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Tuning the surface segregation composition of
a PdCo alloy by the atmosphere for increasing
electrocatalytic activity†
Tongtong Li,‡a Rong Wang,‡b Minghe Yang,a Shuaishuai Zhao,a Zhijie Li,a
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The rational design of active sites for electrocatalysts is crucial for achieving high eﬃciency of
electrochemical reactions. Contrary to the shape-controlled method, herein, we reported a selective
segregation-etching strategy to highly increase the active sites of a bimetallic alloy as a highperformance electrocatalyst. The surface composition of the PdCo alloy was manipulated by its
preferential segregation in the atmosphere according to the predictions of the density functional theory
(DFT). By leaching Co atoms from the surface having a balanced composition with consecutive potential
cycling in an acid solution, the surface reconstructed to show a high density of high-index Pd facets
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identiﬁed by Cs-corrected transmission electron microscopy. Using hydrogen evolution as a model
reaction, the resulting catalyst exhibited enhanced electrocatalytic activity and outstanding long-term
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stability. This study provides a general principle to design a transition metal alloy with highly active sites,
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which has a great potential in broad areas such as batteries, fuel cells, and beyond.

1. Introduction
The performance of nanocatalysts is determined by their
composition and active sites.1–3 Correspondingly, two strategies
have been widely employed in the past decades. One involves
adding cheap impurities into noble metal nanocrystals to
reduce the cost and tune the electronic structures.4,5 Another
involves the use of shape-controlled methods to present more
active sites.6–10 Generally, low-coordinated sites have higher
catalytic activities.11 To increase the active sites, it is necessary
to increase the number of low-coordinated sites and decrease
their coordination number. Shape-controlled synthesis involves
the use of diﬀerent adsorption capacities between ligands and
surfaces to increase the ratio of high-index facets.12,13 However,
the delicate control of the shape of nanocrystals with high-index
facets is always challenging. Some electrochemical methods
such as square wave potential and fast potential cycles have
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been applied to successfully synthesize tetrahexahedral (THH)
Pt nanocubes with a high-index plane from nanospheres.14
Here, we presented a selective segregation-etching strategy to
synthesize nanocrystals with high density of active sites without
tuning shapes. Using a PdCo alloy as the model system, the
synthesized nanocatalyst exhibited signicant activity and
stability toward the hydrogen evolution reaction (HER).
Hydrogen, a renewable energy source, provides a promising
solution for the growing concerns about global warming and
diminishing fossil fuels.15–17 One of the eﬃcient and renewable
approaches for producing hydrogen is electrochemical water
splitting.18,19 Palladium (Pd), which resembles Pt in many
respects, is one of the most competitive candidates as Pt's
replacements due to its widespread resource in the Earth's crust
and excellent catalytic abilities for various oxidation and
reduction electrode processes.20,21 Contrary to previous strategies, such as preparing specic Pd facets, controlling composition and morphology,22,23 nding advanced substrates,24 and
creating Pd alloys,25 our idea involved the use of the varied
segregation preferences of the Pd alloy in diﬀerent conditions to
generate facets with a balanced composition. Then, when we
etched the impurity points out of these surfaces, the abundant
vacancies on the surface generated the maximum number of
neighbouring Pd atoms as low-coordinated sites, that is, the
active sites. This selective segregation-etching strategy is shown
in Scheme 1.
To fulll this strategy, we rst used a cyanogel as the bimetal
precursor to create a PdCo alloy.26,27 Then, based on the density
functional theory calculations, we applied a suitable

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

Sustainable Energy & Fuels

the NH3 adsorption may induce a balanced Co/Pd ratio. Ar
exhibited negligible eﬀects on the PdCo composition, which
was consistent with previous results.28 Thus, if we want to tune
the PdCo alloy from a Co-rich surface to a PdCo-balanced
surface, replacing CN with NH3 can be a viable pathway, as
shown in Fig. 1.

