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a b s t r a c t 

Electrocatalytic reduction of CO 2 (CO 2 RR) to multi-electron ( > 2e –) products provides a green and sustainable 
route for producing fuels and chemicals. Introducing the second metal element is a feasible strategy for "managing" 
the key intermediate on Cu-based materials to further improve the CO 2 RR catalytic performance. In this work, 
palladium, which promises the generation of CO, was introduced into the poly(ionic liquid)-based copper hybrid 
(Cu@PIL) to construct a novel Cu-Pd bimetallic electrocatalyst (Cu@PIL@Pd). Remarkably, with a small dosage 
of palladium (2.0 mol% compared with Cu), a high faradaic efficiency (FE) for C 2 + products (68.7%) was achieved 
at –1.01 V (with respect to the reversible hydrogen electrode (RHE), the same below) with a high partial current 
density of 178.3 mA cm 

–2 . Meanwhile, high selectivity towards CH 4 (FE = 42.5%) and corresponding partial 
current density of 172.8 mA cm 

–2 were obtained on the same catalyst at –1.24 V, signifying a significant potential- 
dependent selectivity. Mechanistic studies reveal that both copper and palladium oxides are reduced to metallic 
states during the CO 2 RR. The presence of the adjoint copper phase and the highly dispersed electrostatic layer 
promote the generation of CO on the palladium components (both the PdO 2 phase and the Pd(II) site). Besides, 
the local CO 

∗ was enriched by the significant diffusion resistance of CO in the PIL layer. The spillover of CO 

∗ 

from Pd sites to the adjoint Cu sites, accompanied by the increased local concentration of CO 

∗ around Cu sites, 
accounted for the observed good CO 2 RR catalytic performance, especially the high C 2 + product selectivity. 
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. Introduction 

Electrocatalytic reduction of carbon dioxide (CO 2 RR) has drawn
uch attention in the scientific community owing to its potential to

onvert CO 2 into valuable products by using renewable energies un-
er mild conditions [1–5] , which is of great importance for sustain-
ble development [ 5 , 6 ]. To date, a variety of metals, including no-
le metals (e.g., Pd, Au, and Ag) [ 7 , 8 ] and non-noble metals (e.g.,
u, Zn, In, Sn, and Bi) [9] , have been demonstrated to possess the
lectrocatalytic activity of CO 2 RR. Copper-based materials, on which
igh-value multi-electron (more than 2 electrons) reduction products,
uch as methane (CH 4 ), ethylene (C 2 H 4 ), acetic acid (HOAc), methanol
MeOH), ethanol (EtOH), and propanol (PrOH), could be generated,
ave aroused great interest [ 10 , 11 ]. Apart from an opportune affinity for
he key CO 

∗ intermediate, the ability to promote the C–C coupling reac-
ion accounts for the distinct property of copper-based materials for the
O 2 RR [12–14] . 

In order to further improve the electrocatalytic performance of
opper-based materials, various catalyst design strategies, including sur-
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ace modification [15] , defects engineering [16] , electronic structure
egulation [17] , morphology control [18] , and intermediate manage-
ent [ 17 , 19 ], have been employed. Among them, introducing the sec-

nd metal element was found to increase the local concentration of
O 

∗ intermediate on the Cu sites, thus promoting the CO 2 RR perfor-
ance [20] . Palladium, which is beneficial to producing CO [21–23] ,

s regarded as a promising metal for constructing the binary electro-
atalysts for CO 2 RR [24–28] . For example, Ma et al. prepared a series
f Cu-Pd catalysts with well-defined mixing patterns and found that
he faradaic efficiencies of C 2 + products (FE C2 + = 63%) on Cu-Pd cata-
ysts with phase-separated atomic arrangements were much higher than
hose on order and disordered Cu-Pd catalysts [24] . Further, by modi-
ying tetrahexahedral Pd nanocrystals possessing high-index facets with
u overlayer, high selectivity towards alcohols (FE MeOH + EtOH = 20.4%)
ould be achieved [25] . Feng et al. reported that a high FE of C 2 H 4 
FE C2H4 = 45.2%) was obtained on a Cu-Pd bimetallic catalyst, which
as prepared by an electrodeposition method [26] . Zhu et al. found that

he Cu-Pd interface could lower the barrier for the C − C coupling reac-
ion, which resulted in a high FE C2 + of 50.3% on the CuPd(100) cata-
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yst [27] . Lyu et al. employed Pd-Cu Janus nanocrystal with a controlled
hape as an electrocatalyst, which provided a high FE C2 + of 51.0% [28] .
n the study, they demonstrated that the high CO coverage on Pd atoms
acilitated the C − C coupling reaction on the adjoint Cu atoms, thus im-
roving the selectivity to C 2 + products. 

Despite the encouraging results achieved on Cu-Pd bimetallic cata-
ysts, the performance still has room for improvement as demonstrated
y the following three aspects: (i) further improving the selectivity to-
ards the high-value multi-electron reduction products, especially the
 2 + products; (ii) promoting the CO 2 RR experiments at industrial cur-
ent density ( > 100 mA cm 

–2 ); (iii) reducing the cost of catalyst by de-
reasing the dosage of noble-metal palladium [7] . Most recently, our
roup documented a novel Cu-poly(ionic liquid) (Cu@PIL) hybrid which
xhibited a moderate selectivity to C 2 + products (FE C2 + 

= 46.2%, with
l – as the anion of Cu@PIL and in 1 M KOH) with a high total cur-
ent density ( > 300 mA cm 

–2 ) [29] . The Cu nanoparticles (NPs) were
overed with the PIL shell comprising highly dispersed imidazolium-
yridine-imidazolium tridentate sites and a dense electrostatic network.
e envisaged the introduction of Pd salts by coordination with both the

ridentate sites and the anions at the PIL layer would enable construct-
ng the desired Cu-Pd interfaces for the CO 2 RR. The numbers of effective
u-Pd interfaces could be readily adjusted by the type and dosage of Pd
alts, thereby further improving the selectivity of high-value C 2 + prod-
cts. 

