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Pd Ion-Exchange and Ammonia Etching of a Prussian 
Blue Analogue to Produce a High-Performance 
Water-Splitting Catalyst

Hao Zhang, Qianfan Jiang, Joseph H. L. Hadden, Fang Xie, and D. Jason Riley*

The authors report an ammonia-assisted in situ cation-exchange method  
for the synthesis of dodecagon N-doped PdCoNi carbon-based nanosheets 
(Pd-e-NiCo-PBA-C) and explore the catalytic performance. Pd-e-NiCo-PBA-C  
exerts extremely low overpotential and Tafel slope for hydrogen evolution 
reaction (HER) and oxygen evolution reaction (OER) both in acidic and alka-
line media, only 47 mV, 55 mV dec−1 (pH = 0, HER) and 147 mV, 67 mV dec−1 
(pH = 14, HER), and 309 mV, 67 mV dec−1 (pH = 14, OER), outperforming 
commercial IrO2-based and Pt-based catalysts. In addition, after 5000 cycles, 
the linear sweep voltammetry curve shows a negligible shift, indicating excel-
lent stability performance. To test its overall water-splitting performance,  
Pd-e-NiCo-PBA-C is applied as both cathode and anode materials. A high 
current density of 33 mA cm−2 at a battery voltage of 1.6 V is obtained, with 
the catalytic activity maintained at 97.3% after over 50 h. To get a further 
insight into the superior OER and HER performance, theoretical calculations 
are carried out, the better performance originates from the affinity difference 
of Pd and Ni atoms for gas atoms, and the replacement of inert atoms can 
decrease the binding energy and enhance the electrocatalytic activity.
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anodic oxygen evolution reaction (OER); 
and ii) the scarcity and high cost of the 
precious metal catalysts such as platinum 
and ruthenium (IV) oxide.[6–8] High-perfor-
mance hydrogen evolution reaction (HER) 
and OER bielectrocatalysts should provide 
fast electron transfer, a high-density of cat-
alytic active sites, suitable Gibbs energy for 
adsorbing atomic hydrogen and oxygen at 
low cost and high sustainability.[9–11]

The construction of microstructures in 
the light of architecture, chemical com-
position, and structural subunit is one 
of the most promising ways to solve the 
challenges.[12–14] For instance, complex 
porous structures as electrocatalytic mate-
rials consisting of secondary subunits with 
highly exposed active sites on the surface 
are expected to maximize the electrocata-
lytic activity.[15,16] Multishell hollow parti-
cles increase the volumetric energy den-
sity and prevent the side reaction between 
the electrode and the electrolyte due to 

their optimized empty space.[17,18] Layered structures can effec-
tively improve the number of exposed active sites and decrease 
the surface energy of active nanomaterials.[19] Ordered archi-
tectures, as adhesive-free film/array electrodes, provide good 
electrochemical reaction platforms for high-energy storage and 
effectively avoid particle aggregation that may lead to cycle life 
degradation.[20]

Prussian blue analogues (PBAs, AxM[M′[CN]6]1−y·□y · nH2O, 
where A = alkali metal, M, M′ = transition metals, □ = M′[CN]6 
vacancy, 0 < x < 2, 0 < y < 1), offer facile routes for the prepara-
tion of unique microstructures owing to their inherently large 
interstitial sites, redox active metal ions and open framework 
structures.[21] Due to the coordination environment of PBAs, 
the metals inside can be partly exchanged with other metals 
to allow adjustment of the spatial distance of metal sites and 
form novel metal compounds.[22,23] Moreover, the tailorable 
properties of PBAs can be enhanced by acid or alkali etching 
to yield unique microstructures with high specific surface 
area and high crystallinity.[24,25] Following that, on account of 
the coexistence of both organic and inorganic substances in 
the etched PBAs, high yield carbon materials with uniformly 
distributed metal-particles can be in situ produced by carboth-
ermal method.[26–28]

Palladium is considered to be the most effective candidate 
for replacing Pt-based electrocatalysts as it has similar lat-
tice constants and crystal structures but is cheaper and more 

1. Introduction

With increasing consumption of fossil fuels, coupled with the 
depletion of natural resources, there is an urgent need to develop 
sustainable energy conversion and storage devices, such as regen-
erative fuel cells, rechargeable metal–air batteries, and supercapac-
itors.[1,2] These devices can generate and recycle energy to meet the 
demand of human society and decrease environmental pollution. 
Among the available renewable energy fuels, hydrogen (H2) is 
considered to be the ideal clean energy source of the future, it has 
a high-energy density and can be prepared cleanly from water.[3–5]