Schematic illustration of the selective segregation-etching
strategy to generate alloy surface with more low-coordinated sites.
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Scheme 1

atmosphere to tune the surface segregation preference.
Furthermore, the segregated PdCo alloy with the balanced
composition on the surfaces was controllably etched by electrochemical (EC) cycling in an acid solution to leach Co surface
atoms. This selective segregation-etching strategy aﬀorded high
density of high-index Pd crystallographic facets on the rearranged surface to achieve a signicant elevation of the HER
activity of the catalyst, which provided a general principle to
design metal nanocatalysts with high active sites.

2.

Results and discussion

2.1 Design of surface composition of PdCo by the
atmosphere
A cyanogel was used in this experiment to synthesize a PdCo
alloy. The initially synthesized nanoparticles were protected by
cyanide (CN) ligands.26 It is known that the surface composition
of alloys is highly inuenced by the adsorbed molecules due to
their diﬀerent aﬃnities to diﬀerent metal elements. In this case,
to tune the surface composition of the PdCo alloy, we carried
out density functional theory (DFT) calculations to compare the
binding energies of cyanide (CN), Ar and NH3 with the Pd/Co
surfaces, as shown in Table 1. Three low-index surfaces (111),
(100), and (110) were calculated. All the adsorption congurations can be found in Table S1–S3.† The adsorption of CN on all
the Co and Pd surfaces was very strong (>3 eV) and the
adsorption aﬃnities of CN on the Co surfaces were substantially
higher than those on Pd. The adsorption energies of NH3 on the
Pd and Co surfaces were very close and moderately strong (0.8
eV). On the contrary, the binding energies of Ar on all the Co
and Pd surfaces were close to zero. Based on the above calculations, we could reasonably conclude that CN greatly increased
the Co/Pd equilibrium ratio even in a low concentration, while

2.2 Synthesis and characterization of compositionsegregated PdCo/CC catalyst
Based on the above results, multi-step pathways consisting of
the oriented segregation and recongurations of a PdCo alloy
were built on a substrate of a carbon cloth. A cyanogel (Fig. S1†)
acting as the precursor was rst coated on the carbon cloth
(cyanogel/CC) and subsequently annealed at 450  C in an Ar and
NH3 ow (60 mL min1) (for details, please see the Method
section). The activation was performed in a 0.5 M H2SO4 solution
by continuous EC cycling between 0.2 and +1.0 V (vs. SCE). The
alloy generated by cyanogel ammonolysis (PdCo/CC) presented
signicant changes in morphology (Fig. 2). The scanning electron microscopy (SEM) images show that the uniform cyanogel
lm on CC (Fig. 2a) transforms to nanoparticles with a diameter
of 50 nm aer NH3 treatment (Fig. 2b). The round nanoparticles (Fig. 2b) were gradually transformed to a well-shaped
dendritic nanostructure aer EC treatment for 400 cycles
(Fig. 2f; we denoted this product as PdCo/CC400). As we expected,
the EC cycling-induced structural evolution largely relied on the
protector atmosphere. The product aer annealing the cyanogel
in an Ar atmosphere (PdCo/CCAr) retained the original structure
aer EC cycling (Table S4†). Numerous small holes were found
on the surface of CC, which could be attributed to the oxidation
etching from metal salts without NH3 protection. When the
precursor cyanogel was replaced by the mixture of metal salts
(H2PdCl4–Na3Co(NO2)6), the PdCo alloy could not be well mixed
(here, denoted as Pd–Co/CC). Thus, aer the same EC scanning
cycles, the resulting catalyst (Pd–Co/CC400) exhibited less
morphology changes with respect to PdCo/CC400. Furthermore,
aer using H2PdCl4 as the sole precursor, the as-formed Pd/
CC400 also presented primary morphology. These results indicate that this structural evolution of the PdCo alloy may depend
on the Co leaching process and Pd rearrangement, which is
consistent with our expectation.
The X-ray powder diﬀraction (XRD) pattern of both PdCo/CC
and PdCo/CCAr shows ve strong characteristic peaks of face-

Table 1 Calculated binding energies of CN, NH3 and Ar on Pd and fccCo pure surfaces (in eV)

CN

NH3

Ar

Facet

Pd

Co

Pd

Co

Pd

Co

(100)
(110)
(111)