In order to test our hypothesis, a novel Cu@PIL@Pd bimetallic
ybrid was facilely obtained by impregnating PdCl 2 into the pristine
u@PIL with Cl – as the anion. Comprehensive characterizations sug-
ested that the encapsulated palladium existed not only as Pd(II) cations
mbedded in the PIL layer by coordination with either the tridentate
ites or the anions but also in the PdO 2 phase that in situ formed by the
eaction of PdCl 2 with copper species at the surface of Cu NPs. Such
 less common Cu 2 O-type palladium oxide was surrounded by varied
opper species in the PIL layer, thus creating abundant Cu-Pd interfaces.
emarkably, only a small dosage of PdCl 2 was required by such a proto-
ol to achieve the Cu-Pd electrocatalyst that outperformed most closely
elated examples in the generation of C 2 + products from CO 2 RR. Specif-
cally, by employing Cu@PIL@Pd-2.0 with Pd/Cu of 2.0 mol% as the
lectrocatalyst, a high FE C2 + of 68.7% was achieved with a high partial
urrent density of C 2 + products (178.3 mA cm 

–2 ) at the cathodic poten-
ial of –1.01 V (with respect to the reversible hydrogen electrode (RHE),
he same below). Meanwhile, a high FE CH4 of 42.5% and the corre-
pondingly high partial current density of 172.8 mA cm 

–2 were achieved
t –1.24 V over the same catalyst, signifying a significant potential-
ependent selectivity. The synergetic effects between metal sites and
he PIL layer on the CO 2 RR process were preliminarily discussed. 

. Materials and methods 

.1. Synthesis of Cu@PIL@Pd-N 

Cu@PIL@Pd-N was prepared by impregnating Cu@PIL with PdCl 2 
alt with different Pd/Cu molar percentages (N). The detailed pro-
edure for the synthesis of Cu@PIL was described in our previous
ork [29] . Typically, ionic liquid monomer (i.e., 3,3 ′ -(pyridine-2,6-
iylbis(methylene))bis(1-vinyl-1H-imidazol-3-ium) chloride) (0.870 g,
.4 mmol, 1 equiv.), divinylbenzene (0.630 g, 4.8 mmol, 2 equiv.), and
zodiisobutyronitrile (0.045 g, 5 wt%) were added to methanol (35 mL)
nder argon. After stirring at room temperature for one hour, it was
eated to 85 °C and refluxed for another one and a half hours. Then,
he commercially available Cu NPs (Sigma-Aldrich) with a mean size
f 25 nm (0.512 g, 8 mmol, 3.33 equiv.) were dispersed in methanol
20 mL), which was all added to the above mixture. After reacting for
4 h, the resulting suspension was filtrated and washed with methanol
10 mL × 5) to afford Cu@PIL with Cl – as anions. Subsequently,
he obtained Cu@PIL was dispersed in methanol (30 mL) and PdCl 2 
0.007 g, 0.04 mmol, 0.016 equiv.) was added at 50 °C. After react-
938 
ng for 4.5 h, the suspension was filtrated and washed with methanol
20 mL × 5), followed by drying under vacuum at 60 °C overnight, to
fford Cu@PIL@Pd-0.5. 

The synthesis of Cu@PIL@Pd-N ( N = 1.0, 2.0, 4.0) followed the
ame procedure as that of Cu@PIL@Pd-0.5 but differed in the dosage
f PdCl 2 , wherein PdCl 2 (0.014 g, 0.08 mmol, 0.032 equiv.; N = 1.0),
dCl 2 (0.028 g, 0.16 mmol, 0.064 equiv.; N = 2.0), and PdCl 2 (0.057 g,
.32 mmol, 0.128 equiv.; N = 4.0) were used, respectively. Besides,
he synthesis of PIL@Pd also followed the same procedure as that of
u@PIL@Pd-0.5, but in the absence of Cu NPs. 

.2. Characterizations 

The high-resolution transmission electron microscopy (HR-TEM) im-
ges were performed on a JEM-F200 transmission electron microscope
ith an accelerating voltage of 200 kV (JEOL, Japan). The scanning

lectron microscopy (SEM) images were collected from a SU8020 scan-
ing electron microscope with an accelerating voltage of 5 kV (Hi-
achi, Japan). The X-ray diffraction (XRD) patterns were obtained from
 Smartlab(9) diffractometer with Cu K 𝛼 radiation (40 kV, 150 mA) of
avelength 1.5406 Å (Rigaku, Japan). The X-ray photoelectron spec-

roscopy (XPS) measurements were performed on an ESCALAB 250Xi
-ray photoelectron spectrometer using Al as the exciting source (Ther-
oFisher, USA). The gas chromatography (GC) measurements were per-

ormed on a 7890-gas chromatography system (Agilent, USA). The 1 H
uclear magnetic resonance (NMR) analyses were conducted with an
VANCE III 600 nuclear magnetic resonance spectrometer (Bruker, Ger-
any). The Raman spectrum was collected from an inVia Qontor con-

ocal Raman microscope (Renishaw, UK). 