The widespread use of H2 is currently subject to two major 
technical bottlenecks: i) the kinetic and thermodynamic slow 
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abundant.[29] Changing the local structure of the material, 
alloying Pd with foreign metals and/or supporting Pd on metal 
oxides, has a significant impact on the electronic structure of 
Pd and its catalytic activity.[30–33] Libuda et  al. reported a Pd 
catalyst supported on Fe3O4, it was shown that a thin layer of 
PdOx was formed at the interface between the particle sur-
face and substrate when the metal atom was initially oxidized. 
This strong interaction changed the electronic structure of the 
Pd and enhanced catalytic activity.[34–37] However, there are no 
studies reporting methods for the generation of Pd-based inter-
metallic compound derived from PBAs.

Herein, inspired by the excellent electrocatalytic activity of 
PBA derivatives and Pd-based composites, we use a novel in 
situ ammonia-assisted ion-exchange method to synthesize 
nitrogen-doped dodecagon PdCoNi crystals on carbon-based 
nanosheets from a PBA precursor. The NiCo-PBA was chosen 
as the precursor owing to its large surface area and zeolite-
type cavities. The Pd containing dodecagons were formed by 
ion-exchange using a palladium salt in an alkaline ammonia 
solution. The as-formed material was demonstrated to exhibit 
excellent HER and OER catalytic activity and durability in a 
wide pH range. The encapsulation of CoPd2 nanoparticles in 
an N-doped graphite carbon matrix effectively prevents their 
corrosion and leads to over 50  h catalytic activity in terms of 
overall water decomposition, which is superior to other recently 
reported dual-function electrocatalysts.

The enhanced water electrocatalysis activity of the as-
formed material is attributed to the unique dodecagon 
nanosheets prepared in the procedure are multicomponents 
in the composite: 1) the CoPd2 nanoparticles provide abundant 
active sites, which serve as catalytic centers for the reaction; 
2) the Ni, N codoping and defectives produced in annealing 
effectively modulate the electronic configuration and opti-
mizes the physicochemical properties; 3) the conductive 
graphite carbon matrix with large specific surface area as well 
as super-hydrophilic property can highly fasten the transporta-
tion of electrons and ions and facilitates electrolyte diffusion; 
4) the unique dodecagon nanosheet structure exposes interfa-
cial boundaries with different crystal surfaces and renders a 
shared conduction of electrons and ions, thus shortening the 
pathway of charged species and greatly enhancing water-split-
ting performance.

2. Experimental Section

2.1. Materials and Methods

2.1.1. Materials

Chemicals were analytical grade and obtained as follows: Nickel 
nitrate hexahydrate (≥98.5%), sodium citrate dihydrate (≥99.0%), 
potassium hexacyanocobaltate(III) (>99.0%), ammonia 
hydroxide (NH3·H2O, 28–30%), and palladium acetylacetonate 
(99.0%) were bought from Sigma-Aldrich. Absolute ethanol was 
purchased from VWR. They were used as received without fur-
ther processing. Compressed argon gas was purchased from 
BOC. Reverse osmosis water (>18.2 MOhms cm−1) was utilized 
in all experimental procedures.

2.1.2. Preparation of NiCo-Prussian Blue Analogue (NiCo-PBA)

Solution A was prepared by dissolving 0.6 mmol nickel nitrate 
and 0.9 mmol sodium citrate in 25 mL deionized water. Solu-
tion B was prepared by dissolving 0.4  mmol of potassium 
hexacyanocobaltate(III)  in 25  mL of deionized water. Then, 
solution B was added to solution A dropwise under magnetic 
stirring over 10 min. The resultant solution was aged for 24 h at 
room temperature. The blue powdery product was collected by 
centrifugation, washed several times with deionized water, and 
vacuum dried at 60 °C overnight.

2.1.3. Preparation of Etched-NiCo-Prussian Blue Analogue 
(e-NiCo-PBA)

60  mg of the NiCo-PBA was dispersed in 30  mL of ethanol 
under ultrasonic agitation. Then, 30  mL of deionized water 
containing 7.5 mL of concentrated ammonia (28%) was added 
to the solution and the mixture was stirred for 1 h at room 
temperature. The light-blue powdery product was collected by 
centrifugation, washed several times with deionized water, and 
vacuum dried at 60 °C overnight.