4.36
4.58
3.81

4.83
4.87
4.42

0.83
0.79
0.77

0.79
0.83
0.76

0.01
0.01
0.01

0
0.01
0
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Fig. 1 Simulation results of surface interaction of Ar and NH3 towards
Co and Pd.
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Fig. 2 Structural evolution from cyanogel/CC to PdCo/CC400. With
the increased number of EC scanning cycles, comparison of the PdCo/
CC morphology at diﬀerent cycles. SEM images of (a) cyanogel/CC, (b)
PdCo/CC, (c) PdCo/CC50, (d) PdCo/CC100, (e) PdCo/CC200, (f) PdCo/
CC400. (g) Schematic illustration of the conversion from cyanogel/CC
to PdCo/CC400.

centered cubic (fcc) crystals, namely, the (111), (200), (220),
(311) and (222) planes (Fig. 3a). No signicant characteristic
peak of Co species was found from the XRD pattern for PdCo/
CC, which could be attributed to the inclusion of Co in the Pd
lattice and the formation of the PdCo alloy (PDF no. 00-0501437).29 Also, the intensity of the diﬀraction peaks in the XRD
pattern exhibits a signicant enhancement aer EC cycling.
Notably, the diﬀraction peaks of PdCo/CC400 shied to lower 2q
values with respect to the corresponding peaks for PdCo/CC
(Fig. 3b), suggesting that the product changed into a pure Pd
phase (PDF no. 01-087-0638) due to successful dealloying.30,31

Paper

These results demonstrated that continuous EC cycling in the
acid solution could result in the leaching of Co species from the
PdCo alloy. It was found that PdCo/CCAr also displayed typical
peaks of the fcc Pd phase but with a slight shi to a higher
angle. The diﬀraction peaks located at 34.1 and 37.0 matched
well with the strongest diﬀraction peaks of CoO (PDF no. 01075-0419) and Co3O4 (PDF no. 01-074-1656), respectively. Aer
EC cycling, the two peaks disappeared with the retention of
other peaks, which can be ascribed to the dissolution of cobalt
oxides on the PdCo/CCAr surface.
As presented in Fig. 3, X-ray photoelectron spectroscopy
(XPS) analysis was conducted to explore the element distributions on the surface of the catalyst. Comparing the Co 2p
(Fig. 3c) with Pd 3d (Fig. 3d) signals, it should be noted that the
Co/Pd atomic ratio for the PdCo/CCAr sample is around 4.
Without using a cyanogel as the alloy precursor, the resulting
Co/Pd atomic ratio was 2.9 for Pd–Co/CC. Even more noticeably, the Pd 3d intensity was very high for the NH3-treated
sample PdCo/CC, and the Co/Pd atomic ratio reached 0.9,
which was much lower than that of PdCo/CCAr and Pd–Co/CC.
These results indicate that the Co concentration on the
surface of PdCo/CCAr is very high (the eﬀective analysis depth of
XPS is limited to several nanometers underneath the surface)
even to the point of phase segregation, which agreed with the
results of XRD analysis. On the contrary, the ammonolysis of
a cyanogel is inclined to form an alloy with more Pd atoms
distributed near the surface of the nanostructure. Furthermore,
it was also noted that the Pd 3d signals of PdCo/CC exhibited
lower binding energies compared to those of PdCo/CCAr. These
results suggested that because of the diﬀerent elemental
distributions on the surface, the acid leaching of Co atoms
could result in much signicant inuences on the morphology
of PdCo/CC. In this case, PdCo/CC has a surface with a balanced
composition (slightly Pd-rich) with uniformly distributed Co
atoms. With the dissolution of the Co species by EC cycling in
an acid solution, all the neighboring Pd atoms on the surface
became low-coordinated sites, which became unstable and
loose. Subsequent Co leaching from the underneath alloy layer
could further destroy the surface to expose more lowcoordinated Pd atoms. For all the samples, all the nearsurface Co species leached out aer 400 EC cycles (Fig. S2†).
In addition, the peaks of the Pd 3d signals shied to lower
binding energies (Fig. S2†), which was ascribed to the successful dealloying process by dissolving the Co species.32 The whole
process induced more preferred orientations and active sites in
the new nanostructure.