.3. Performance evaluation of electrocatalytic CO 2 reduction 

All the electrocatalytic tests were performed with a homemade flow
ell, which was described in our previous work [29] . The dimensions of
he gas and electrolyte solution chambers are 20 mm × 5 mm × 1.5 mm
nd 20 mm × 5 mm × 3 mm, respectively. The gas diffusion electrodes
GDEs) loaded with Cu@PIL@Pd-N were used as the working electrode.
 piece of foamed nickel and a mercuric oxide electrode (in 1 M KOH)
as used as the counter and reference electrodes, respectively. The ca-

hodic potentials were converted to a reversible hydrogen electrode ( E R )
ith iR compensations (85%) after electrolysis: 

 R = 𝐸 r + 0 . 098 ( V ) + 0 . 0592 ( V ) × pH − 𝑖𝑅 × 85% 

here E r is the measured potential, i is the current density, and R is
he resistance of electrolyte solution. The selected applied potentials
with respect to the mercuric oxide electrode) were –1.65 V, –1.85 V,
2.05 V, –2.25 V, –2.45 V, and –2.65 V for CO 2 RR experiments. An
utolab PGSTAT204N workstation (Metrohm, Switzerland) was em-
loyed. An anion exchange membrane (AEM, FAA-3-PK-130, Fumasep)
as used to separate the electrolyte solution chambers. KOH solutions

1 M) were used as the catholyte and anolyte solutions. The flow rates of
he catholyte and anolyte solutions were set as 2.5 mL min –1 and 20 mL
in –1 , respectively. Pure CO 2 gas (99.999%) was used as the feed gas
ith a flow rate of 12 mL min –1 . In order to accurately measure the flow

ate of outlet gas, a soap-film flowmeter was employed. 
Gaseous products were analyzed on a GC system. H 2 and CO were an-

lyzed by a TCD equipped with HyaeseepQ and Molsievee 5 Å columns.
H 4 , C 2 H 6 , and C 2 H 4 were analyzed by an FID equipped with an HP-
LOT Al 2 O 3 column. The faradaic efficiency of gaseous products (FE G )
as calculated: 

 E G = 

𝑛 × 𝐹 × 𝑥 G × 𝑅 

𝑖 
× 100% 

here n represents the number of electrons transferred, F represents
he Faraday constant, x G represents the fraction of gaseous products, R
epresents the flow rate of outlet gas. Liquid products were quantified
y an NMR spectrometer. 400 𝜇L of electrolyte was added to 200 𝜇L
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Fig. 1. Crystal structure and morphology characterizations of 

Cu@PIL@Pd. (a, b) X-ray diffraction (XRD) patterns of Cu@PIL@Pd-N 

( N = 0.5, 1.0, 2.0, and 4.0). (c, d) Scanning electron microscope (SEM) images 
of Cu@PIL@Pd-2.0 after being loaded on a gas diffusion electrode (GDE). (e) 
Cross-sectional SEM and corresponding energy dispersive X-ray (EDX) mapping 
images of catalyst layers assembled by Cu@PIL@Pd-2.0. 
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Fig. 2. High-resolution transmission electron microscope (HR-TEM) char- 

acterizations of Cu@PIL@Pd-2.0. (a, b) HR-TEM and corresponding EDX map- 
ping images of Cu@PIL@Pd-2.0. (c) Enlarged view of the yellow areas in (a) 
(left: area A, right: area B; orange, blue, and violet dashed lines circle fragments 
of Cu metal, Pd 2 O (or Cu 2 O), and Cu 2 Cl(OH) 3 , respectively). 
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of Cu NPs. 
euterium dioxide. Dimethylsulfoxide and phenol were used as internal
tandards. The FE of liquid products (FE L ) was calculated: 

 E L = 

𝑛 × 𝐹 × 𝑐 L × 𝑉 

𝑄 

× 100% 

here c L represents the concentration of the product, V represents the
olume of electrolyte, Q represents the consumed electricity. 

.4. In situ Raman test 

In situ Raman test was performed in a custom-made flow cell (Fig.
18), which also consists of three chambers, i.e., one gas chamber and
wo electrolyte solution chambers, separated by a piece of AEM (FAA-
-PK-130, Fumasep). A graphite rod was used as the counter electrode.
he cathodic potential was measured by a mercuric oxide (in 1 M KOH)
eference electrode. The flow rates of KOH electrolyte solution (1 M)
nd CO 2 feed gas (99.999%) were set as 50 mL min –1 and 35 mL min –1 ,
espectively. During the test, a 785 nm laser excitation source equipped
ith a 50 × objective was employed. 

. Results and discussion 

.1. Characterizations of Cu@PIL@Pd-N 

The crystal structure of Cu@PIL@Pd-N ( N = 0.5, 1.0, 2.0, and 4.0)
as characterized by the X-ray diffraction (XRD) technique. Herein,

he N values denote the Pd/Cu molar percentage for the impregnating
dCl 2 . As shown in Fig. 1 a, the feature patterns of metallic Cu could be
learly identified for all the four materials, while the intensity of peaks at
he 2-theta degree of ∼36°, ∼42°, and ∼61° increased with the N values.
y carefully identifying the XRD patterns ( Figs. 1 b and S1), we found an
bvious left shift of these peaks compared to those of Cu 2 O (PDF # 77-
199; i.e., 36.3° vs. 36.5°; 42.2° vs. 42.4°; 61.2° vs. 61.6°), which meant
hat these diffractive features should be attributed to a less common
u 2 O-type oxide of palladium, namely Pd 2 O [ 30 , 31 ]. Furthermore, pat-
erns related to CuCl and Cu 2 Cl(OH) 3 appeared when N = 4.0, which
as probably imposed by the excessive introduction of PdCl 2 salt. Scan-
ing electron microscopy (SEM) images ( Figs. 1 c, d, and S2) showed
orous morphologies comprising abundant spheres with a particle size
f ∼50 nm after these hybrids were loaded on the gas diffusion elec-
rode (GDEs). Cross-sectional SEM and energy dispersive X-ray (EDX)
939 
apping images ( Fig. 1 e) exhibited the distribution of Cu and Pd ele-
ents among the surface layer of the GDE. 