2.1.4. Preparation of Pd-Etched-NiCo-Prussian Blue Analogue 
(Pd-e-NiCo-PBA)

60  mg of the NiCo-PBA was dispersed in 30  mL 10  mm pal-
ladium acetylacetonate ethanol solution with the assistance of 
ultrasound. Then, 30 mL of deionized water containing 7.5 mL 
of concentrated ammonia (28%) was added to the solution and 
it was stirred for 1  h at room temperature. The light-yellow 
powdery product was collected by centrifugation, washed sev-
eral times with deionized water, and vacuum dried at 60  °C 
overnight.

2.1.5. Preparation of Prussian Blue Analogue-Carbon Composites

NiCo-PBA, e-NiCo-PBA, and Pd-e-NiCo-PBA powders were 
placed in ceramic boats and put in a tube furnace. The samples 
were heated to 350 °C with a heating rate of 1 °C min−1, kept at 
350 °C for 3 h under flowing argon gas, and then cooled at a 
rate of 10  °C  min−1 to room temperature. The obtained mate-
rials NiCo-PBA-C, e-NiCo-PBA-C, and Pd-e-NiCo-PBA-C were 
used without further treatment.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were collected on a 
Bruker D8 ADVANCE diffractometer with Cu Kα radiation 
(λ  =  1.5418Å). The structure and morphology of the samples 
were characterized by scanning electron microscopy (SEM, 
Hitachi S-4800) and transmission electron microscopy (TEM, 
JEOL-2100Plus). Energy-dispersive X-ray spectroscopy (EDS) 
attached to the SEM was used to analyze the composition of 
the nanoscale samples. The thermogravimetric analysis (TGA) 
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was conducted by using a Shimadzu-60 thermoanalyzer under 
a nitrogen and air flow with a heating rate of 10 °C min−1 from 
room temperature to 600 °C, respectively. The N2 adsorption–
desorption isotherm were measured at 77  K using a Quan-
tachrome Instruments Autosorb AS-6B. The samples were 
degassed in N2 at 200 °C for 16 h prior to the measurements. 
The specific surface area was determined by the multipoint 
Brunauer–Emmett–Teller (BET) method and the pore-size dis-
tribution was calculated based on the Barrett–Joyner–Halenda 
(BJH) method. X-ray photoelectron spectroscopy (XPS) analysis 
was conducted on a PHI-5000 VersaProbe X-ray photoelectron 
spectrometer using an Al Kα X-ray source.

2.3. Electrochemical Measurements

The electrochemical tests of the catalysts were performed using 
a Metrohm Autolab electrochemical workstation PGStat-12 
(Utrecht, the Netherlands) connected to a three-electrode cell. A 
glassy carbon disk of 3 mm diameter served as the substrate for 
the working electrode for HER and OER studies. A Pt wire and 
saturated Ag/AgCl/Cl− were employed as the counter electrode 
and reference electrode, respectively. An O2-purged aqueous 
solution of 1 m KOH was the electrolyte for OER experiments 
and 0.5  m  H2SO4 or 1  m  KOH for HER studies. The catalyst 
(5  mg) was dispersed in 950  µL of water/isopropanol solu-
tion (1:3) and 50  µL Nafion (5%). The resulting solution was 
sonicated for 0.5–1  h. When the solution was well dispersed, 
4  µL of the above solution was dropped onto the clean glassy 
carbon electrode (GCE) for OER and HER studies giving a cata-
lyst loading of 0.28  mg  cm−2. In order to ensure the H2O/O2 
equilibrium, the system was tested at 1.23 V versus reversible 
hydrogen electrode (RHE) at room temperature in an electro-
lyte saturated with O2.

Cyclic voltammetry (CV) curves were recorded at a sweep rate 
of 100  mV  s−1 for multiple cycles. Linear sweep voltammetry 
(LSV) was carried out at a scan rate of 5  mV  s−1 for polariza-
tion curves. LSV was performed several times until the signals 
were stabilized. CV curves with different scan rates (2, 4, 6, 8, 
and 10 mV s−1) were measured over a potential range in which 
redox processes were absent to calculate the electrochemical 
double-layer capacitance: Cdl  =  Ic/ν, where Cdl, Ic, and ν were 
the double-layer capacitance (F cm−2) of the electroactive mate-
rials, charging current (mA cm−2), and scan rate (mV s−1). Elec-
trochemical impedance spectroscopy (EIS) was measured by 
applying an AC voltage of 5 mV amplitude in a frequency range 
from 0.01 Hz to 100 kHz at the open circuit potential. All results 
reported in this work were converted to the RHE scale according 
to the Nernst equation without any iR-correction, where  
EAg/AgCl/Cl

– was the working potential, and E0
Ag/AgCl/Cl

– equaled 
to 0.1976 V at 25 °C.