2.3

Phase and interface characterizations of diﬀerent samples. (a)
XRD spectra of cyanogel/CC, PdCo/CC, and PdCo/CCAr before and
after 400 EC cycles. The symbols denote the emerging cobalt oxides
in PdCo/CCAr. (b) Enlarged view of XRD spectra of PdCo/CC and
PdCo/CC400. XPS core level spectra for (c) Co 2p and (d) Pd 3d of the
PdCo/CC, PdCo/CCAr and Pd–Co/CC samples.
Fig. 3
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The eﬀect of acid leaching Co on PdCo/CC

XPS was further performed on PdCo/CC of diﬀerent EC cycles to
investigate the evolution of their composition by the leaching
process of the Co species. As shown in Fig. 4b, the new peaks of
PdCo/CC appearing for the Co 2p XPS signals can be attributed
to Co0 (at 779.6 and 794.6 eV) of the PdCo alloy.33,34 The peaks
at the binding energies of 781.9 eV and 797.2 eV with two
shake-up satellites were assigned to Cox+ (cobalt oxides/cobalt
nitride).35,36 The formation of Pd0 was demonstrated by the
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Fig. 4 Evolution of element composition on the surface of the

samples. (a) XPS full spectra for cyanogel/CC (curve i), PdCo/CC (curve
ii), PdCo/CC200 (curve iii), and PdCo/CC400 (curve iv), and their core
level spectra for (b) Co 2p, (c) Pd 3d and (d) N 1s.

obvious shoulder peak at 335.8 eV (Fig. 4c).37,38 For the N 1s
signals (Fig. 4d), the C]N peak of the cyanogel at 399.0
diminished with the appearance of a new weak peak ascribed to
Co4N at 397.9 eV.39 These results demonstrated that the noblemetal and the transition-metal centers in the cyanogel were
reduced to lower oxidation states aer the annealing treatment
in NH3 at a high temperature. The surface Co atoms are more
susceptible to oxidation than the Pd atoms and thus, the
majority of the surface Co atoms were oxidized and the surface
Pd atoms were mainly in the metallic state.8 As shown in Fig. 4b,
when continuous EC cycling was carried out for 200 cycles
(PdCo/CC200), the Co 2p signals decreased considerably and
ultimately disappeared at the 400th cycle (PdCo/CC400). At the
same time, as shown in Fig. 4d, the N 1s peak at 397.8 eV,
which is ascribed to Co–N, is hard to be observed at the 200th
cycle, and it completely disappears at the 400th cycle, indicating
the removal of Co4N by potential cycling. However, the N 1s
peaks at 398.8 eV (attributed to C]N–C) and 399.8 eV (attributed to N–(C)3) from the N-doped CC do not exhibit any obvious
change. On the other hand, the Pd 3d peaks increase aer EC
cycling and present a shi (ca. 0.25 eV) to lower binding energy.
This shi can be ascribed to the disappearance of the strong
electron interactions involving Pd and Co in the PdCo alloy.32
The inuence of EC cycling on the surface of the catalyst was
further investigated with transmission electron microscopy
(TEM) (Fig. S3†). Electron diﬀraction patterns were recorded on
the nanocrystals to align them along the <110> axis, which
showed a single-crystal structure for both PdCo/CC and PdCo/
CC400 in the selected area. Fig. S3a and c† show that EC cycling
transforms the morphology of the PdCo alloy from nanoparticles to a dendritic nanostructure, which is consistent with
the SEM analysis. The high-resolution TEM (HR-TEM) images
verify that the cyanogel is converted to the PdCo alloy owing to
the reduction property of cyanide ligands and NH3 at a high
temperature.29,40 The interplanar distances of 1.9 and 2.2 Å
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corresponding to the (200) and (111) lattice plane spacings in
the fcc PdCo alloy slightly increased aer EC cycling (Fig. S3b
and d†), which wasattributed to the eﬀect of the decreased
amounts of Co in the PdCo alloy. This was also consistent with
the XRD results, indicating the successful dealloying process.
The aberration-corrected TEM images (Fig. 5) reveal the
dendritic morphology of PdCo/CC400 more clearly. This wellshaped dendritic nanostructure was composed of overlapped
ultrathin nanosheets (Fig. S4†). A number of high-index {hkk}
facets such as the {200}, {311}, and {211} surfaces that have
a large density of atomic steps and dangling bonds were
captured in the aberration-corrected HR-TEM image of PdCo/
CC400 (Fig. 5d, e and S5d†). For PdCo/CC, a series of the {hhl}
facets was frequently observed around the surface, resulting in
an overall prole close to that of the round nanoparticles
(Fig. S5†). The variation of the atomic arrangement on the
surface facets of the PdCo alloy aer EC cycling contributed to
the evolution of the nanostructures. These atomic steps consisted of the (111) terraces separated by the (110) or (200) steps;
their corresponding atomic models are shown in Fig. S6.† Note
that the dominant {hkk} surfaces aer EC cycling have more
low-coordinated atomic steps than the {hhl} surfaces before EC
cycling, which agrees with our expectation that the etching of
Co from the surface having a balanced composition can
generate more low-coordinated sites. For example, {311} has
31% more step sites than {331}, while {211} has 22% more step
sites than {221} (Table S5†). Thus, the higher density of the lowcoordinated sites favored H adsorption on the surface, which
could be benecial for HER. The EDX elemental mappings obtained by HAADF-STEM proved that the Pd and Co elements
were distributed homogeneously throughout the whole area for
PdCo/CC (Fig. S7†). Aer EC cycling, Pd was still distributed
across the dendrite, but Co was located only in the center