The high-resolution transmission electron microscopy (HR-TEM) im-
ge ( Fig. 2 a) of Cu@PIL@Pd-2.0 suggested plentiful nanoparticles were
ighly dispersed in the PIL layer. Besides, the corresponding EDX im-
ges ( Fig. 2 b) demonstrate that Cu and Pd elements dispersed unevenly
t the scale of several nanometers. The lattice fringes could be clas-
ified into three types by enlarging the marked areas in the HR-TEM
mage ( Fig. 2 c): (i) the spacing of the fringes of 2.08 Å, assigning to the
111) inter-planar distance of metallic Cu (highlighted in orange); (ii)
he spacing of the fringes of 2.47 Å and 2.14 Å, assigning to the (111)
nd (200) inter-planar distances of Pd 2 O (or Cu 2 O, because of the simi-
arities in the crystal structure) (highlighted in light blue); and (iii) the
pacing of the fringes of 2.52 Å and 2.27 Å, assigning to the (220) and
202) inter-planar distances of Cu 2 Cl(OH) 3 (highlighted in light violet).
vidently, nanocrystals of Cu, Pd 2 O (or Cu 2 O), and Cu 2 Cl(OH) 3 existed
n a highly fragmented manner, which created many phase interfaces,
ncluding Cu-Pd 2 O (or Cu 2 O), Cu 2 Cl(OH) 3 -Pd 2 O (or Cu 2 O), Pd 2 O (or
u 2 O)-Pd 2 O (or Cu 2 O), Cu-Cu 2 Cl(OH) 3 , and Cu 2 Cl(OH) 3 -Cu 2 Cl(OH) 3 

nterfaces. Despite the difficulties in accurately distinguishing Pd 2 O
rom Cu 2 O phases, we supposed many Cu-Pd phase interfaces should
e created. Such a viewpoint can be supported by both experiments and
elated literature: (i) the diffracted intensity for Pd 2 O is quite strong
n the XRD characterizations ( Fig. 1 a), corresponding to the presence of
umerous crystal phases of Pd 2 O; (ii) the formation of stable Pd(I) oxide
as documented only on or near (with) excess metals, such as metallic
u, Hg, Mn, and Pd [ 31 , 32 ]. 

The X-ray photoelectron spectroscopy (XPS) was conducted to reveal
he oxidation state of different elements at the surface of Cu@PIL@Pd-N
 Figs. 3 and S3–S6). Cu LMM Auger spectra ( Fig. 3 a) suggested five peaks
t the kinetic energy (KE) of 918.7 eV, 916.8 eV, 916.3 eV, 915.4 eV, and
914 eV, assigning to metallic Cu [33] , Cu hydroxides [34] , Cu 2 O [35] ,
u chlorides [ 36 , 37 ], and Cu chelated by organic ligands [38] . Besides,
he intensity of copper hydroxides and copper chlorides in Cu@PIL@Pd-
 was enhanced, while that of metallic Cu, Cu 2 O, and chelated Cu was
eakened, with the increase of the N values. It implied that the added
dCl 2 might react with Cu or Cu 2 O to form Pd 2 O "coating" the surface
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Fig. 3. Auger and X-ray photoelectron spectroscopy (XPS) spectra of Cu@PIL@Pd. (a-c) Cu LMM Auger spectra, high-resolution Pd 3d XPS spectra, and high- 
resolution N 1s XPS spectra of Cu@PIL@Pd-N. (Abbreviations: Im denotes imidazolium, Py denotes pyridinic, TM denotes transition metal.) 
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Table 1 

Reaction equation of PdCl 2 salt with metallic Cu or Cu oxide during the 

impregnation. 

Classification Reaction equation 

The formation of Pd 2 O 

on metallic Cu surface 
Cu + PdC l 2 → CuC l 2 + Pd 
4 Pd + O 2 → 2P d 2 O 

The formation of Pd 2 O 

on Cu oxide surface 
C u 2 O + PdC l 2 → CuC l 2 + P d 2 O 

The formation of 
Cu 2 Cl(OH) 3 and CuCl 

2 CuC l 2 + 3 H 2 O → C u 2 Cl ( OH ) 3 + 3 HCl 
2 HCl + C u 2 O → 2 CuCl + H 2 O 
Cu + CuC l 2 → 2 CuCl 

t  

d  

a  

t  

T  

m  

f  

p  

c  

w  

r  
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3

 

w  

T  

t  
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i  
The high-resolution XPS spectra in the Pd 3d region displayed two
airs of spectral features in Fig. 3 b. Two broad peaks at the relatively
igher binding energies (BEs) of 338.0 eV and 343.3 eV were assigned
o Pd(II) species in Cu@PIL@Pd-N ( N = 0.5, 1.0, 2.0) [39] . Herein, it is
ifficult to exactly identify the precise structure of these species since
he BEs of Pd(II) chlorides and Pd(II) complexes cover a wide range of
37.4 to 338.5 eV (Table S3). By contrast, an evident shift to lower BE
as observed for Cu@PIL@Pd-4.0 impregnated with more PdCl 2 salt.

t suggested Pd(II) chlorides should possess lower BE therein. Besides,
he Pd 3d XPS spectra also contained two intense peaks at the relatively
ower BE of 335.8 and 341.1 eV. Notably, the former at 335.9 eV was
ocated between the feature peaks of PdO (336.5 eV) and metallic Pd
335.3 eV) [40] , which thus should be attributed to PdO x ( x < 1), namely
d 2 O. 