0.059 pHRHE Ag/AgCl/Cl
0
Ag/AgCl/Cl= + × +− −E E E  (1)

A self-made water-splitting device with a two-electrode con-
figuration was assembled. Both the cathode and the anode 
electrodes were made by depositing Pd-e-NiCo-PBA-C onto 
Nickel foam (1  ×  1  cm2) and then drying in air. In order to 
obtain a total catalyst loading of about 1  mg  cm−2, the depo-

sition process was repeated several times. Then, the Nickel 
foam loaded with catalysts was fixed as an electrode, and it was 
installed on both sides of an “H” tube each component con-
taining 1 m KOH solution separated by a Nafion membrane.

2.4. Theoretical Models

Calculations were performed with the QUANTUM ESPRESSO 
package (QE 6.5).[38,39] Pseudopotentials of used atoms (Pd, 
Ni, Co, O, H, and C) were all taken from a standard solid-state 
pseudopotentials library.[40] The plane-wave cutoff energy was 
set to 480  eV, the geometry optimization threshold was set to 
1 × 10−12 N for force, and the convergence threshold for self-con-
sistency was set to 1 × 10−6 Ry. A slab unit cell with a = b = 9.84 
angstrom was built, and c was set to 20 angstroms to prevent 
any interaction between layers.

3. Result and Discussion

3.1. Materials Characterization and Mechanism Explanation

The preparation of dodecagon carbon-based CoPd2 nanosheets 
is achieved by applying in situ cation-exchange process of pal-
ladium with nickel assisted by ammonia etching, as shown in 
Figure 1. In the procedure, the precursor NiCo-PBA was reacted 
with ammonia and palladium acetylacetonate, and nickel 
ions were exchanged with palladium ions. At the same time, 
small nanoparticles aggregated to form Pd-e-NiCo-PBA with a 
dodecagon structure.

Monocrystalline NiCo-PBA was synthesized by a kineti-
cally controlled crystallization method. Figure S1a, Sup-
porting Information, compares the XRD patterns of the three 
precursors, NiCo-PBA, e-NiCo-PBA, and Pd-e-NiCo-PBA. 
On basis of the PBA crystal structure, the XRD of NiCo-PBA 
(Ni3[Co[CN]6]2·12H2O) was simulated by Pawley refinement 
method (Figure 2a). The diffraction peaks of the experimental 
and simulated XRD patterns match, the difference is negli-
gible, which indicates good agreement between the experiment 
and simulation, confirming the product is of high purity and 
good crystallinity with a face-centered cubic structure. The 
microstructure of the prepared NiCo-PBA nanoparticles was 
characterized by field-emission scanning electron microscopy 
(FESEM). From Figure 3a,b, it can be seen the as-synthesized 
NiCo-PBA nanoparticles are of cubic morphology with rela-
tively smooth surfaces and a uniform size of ≈250–300  nm. 
Each vertex is truncated.

After the adding of an appropriate amount of ammonia 
and stirring for 1 h, the solid nanocubes can be converted into 
monocrystalline hollow nanocages. The XRD pattern of the 
material is almost identical to that of NiCo-PBA, only with a 
slight shift to higher angle (Figure S1a, Supporting Informa-
tion), indicating a decrease in the water of crystallization. The 
as-obtained e-NiCo-PBA is a class of hollow nanostructure 
with cavities at each vertex of the cube-shaped nanoparticles 
(Figure  3c–e), inheriting the dimension of the nanocube pre-
cursors. From TEM images (Figure  3n), the nanoparticles are 
highly uniform; in agreement with the FESEM findings. The 
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cubic nanocage is a monolith formed by the support of six 
nanodisks, each of which acts as a cage wall, attached adjacent 
to each other to form a 3D structure. In addition, the asym-
metrical inner and outer surface structure can be seen from the 
TEM image. The outer surface is flat and the inner surface is 
pyramidal. The center thickness of these walls is ≈60 nm and 
the side is ≈30 nm.

Unlike other cubic hollow nanostructures, the nano-
frame structure is the result of selective chemical etching 
with ammonia, which starts from the smooth apex angle 
along the precursor cubic structure. The extension is gradu-
ally transformed into a cage structure and eventually forms a 
hollow structure. It can be seen that the etching is along the 
<111>  direction, and the {111} faces were etched more quickly 
in ammonia than the {100} faces, which indicates a dynamic 
etching process with the etching rate depending on the crystal 
surface. It has been previously reported that the flat surface 
of PBA has a higher stability than the corners or edges.[12,13] 
Therefore, the eight corners of the cube can dissolve faster 
during the etching process, resulting in a nanoframe-like 
morphology.

