol + H2O (V/V = 2 : 1) and pure ethanol, respectively. The
comparable MBE selectivity acquired in ethanol + KOH solution or ethanol + H2O is much higher than that in pure
ethanol, which turns out that the interfacial water structure
determines the excellent alkene selectivity in ECSH. Until now,
it is unclear how tensile strain changes the interfacial water
structure to boost the ECSH performance. Then, in situ electrochemical Raman spectroscopy characterization is employed to
resolve the interfacial water structure as Raman spectroscopy
has a unique advantage to extract the fingerprint signal of
adsorbed water species.20,39
Fig. 4b shows potential-dependent in situ Raman spectra of
O–H stretching mode (νO–H) of interfacial water on PdCu icosahedrons recorded in 1 M KOH. The signals for νO–H between
3000 and 3700 cm−1 are divided into three peaks by Gaussian
fitting, which are assigned to 4-coordinated hydrogen-bonded
water (∼3250 cm−1, denoted as 4-HB·H2O, Fig. 4c), 2-HB·H2O
(∼3450 cm−1) and K·H2O (∼3600 cm−1), respectively.20,40–42
The intensities of the three peaks are closely related to the
applied potential, suggesting that the signals for the obtained
O–H stretching mode are rooted in the interfacial water in the
electric double layer rather than originating from bulk water.43
It is found that Raman signals are enhanced compared with
that without bias, suggesting that the applied potential facili-
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Fig. 4 (a) MBY conversion and MBE selectivity in TSH using PdCu icosahedrons as a catalyst in diﬀerent reaction solvents. (b) In situ electrochemical
Raman spectra of O–H stretching mode on PdCu icosahedrons recorded in 1 M KOH solution at a ﬁxed potential and 15 min. (c) Schematic showing
interfacial water structures of 4-HB·H2O ( peak 1), 2-HB·H2O ( peak 2) and K·H2O ( peak 3), and (d) its corresponding area ratio. (e) In situ Raman
spectra for Pd@PdCu core–shell octahedrons recorded in 1 M KOH solution. (f ) MBY conversion and MBE selectivity for Pd@PdCu core–shell octahedrons in TSH of MBY. (g) Time-dependent Raman spectra, (h) the corresponding area ratios and (i) ECSH performance for PdCu icosahedrons in
an acidic electrolyte at −0.3 V.

tates the preferential arrangement of water molecules on the
catalyst surface.43 The variation trend for Raman signals
recorded in KOH is comparable to that in the ethanol + KOH
solution, indicating that the existence of ethanol in the electrolyte will not greatly disturb the preferential arrangement of the
interfacial water structure (Fig. S19†). When the applied
potential shifts from −0.1 to −0.5 V, 2-HB·H2O is dominated.
The intensities of K·H2O and 4-HB·H2O all increase as
the potential switches from −0.1 to −0.3 V and then decrease
as the potential further declines to −0.4 and −0.5 V. The
corresponding area ratios of the three peaks are shown in
Fig. 4d.
To resolve the impact of tensile strain on the interfacial
water structure, potential-dependent Raman spectra for
Pd@PdCu core–shell octahedrons are also obtained. As shown
in Fig. 4e, the O–H stretching vibration signals under the
potential range from −0.1 to −0.5 V are only divided into two
peaks which can be assigned to 4-HB·H2O and 2-HB·H2O,