In the N 1s XPS spectra ( Fig. 3 c), the presence of free pyridinic ni-
rogen at 399.1 eV and free imidazolium nitrogen at 401.2 eV [ 41 , 42 ]
ecorated at the PIL layer was observed. In addition, the correspond-
ng transition metal-chelated species feature at 399.5 eV and 400.0 eV
43] , signifying the coordination interaction of the PIL layer with Cu and
d elements, respectively. It also contained one peak in a high BE re-
ion (402.1 eV). The less free charges of such imidazolium nitrogen (Im
 

𝛿+ ) could be attributed to the electrostatic interaction with Cl anions
mbedded in the PIL layer. We supposed such electrostatic interactions
till exist between Pd cations and Cl anions and these highly dispersed
lectrostatic interaction networks (Im N 

𝛿+ …Cl 𝛿–…Pd 𝛿+ ) by introducing
dCl 2 to the surface of Cu@PIL may further improve the conductivity of
he PIL layer. The presence of a joint chloride site surrounded by various
ations was confirmed by the apparent peaks at ∼199.6 eV in the Cl 2p
PS spectra (Figs. S3d–S6d). 

Based on the above characterization and discussion, the potential re-
ction process during the impregnation, wherein the metallic Cu or Cu
xide (mainly Cu 2 O) functioned as the reductant, was summarized in
able 1 . At the metallic surface of Cu NPs, Cu reacted with the upcom-

ng PdCl 2 to deliver Pd and CuCl 2 , wherein the nano-sized Pd quickly
940 
urned into Pd 2 O upon exposure to air. Alternatively, Cu 2 O at the oxi-
ized surface of Cu NPs could react directly with PdCl 2 to provide Pd 2 O
nd CuCl 2 . Meanwhile, the formation of Cu 2 Cl(OH) 3 was most likely at-
ributed to the hydrolysis of CuCl 2 with the moisture in the atmosphere.
he coincidentally released HCl is prone to undergo a double replace-
ent reaction with Cu 2 O to give CuCl. Moreover, CuCl may also be

ormed via the comproportionation reaction between Cu and CuCl 2 . In
rinciple, such redox reactions between copper and palladium could be
lassified as the galvanic replacement reaction (GRR) [44] . This strategy
as demonstrated to facilitate the formation of the bimetallic interface

ather than alloy. As a proof of concept, Cu-Ag bimetallic catalysts were
ynthesized thereby for high-performance CO 2 RR [44] . 

.2. Electrocatalytic CO 2 RR on Cu@PIL@Pd-N 

In order to accelerate the mass transfer of CO 2 , a flow cell equipped
ith a gas chamber was employed to carry out the CO 2 RR experiments.
he catalytic performance of Cu@PIL@Pd-N at the selected applied ca-
hodic potentials was examined and the results were displayed in Fig. 4 .
aking Cu@PIL@Pd-0.5 as an example, the total current density ( j total )

ncreased rapidly from 59.6 to 412.6 mA cm 

–2 with the cathodic poten-
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Fig. 4. Electrocatalytic CO 2 RR performance of Cu@PIL@Pd. (a–d) Faradaic efficiency and current density of Cu@PIL@Pd-N during CO 2 RR at different cathodic 
potentials. Note: all the CO 2 RR experiments were conducted with the same applied cathodic potentials (with respect to the mercuric oxide electrode). The recorded 
compensated cathodic potentials (with respect to the reversible hydrogen electrode) were calculated according to the equation in Section 2.3 . 
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ial ( E cathodic ) negatively shifting from − 0.69 to − 1.29 V, then slowly
eached the potential value by further increasing the E cathodic . The high-
st j total of 464.1 mA cm 

–2 was obtained at − 1.47 V. In comparison, no
reater j total was obtained for Cu@PIL@Pd-N ( N = 1.0, 2.0, 4.0) impreg-
ated with more PdCl 2 . The corresponding j total obtained at the same
egative applied potential of –2.65 V (with respect to the mercuric oxide
lectrode) were 392.01 mA cm 

–2 ( N = 1.0), 406.73 mA cm 

–2 ( N = 2.0),
nd 441.2 mA cm 

–2 ( N = 4.0), respectively. 
The product distribution was similar for Cu@PIL@Pd-0.5,

u@PIL@Pd-1.0, and Cu@PIL@Pd-2.0. When the applied E cathodic 
hifted negatively forward, the FE CO gradually decreased, coincidently
ith the increase of the FE CH4 . In contrast, the FE C2 + reached the
aximum value at a moderate E cathodic . Representatively, the highest

E C2 + on Cu@PIL@Pd-2.0 was obtained at –1.01 V. With more neg-
tive E cathodic (i.e., –1.09 V to –1.24 V), the FE C2 + rapidly decreased
ccompanied by the increase of the FE CH4 (Fig. S7). These results
emonstrated that there was a significant potential-dependent competi-
ion between the hydrogenation of CO 