Fig. 5 Morphology characterization of PdCo/CC400. (a–c) Aberrationcorrected TEM images of PdCo/CC400 and the enlarged area is marked
with a white dashed box. Aberration-corrected (d) HR-TEM and (e)
HAADF-STEM images of PdCo/CC400 viewed along the <110> direction showing their surface atomic steps made of diﬀerent facets. Inset
is the corresponding FFT pattern.
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region, demonstrating that Co on the outer part of the nanocrystals was etched away (Fig. S8†); this was further conrmed
by line scan analysis (Fig. S9†).

Published on 16 October 2019. Downloaded on 3/15/2021 8:11:05 AM.

2.4

HER performance of pristine PdCo/CC and PdCo/CC400

The HER catalytic activity of the as-prepared PdCo/CC was
evaluated using a three-electrode system in a 0.5 M aqueous
H2SO4 solution. To achieve the optimized catalytic property,
a series of synthesis conditions were investigated, including the
cyanogel concentration (Fig. S10†), cyanogel loading amount
(Fig. S11†), surface charges of the carbon cloth (Fig. S12†),
annealing temperature (Fig. S13†), and time duration
(Fig. S14†). The optimized conditions of the positively charged
CC coated with the cyanogel (25 mM) for three times followed by
annealing in an NH3 atmosphere at 450  C for 1 h were applied
in the subsequent study to prepare the PdCo/CC catalyst. As
shown in Fig. 6a, the as-formed PdCo/CC aﬀords current
density of 100 mA cm2 at an overpotential of 92.3 mV. EC
cycling induced Co leaching, which resulted in gradual
improvements in the HER catalysis performance with the
cycling numbers.
PdCo/CC400 aﬀorded intensively boosted HER activity with
a current density of 100 mA cm2 only at an overpotential of
75.0 mV. It should be noted that the catalyst did not exhibit
further changes in the catalytic activity (Fig. 6d) and
morphology (Table S4†) aer 400 EC cycles. The cathodic peak
around 0.02 V was assigned to the overpotential deposition
(OPD) of hydrogen adsorption on the alloy.41,42 To evaluate the
EC-induced acid leaching on the electrochemical characteristics
of the resultant catalyst, we measured the HER catalytic
performances of the PdCo/CCAr, Pd–Co/CC and Pd/CC

Electrocatalytic activities of diﬀerent PdCo alloys in 0.5 M
H2SO4 solutions. (a) HER polarization curves of PdCo/CC before and
after diﬀerent EC cycles. (b) HER polarization curves of various catalysts. (c) Tafel plots recorded on the PdCo/CC, PdCo/CC400, 20% Pt/C
and Pt. (d) Stability tests of PdCo/CC400 catalyst through potential
cycling, in which the polarization curves before and after 1000
potential cycles are displayed. Inset: time dependence of cathodic
current density during electrolysis over 48 h at a ﬁxed overpotential of
75 mV, respectively.