This journal is © the Partner Organisations 2022

respectively. K·H2O is absent on the PdCu (111) planes without
lattice strain, revealing that tensile strain facilitates the formation of K·H2O. Similarly, tensile strain also facilitates the
formation of 4-HB·H2O and 2-HB·H2O on the catalyst surface
(Fig. S20†). In fact, a previous report has indicated that the
activation energy for water splitting is ranked in the following
order: K·H2O < 2-HB·H2O < 4-HB·H2O.40,41 Therefore, the formation of more K·H2O on the catalyst surface accelerates water
splitting to produce Hads and then semi-hydrogenation of
alkynes is boosted. It is surprising to find that the variation
trend of K·H2O (Fig. 4b) for PdCu icosahedrons is ideally consistent with that of MBY conversion (Fig. 2c), verifying K·H2O
on the catalyst surface really speeds up ECSH activity. As more
direct evidence, we also analyze the ECSH product at 15 min
for PdCu icosahedrons. As expected, the conversion at −0.3 V
is the largest (Fig. S21†), further confirming this conclusion.
The possible impact of adsorbed OH on the ECSH performance is also excluded (Fig. S22†).44
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Upon clarifying the impact of the interfacial water structure
on ECSH activity, it is essential to resolve the possible impact
of the interfacial water structure on MBE selectivity in ECSH.
Considering a single 2-HB·H2O peak in Raman spectra
recorded without bias (Fig. 4b) and 98.5% MBE selectivity
(Fig. 4a) in TSH for PdCu icosahedrons, it is reasonable to conclude that the existence of 2-HB·H2O on the catalyst surface
determines excellent alkene selectivity in ECSH. Similarly,
2-HB·H2O is absolutely dominated for Pd@PdCu core–shell
octahedrons without bias (Fig. 4e). To verify that 2-HB·H2O
determines high alkene selectivity, TSH performance for
Pd@PdCu core–shell octahedrons is also assessed. As shown
in Fig. 4f, alkene selectivity is maintained above 95% at
approaching 100% MBY conversion at 5 h which turns out that
2-HB·H2O indeed improves alkene selectivity in ECSH. We also
observe some anomalies that MBE selectivity is slowly
increased to above 90% at −0.1 and −0.2 V in about 2 h for
Pd@PdCu core–shell octahedrons (Fig. S13b†) while this
phenomenon is negligible for PdCu icosahedrons. Therefore,
time-dependent Raman spectra at a fixed potential are
obtained (Fig. S23 and S24†). The results indicate that the
intensity of 2-HB·H2O for Pd@PdCu octahedrons is slowly
increased at −0.2 V, consistent with the variation trend of MBE
selectivity, indicating that 2-HB·H2O really determines alkene
selectivity in ECSH. On the other hand, 2-HB·H2O is quickly
dominated in less than 5 min for PdCu icosahedrons which
well explains the constant alkene selectivity. The possible mechanism can be speculated as follows: 2-HB·H2O is believed to be
linearly arranged on the catalyst surface to satisfy the principle of
maximum overlap of the electron cloud. The formed linear gap
allows alkyne molecules to contact with the catalyst surface and
Hads as alkynes are linear structures. When alkynes are converted
to alkenes, alkenes will receive large repulsion from the water
molecules on both sides as planar alkenes are adsorbed on the
catalyst surface by lying flat.13,45 Large steric hindrance promotes
the desorption of alkene molecules from the catalyst surface,
therefore alkene selectivity is boosted in ECSH.
It is interesting whether 4-HB·H2O on the catalyst surface
aﬀects alkene selectivity. Therefore, ECSH of alkynes in an
acidic electrolyte (ethanol + HClO4) is carried out as acidic
media facilitate the formation of 4-HB·H2O.40 Fig. 4g shows
time-dependent in situ electrochemical Raman spectra
recorded in an acidic electrolyte at −0.3 V. It is found that the
intensity of 4-HB·H2O is increasing in the initial 25 min while
2-HB·H2O maintains in about 20 min. Accordingly, the area
ratios of 4-HB·H2O are continuously increased (Fig. 4h). The
ECSH performance of alkynes in an acidic medium is also
assessed. As shown in Fig. 4i, the MBE selectivity in the initial
1 h is only 62.8% at an MBY conversion of 33.5%. The alkene
selectivity further declined to 25.1% when the conversion is
approaching 100%, far below that in an alkaline solution
(98.5%) at −0.3 V, suggesting that 4-HB·H2O weakens the
alkene selectivity in ECSH. Based on the above results, the
detailed mechanism of interfacial water structure in boosting
ECSH performance is summarized and schematically illustrated in Fig. 5.
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Fig. 5 Schematic illustration of an interfacial water structure on a
tensile strained PdCu (111) surface and the impact on the following
ECSH.

Conclusions
In summary, we have demonstrated that tensile strain plays a
critical role in regulating the interfacial water structure to
boost ECSH performance based on the model of PdCu icosahedron catalyst. In situ electrochemical Raman spectroscopy
revealed that tensile strain intensifies the formation of the
interfacial water structure, especially K·H2O and 2-HB·H2O.
Specifically, a series of controlled experiments have revealed
that K·H2O speeds up water splitting to improve ECSH activity
and 2-HB·H2O enhances alkene selectivity in ECSH. PdCu icosahedrons exposing a tensile strained (111) surface simultaneously achieve a faster alkyne conversion and a higher
alkene selectivity as compared with their PdCu counterparts
exposing the (111) surface without lattice strain and a commercial Pd/C catalyst. This work provides insights into boosting
ECSH performance from the viewpoint of regulating the interfacial water structure.
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