∗ and the C − C coupling reaction
fter the formation of CO over Cu@PIL@Pd-N ( N = 0.5, 1.0, 2.0).
owever, both the FE CH4 and FE C2 + increased on Cu@PIL@Pd-4.0 with
egatively shifting the E cathodic . It provided poor values of 20.3% and
4.4%, respectively, even at a high overpotential ( E cathodic = − 1.49 V).
he greatest FE CO value within the same range of the E cathodic on
u@PIL@Pd-4.0 compared to the other Cu@PIL@Pd-N ( N = 0.5, 1.0,
.0) hybrids (Fig. S8) indicated that too much PdCl was not conducive
2 

941 
o generating multi-electron reduction intermediates (i.e., CHO 

∗ or
 COOC 

∗ ) from CO, despite the presence of significant copper-based
hlorides and hydroxides therein ( Fig. 1 a) that in principle should
acilitate both the hydrogenation of CO 

∗ and the C–C coupling reaction
17] . 

The highest FE C2 + of 68.7% was obtained on Cu@PIL@Pd-2.0 at
he E cathodic of –1.01 V with a high partial current density of C 2 + 
roducts ( j C2+ 

= 178.3 mA cm 

–2 ), which was the best record com-
ared with the reported values for generating C 2 + products on Cu-Pd
ased electrocatalysts (Table S5). Note that a higher j C2 + of 204.6 mA
m 

–2 was achieved at the E cathodic of –1.09 V, but with a reduced
 2 + selectivity (FE C2+ 

= 56.8%). In comparison, the highest FE C2 + 
n the other Cu@PIL@Pd-N hybrids are relatively worse, recording
s 46.2% ( N = 0.5), 48.5% ( N = 1.0), and 45.3% ( N = 4.0), re-
pectively. On the other hand, we found that the occupation of C 2 H 4 
omposite in the highest FE C2 + differed slightly on Cu@PIL@Pd-0.5
FE C2H4 : 25.0%), Cu@PIL@Pd-1.0 (FE C2H4 : 27.1%), and Cu@PIL@Pd-
.0 (FE C2H4 : 23.6%) (Fig. S9). The best selectivity toward C 2 + prod-
cts obtained on Cu@PIL@Pd-2.0 was mainly attributed to the highest
E EtOH value of 25.3%, suggesting the presence of numerous Cu-Pd in-
erfaces in this case [ 24 , 25 ]. Besides, the best FE CH4 of 42.5% was also
chieved on Cu@PIL@Pd-2.0 at –1.24 V, corresponding to a high j CH4 of
72.8 mA cm 

–2 . Notably, such a high j CH4 value was superior to not only
hat on Pd-based electrocatalyst but also those on many other advanced
lectrocatalysts (Table S6). The outstanding performance towards both
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Fig. 5. Long-term stability test of Cu@PIL@Pd-2.0 in KOH solution (1 M) at 150 mA cm 

–2 for 10 h. 

Fig. 6. Electrochemical studies of Cu@PIL@Pd. (a) Electrochemical 
impedance spectroscopy (EIS) spectra of Cu@PIL@Pd-N at –0.3 V ( vs. RHE). (b) 
Current density differences ( Δj ) of cyclic voltammetry (CV) curves at 0.45 V 

( vs. RHE) for Cu@PIL@Pd-N plotted against scan rate. (c) Tafel plots for 
Cu@PIL@Pd-N. (d) The measured solution resistances, electrochemical surface 
areas, onset potentials, and Tafel slopes of Cu@PIL@Pd-N. 
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he C 2 + products and CH 4 on Cu@PIL@Pd-2.0 suggested that the for-
ation and subsequent conversion of CO 

∗ was very rapid. 
The long-term electrolysis (10 h) over Cu@PIL@Pd-2.0 was per-

ormed at 150 mA cm 

–2 in 1 M KOH to test the catalytic durability.
s shown in Fig. 5 , a slight fluctuation of the E cathodic in the range from
0.76 to –0.83 V (with iR compensation) could be observed within the
rst 5 h. Subsequently, the E cathodic further negatively shifted to around
0.90 V with a more intensive fluctuation, which was highly likely im-
osed by not only the flooding and carbonation of the microporous layer
f GDE but also the continuous acidification of the electrolyte solution.
n the other hand, the variation of FE C2 + was not significant during

his period. After 10 h electrolysis, the selectivity towards C 2 + products
ecreased by only 3.7% (from 47.0% to 43.3%), demonstrating good
tability of this PIL-based Cu-Pd bimetallic catalyst. 

The electrochemical behaviors of Cu@PIL@Pd-N were next investi-
ated ( Figs. 6 a–c, and S10, S11), and the measured solution resistance
 R ), the electrochemical surface area (ECSA), the onset potential, and
s 

942 
he Tafel slope were summarized in Fig. 6 d and Tables S1, S2. It’s worthy
o note that the PIL layer could be considered as a thin layer of "solid"
lectrolyte surrounding the active sites for the CO 2 RR. Therefore, the
easured R s was imposed by two parts: the resistance of electrolyte

olution (i.e., 1 M KOH) and the resistance of the PIL layer. In this re-
ard, the variation of R s accounted for the different conductivity of the
IL layer to a certain extent, since the structure and the composition
f the flow cell remained unchanged. Evidently, Cu@PIL@Pd-0.5 pos-
essed the lowest R s resistance of 0.66 ohm and the highest ECSA of
12.76 cm 

2 , corresponding to the lowest barrier for the charge transfer
nd the presence of abundant active sites. However, the reaction rate
n Cu@PIL@Pd-0.5 was much lower than that on Cu@PIL@Pd-1.0 and
u@PIL@Pd-2.0 (Fig. S12), which possessed higher R s and lower ECSA,
t the same E cathodic , suggesting the charge transfer and the number of
he general active site were not the limiting factors for the multi-electron
eduction of CO 2 . 