Paper

electrodes in 0.5 M H2SO4 before and aer EC cycling in
comparison to that of Pt/C (measured in this work by loading
20% commercial Pt/C on to CC at the same mass density as
PdCo) (Fig. S15–S17†). The EC cycling treatment resulted in
a poor boosting eﬀect for the HER activity (Fig. 6b) and fewer
changes in morphology (Table S4†) compared to that for PdCo/
CC400 prepared in NH3. These results indicated that both
ammonolysis and cyanogel played a great role in achieving high
HER activity and the boosting of activity largely depended on
the element ratio and distribution on the surface of the PdCo
alloy, which decided the Co leaching process and Pd rearrangement. PdCo/CC400 showed an impressively low Tafel slope
of 22.6 mV dec1, which was smaller than those of PdCo/CC
(53.2 mV dec1), Pt/C (31.7 mV dec1 measured in this work),
Pt plate (37.2 mV dec1 measured in this work), and other
representative Pd-based HER electrocatalysts (Fig. 6c and Table
S6†). Generally, a Tafel slope close to 30 mV dec1 suggests that
the mechanism governing the HER reaction over our catalysts is
the Volmer–Tafel (electrochemical hydrogen adsorptionrecombination step) mechanism, where the latter is the ratedetermining step, as shown in the Experimental section of
ESI.†43 In terms of current density normalized by geometric
area, there is a diﬀerence in the diﬀerent batches of syntheses
and measurements such as the deviation of the LSV curves of
PdCo/CC400 (Fig. 6a, b and d) although the trend of enhancement by EC cycling is the same. To compare the intrinsic
activities of the catalyst, their turnover frequency (TOF) values
corresponding to the number of hydrogen molecules evolved
per second per active site were calculated by electrochemically
active surface area (ECSA) and mass loading, respectively
(Fig. S18 and S19†). Compared with other palladium-based
catalysts, PdCo/CC400 showed the highest TOF values of 6.48
s1 and 10.96 s1 at the overpotentials of h ¼ 70 mV and h ¼
75 mV, respectively, indicating excellent intrinsic HER activity
(Table S7†). The stability of PdCo/CC400 was assessed by
applying 1000 potential scanning cycles between 0.2 and 1.0 V.
As shown in Fig. 6d, the HER catalytic current almost overlays
with the initial one, indicating the excellent HER catalytic
durability of PdCo/CC400 in an acid electrolyte. Furthermore,
PdCo/CC400 also exhibited outstanding long-term operation
stability to maintain the high HER current density of 60 mA
cm2 beyond 48 h. This good stability could be attributed to the
hierarchical structure formed by the open nanostructured
morphologies deposited directly on a conductive support
(carbon cloth), which beneted the evolution of hydrogen
bubbles from the large electrode surface and prevented the
nanosheets from re-stacking.44,45 This exceptional durability
oﬀers PdCo/CC400 promising potentials in practical applications over a long term.

Fig. 6
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3.

Conclusions

In conclusion, we designed and veried a novel and eﬀective
strategy to prepare a PdCo alloy bound by abundant high-index
facets. Our DFT calculations and experimental data demonstrated that the elemental distribution in the alloys is determined by the protector atmosphere and alloy precursor. We

This journal is © The Royal Society of Chemistry 2020
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used this property to tune the surface composition of the alloy
and then etch the impurities under EC cycling to generate high
density of active sites. The synthesized catalyst exhibited
extraordinary activity and stability toward the HER reaction.
This work thus provides a promising and cost-eﬀective method
to develop a highly eﬃcient noble-metal catalyst for water
splitting reactions and other industrially important
applications.