The Tafel plot analysis indicated Cu@PIL@Pd-2.0 had the most pos-
tive onset potential (–0.18 V) and the largest normalized initial cur-
ent density, which meant the fastest kinetics in CO generation. Besides,
he moderate Tafel slope of 225 mV dec –1 on Cu@PIL@Pd-2.0 was at-
ributed to the slow diffusion of CO 2 . These results demonstrated that
O could be readily produced (mainly on palladium composition [ 21 –
3 ]) but difficult to desorb, thereby enriching the local CO for subse-
uent reactions. Meanwhile, the spillover of CO from palladium site to
opper site might competitively proceed [ 24 , 28 ], thereby further accel-
rating the C − C coupling reaction and promoting the selectivity toward
he C 2 + products. 

.3. Mechanistic studies 

In order to study the mechanism, this bimetallic catalyst was "di-
ided" into two parts: the palladium dispersed in PIL (denoted as
IL@Pd) and the PIL coated Cu NPs (namely, Cu@PIL). PIL@Pd was
ndependently synthesized by impregnating PdCl 2 to the pristine PIL
ithout Cu NPs inside. The XRD test of PIL@Pd demonstrated that the

rystal composition was mainly the PdCl 2 phase ( Fig. 7 a). Besides, the
bsence of the Pd 2 O phase confirmed it only formed with Cu NPs in
he Cu@PIL@Pd hybrids. Moreover, the HR-TEM images of PIL@Pd
 Figs. 7 b, c, and S13) suggested the PdCl 2 NPs were highly dispersed in
he PIL layer, while the SEM image (Fig. S14) displayed a similar mor-
hology to Cu@PIL@Pd ( Figs. 1 c and S2). A comprehensive XPS analysis
howed PIL@Pd was composed of PdCl 2 and the chelated Pd(II) species
Fig. S15). We also noticed that the metallic Pd was partially formed in
IL@Pd ( Fig. 7 a), which might be attributed to the reduction of Pd(II)
ith methanol during impregnating PdCl into PIL [45] . 
2 
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Fig. 7. Characterizations and electrocatalytic CO 2 RR performance of PIL@Pd. (a) XRD patterns of PIL@Pd. (b, c) HR-TEM images of PIL@Pd. (d) Faradaic 
efficiencies (FEs) of H 2 and CO during CO 2 RR on PIL@Pd at different cathodic potentials. (e) Linear sweep voltammetry (LSV) plots of PIL@Pd and Cu@PIL@Pd-2.0 
(dashed line: with N 2 supply, solid line with symbol: with CO 2 supply). (f) Tafel plots of PIL@Pd and Cu@PIL@Pd-2.0. 
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The CO 2 RR performance of PIL@Pd only exhibited selectivity to-
ards CO ( Fig. 7 d), corresponding to the documented features of Pd-
ased electrocatalysts [ 21 –23 ]. Furthermore, the FE CO decreased with
he increase of the FE H2 , which was also observed on Pd(II) cations
oordinated by tridentate Schiff base ligands [46] . It suggested Pd(II)
ations embedded in the PIL layer by coordinating with either the tri-
entate sites or the anions, besides the PdO 2 phase, might account for
he production of CO during the CO 2 RR. The LSV plots in Fig. 7 e showed
he current density with the N 2 supply was less than that with the CO 2 
upply at the same E cathodic on Cu@PIL@Pd-2.0. However, the much
arger opposite difference in the current density with both supplies for
IL@Pd, corresponding to its high selectivity towards H 2 , as demon-
trated in Fig. 7 d. 

By contrast, Cu@PIL possessed good CO 2 RR performance for C 2 + 
roduction [29] . The highest FE C2 + was 46.2% on Cu@PIL with Cl –

s the anion in 1 M KOH electrolyte solution (Table S7), demon-
trating the C–C coupling reaction mainly occurred on the Cu sites.
29] Meanwhile, the FE H2 was kept at a low level ( < 20%) [29] , sug-
esting the presence of copper species was conductive to inhibit the
ydrogen evolution reaction on PIL-based materials. However, com-
ared with the CO 2 RR performance on Cu@PIL@Pd-2.0 (68.7%) un-
er identical conditions, such a FE C2 + was much lower. It signified
he introduction of palladium could effectively promote the C–C cou-
ling reaction on the adjoint Cu atoms. Furthermore, the onset po-
ential, the initial current density, and the Tafel slope of PIL@Pd
ere much less than those of Cu@PIL@Pd ( Fig. 7 f), demonstrating

lower formation kinetics of CO without copper. We supposed the pres-
nce of Cu species might promote the generation of CO on Pd sites
ince highly mixed Cu-Pd materials were reported to show high FE CO 
 24 , 47 ]. 
943 
The in situ Raman ( Figs. 8 and S19) test was employed to study
he oxidation state of Cu and Pd species on Cu@PIL@Pd-2.0 during
he CO 2 RR. At the open circuit potential (OCP) and the E cathodic of
.53 V ( Figs. 8 a and S19a), besides the spectral features related to
u 2 O (147 cm 

–1 , 528 cm 

–1 , and 620 cm 

–1 ) [48] . two weak peaks at
23 cm 

–1 and 646 cm 

–1 assigned to palladium oxide were observed
49] . These features decayed rapidly once the E cathodic negatively shifted
ver 0.33 V, suggesting all the copper and palladium oxides were re-
uced to Cu(0) and Pd(0) species during the CO 2 RR. Besides, the peak
t 357 cm 

–1 was assigned to the CO 

∗ adsorbed on Cu and Pd sites
Cu-CO and Pd-CO) [ 48 , 49 ], which disappeared once the E cathodic was
emoved together with a rapid re-oxidation of copper and palladium
Fig. S19). Furthermore, the comprehensive characterizations of the
sed catalyst suggested that the crystal structure and the morphology
asically were retained during the CO 2 RR (Figs. S20, S21). However,
here formed more copper oxides (i.e., Cu 2 O and CuO) with the dis-
ppearance of copper chlorides, while the types and the distribution
f palladium species were identical to those in the fresh samples (Fig.
22). It demonstrated that the valence variation of copper (Cu(I)/(II)
xides/chlorides → Cu(0) → Cu(I)/(II) oxides) and palladium (Pd(I) ox-
des → Pd(0) → Pd(I) oxides) species at the surface of Cu@PIL@Pd-2.0
uring an electrolysis cycle. These results indicated that the metallic
u/Pd species, rather than the Cu/Pd oxides, persisted in the CO 2 RR cat-
lytic activity. Meanwhile, only one peak at 2050 to 2071 cm 

-1 existed
ithin the wavenumber range from 1700 to 2400 cm 

–1 ( Fig. 8 c), which
orresponded to the stretching vibration mode of CO 

∗ [18] . Such a Ra-
an shift was a little lower than that on Cu@PIL (2089 to 2095 cm 

-1 )
29] . We thus attributed this peak to the stretching vibration mode of
O 

∗ on Pd ( v (Pd-CO)). The assignments of other Raman peaks are sum-
arized in Table S4. 
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Fig. 8. In situ Raman study of Cu@PIL@Pd-2.0. In situ Raman spectra on GDE loaded with Cu@PIL@Pd-2.0 at the different cathodic potential in the Raman shift 
ranges of (a) 100 to 800 cm 

–1 , (b) 800 to 1700 cm 

–1 , and (c) 1700 to 2400 cm 

–1 . 

 

r  

i  

a  

C  

c  

b  

b  

o  

P  

s  

(  

[  

s  

w  

r

4

 

w  

b  

l  

i  

a  

t  

d  

C  

i  

c  

fi  

v  

C  

b  

p  

d  

l  

t  

a  

s  

e  

p  

b  

t

D

 

w

A

 

k  
Collectively, the synergy effect caused by Cu and Pd could be summa-
ized as (i) Cu can promote the generation of CO on the adjoint Pd sites,
ncluding the in -situ formed Pd 2 O and the immobilized Pd(II) cations;
nd (ii) the abundant Cu-Pd interfaces are conducive to the spillover of
O 

∗ from Pd sites to the adjoint Cu sites, thereby promoting the C–C
oupling reaction. In addition, in comparison to the traditional Cu-Pd
imetallic catalyst, the distinct feature obtained by Cu@PIL@Pd could
e attributed to the presence of the PIL layer. The positive influence
f the PIL layer on the CO 2 RR performance is summarized as: (i) the
IL layer was an ideal medium for high dispersion of different active
ites benefitting from the plenty of chelate and the electrostatic sites;
ii) the diffusion of the generated CO was hindered by the PIL layer
50] , enabling the local enrichment of CO; and (iii) the dense electro-
tatic network of the PIL layer, especially when abundant metal cations
ere introduced, could enhance the conductivity of the entire materials,

esulting in the improvement of reaction rate of CO 2 RR. 

. Conclusion 

In summary, a novel Cu-Pd bimetallic electrocatalyst (Cu@PIL@Pd)
as readily obtained by impregnating PdCl 2 salt into the Cu@PIL hy-
rids. As expected, the Pd(II) cations were immobilized in the PIL
ayer via the coordination with the decorated imidazolium-pyridine-
midazolium tridentate sites and the highly dispersed anions to deliver
n enhanced electrostatic network, which was conducive to the charge
ransfer among the PIL layers. Besides, a less-common Cu 2 O-type palla-
ium oxide (Pd O) was formed from the reaction of PdCl with metallic
2 2 

944 
u and Cu 2 O at the surface of Cu NPs, enabling creating plentiful Cu-Pd
nterfaces for promoting the C–C coupling reaction. With such a proto-
ol, a small dosage of palladium composite was enough to deliver ef-
cient Cu-Pd-based electrocatalysts for CO 2 RR. Mechanistic studies re-
ealed both copper and palladium oxides were reduced to metallic states
u(0) and Pd(0), respectively at the cathodic potential where CO 2 RR
egins. The presence of the adjoint copper phase and the highly dis-
ersed electrostatic layer promoted the generation of CO on the palla-
ium components (both the PdO 2 phase and the Pd(II) site). Besides, the
ocal CO 

∗ was enriched by the significant diffusion resistance of CO in
he PIL layer. The spillover of ∗ CO from Pd sites to the adjoint Cu sites,
ccompanied by the increased local concentration of ∗ CO around Cu
ites, accounted for the observed good CO 2 RR catalytic performance,
specially the high C 2 + product selectivity. These findings provided a
latform for the novel design concept of CO 2 RR catalysts for achieving
oth efficiency and selectivity toward high-value multi-electron (more
han 2 electrons) reduction products. 
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