4. Experimental section
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4.1

Computational methodology

In this work, three low-index surfaces ((100), (110) and (111)) of
pure fcc-Co and pure Pd were considered. The periodic 2-D slab
models with 5 atoms layers and the bottom 2 layers were xed;
others were relaxed. Along the Z axis, there was a 15 Å vacuum
space on every surface. For (100) and (111) of Co and Pd, (4  4)
unit cells are used, and (110) is a (3  4) unit cell. All the slabs
were modeled by a (3  3  1) of K-points. The adsorption
energies of CN, NH3 and Ar on the pure Pd surface and the pure
Co surface were calculated by Vienna Ab Initio Simulation
Package (VASP) to perform spin-polarized density functional
theory (DFT) calculations.46 The Perdew, Burke and Erzernhof
(PBE) functional was employed.47 The cutoﬀ of the plane-wave
expansion was 400 eV. The convergence for the electronic selfconsistent was set to 105 eV, and the force convergence criterion in a conjugate-gradient algorithm was 0.02 eV Å1.
4.2

Preparation of CC-PEI

The CC substrate was cut into the appropriate size (1 cm  1
cm) and cleaned with acetone, ethanol, and distilled water;
then, it was treated by ultrasonication with a mixed solution of
concentrated HNO3 and H2SO4 (v/v ¼ 1 : 3) and dried in an oven
at 60  C for 2 h. CC-PEI was prepared by immersing negatively
charged CC into positively charged PEI (1 wt% solution in
water), and the mixture underwent heat treatment in an oven at
60  C for 5 h. Excess PEI was removed by deionized (DI) water
washing.
4.3

Preparation of PdCo/CC

In a typical synthesis, 80 mL of 25 mM H2PdCl4 and 40 mL of 25
mMK3Co(CN)6 solutions were mixed to form a cyanogel; then,
CC-PEI was incubated in it for 24 h and dried in air. Aer this
procedure was repeated three times, the resulting cyanogel/CC
was carefully washed with DI water and then dried in air.
Alloys were produced from the cyanogel by heating the
cyanogel/CC samples in a furnace at 450  C for 1 h with
a 10  C min ramp under owing NH3 or Ar (60 mL min1). The
preparation protocol of Pd/CC and Pd–Co/CC was similar to that
of PdCo/CC except that the precursor was replaced by the
mixture of metal salts (H2PdCl4 and Na3Co(NO2)6) or H2PdCl4
was used as the sole precursor.
4.4

Characterization

The morphologies of the nanoparticles were characterized by
eld-emission scanning electron microscopy (FESEM; Hitachi
This journal is © The Royal Society of Chemistry 2020
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S-4800, Tokyo, Japan). Transmission electron microscopy (TEM)
and high-angle annular dark-eld scanning transmission electron microscopy (HAADF-STEM) were conducted on FEI Titan
G2 60–300. Part of the TEM analysis was carried out on JEOL
2000. X-ray diﬀraction (XRD) patterns were acquired on an
X'Pert X-ray diﬀraction spectrometer (Philips, Guildford, Surrey,
U.K.) with a Cu Ka X-ray source (Wellesley, MA). X-ray photoelectron spectroscopy (XPS) was performed on a PerkinElmer
Physical Electronics 5600 spectrometer using Al Ka radiation at
13 kV as the excitation source.
4.5

Electrochemical tests

Electrochemical measurements were carried out on a CHI660E
electrochemical workstation (CH Instrument Co. Shanghai) with
a typical three-electrode system. The binder-free PdCo/CC was
directly used as the working electrode. Electrochemically inert
polyimide tape was employed to dene the 1 cm2 electrode area.
A Pt sheet and a saturated calomel electrode (SCE) were used as
the counter and reference electrodes, respectively. Electrochemically (EC) cycling was operated in N2-saturated 0.5 M
H2SO4 by cyclic voltammetry (CV) from 0.2 to 1.0 V vs. SCE at
a scan rate of 200 mV s1. The electrochemical active surface
area (ECSA) of the as-prepared catalyst was calculated by CV,
which was carried out in the same condition except for a slower
scan rate (50 mV s1). The polarization curves before and aer
cycling were recorded under quasi-equilibrium conditions at
a scan rate of 5 mV s1 in N2-saturated 0.5 M H2SO4 to measure
the HER performance. All potentials were referenced to
a reversible hydrogen electrode (RHE) by adding a value of ESCE
+0.242 V. All polarization curves were corrected for iR losses.
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