To test this, time-dependent electron microscopy of a 
sample was performed to study the structural transformation 
process. Figure S2, Supporting Information, shows the mor-
phology and structure of the intermediates. As the etching 
time increases, the morphology and structure of the precursor 
changes from a nanocube to a hollow nanocage, and finally to 
tapered nanosheets. First, after 30  min of etching, a slightly 
truncated structure can be seen at the eight apex angles of 
the nanocube, which has more defects and higher reactivity at 
the edges and apex angles than the faces (Figure S2a,b, Sup-
porting Information). After treatment with aqueous ammonia 
for 1 h, the etching proceeds preferentially along the diagonal, 
and a distinct cavity begins to form at the vertex. Then, the 
etching cavity inside the nanocube becomes deeper and wider, 
and finally, the etched cavity of eight corners converges in the 
center of the nanocube to form a hollow cage-like nanostruc-
ture. After the reaction was carried out for 1.5 h, as shown in 
Figure S2c,d, Supporting Information, the eight apex angles 
of each nanocube were etched, while the six faces remained 
almost unchanged; one cube eventually split into six unique 
nanocone structures.

Figure 2. a) XRD refinement of Ni3(Co(CN)6)2 (NiCo-PBA). b) XRD patterns of Pd-e-NiCo-PBA-C, e-NiCo-PBA-C, and NiCo-PBA-C. c) XRD refinement 
of Pd-e-NiCo-PBA-C.

Figure 1. Schematic diagram of the synthesis of Pd-e-NiCo-PBA-C for highly efficient overall water splitting.
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On addition of palladium acetylacetonate, due to the cation 
exchange between nickel ions and palladium ions, the nano-
frames can be transformed into Pd-e-NiCo-PBA. The XRD pat-
tern (Figure S1a, Supporting Information) reveals that the mate-
rial is highly pure and crystalline. Figure 3i,j show SEM images 
with different magnifications of the as-synthesized dodecagon 
nanosheets; the diameter and thickness of the nanoplates are 
≈10 µm and 10 nm, respectively.

SEM images (Figure S3, Supporting Information) show 
that with an increase in the amount of ammonia added, 
the structure of the as-formed nanosheets changes from a  
butterfly-shaped zigzag to dodecagon to nanoflower to a thinner 
nanoflower structure. This tendency could be masking the 
action of palladium acetylacetonate toward specific crystalline 
surfaces and impeding their oriented growth.[41–43] The speed-
determining step of ion exchange is the back-diffusion of ions 
in the solid, provided that the concentration of incoming ions 
on the surface is sufficiently high, and stirring does not allow 
excessive concentrations of effluent ions to accumulate on the 
surface of the exchanging material.[44]

TGA was used to investigate the decomposition tempera-
tures of NiCo-PBA and the e-NiCo-PBA (Figure 4a); it can be 

seen that there are slight differences between the two samples 
when the temperature increased to 300 °C. The weight loss of 
3.9% corresponds to the loss of one CN ligand per Co center in 
the material.[45]

Figure  4b shows Fourier transform infrared (FTIR) spectra 
of the PBA precursors to investigate the chemical composition 
changes of the products at different OH− etching reaction time. 
With an etching time from 0 to 1  h, it was observed that the 
ν(CN) peak of NiIINCCoIII at 2364 cm−1 relative to ν(CN) 
peak of NiIINICoII at 2182 cm−1 was significantly reduced, 
indicating that the ammonia mainly etched NiIINCCoIII, 
not NiIINCCoII.[46] In general, CoIII has a stronger affinity 
with the CN group than CoII, which means that the electron 
donating ability of the N atom in NCCoIII is weaker than 
that of N atom in NCCoII. Therefore, the bond between 
NiII and NCCoIII is weaker and more easily destroyed 
than the bond between NiII and NCCoII. According to this 
analysis, the following chemical reactions may occur during the 
etching process:

Ni Co CN 18NH 3 Ni NH 2 Co CN3
II III

6 2
3 3 6

2
6

3( )( ) ( )  + →   +  
+ −

 (2)

Figure 3. SEM images of a,b) NiCo-PBA, c–e) e-NiCo-PBA, f–h) e-NiCo-PBA-C, i,j) Pd-e-NiCo-PBA, and k,l) Pd-e-NiCo-PBA-C. TEM images of m) NiCo-
PBA-C, n) e-NiCo-PBA-C, and o) Pd-e-NiCo-PBA-C. p) HRTEM images of Pd-e-NiCo-PBA-C.
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6 Co CN 8NH 6 Co CN N 6NH6

3
3 6

4
2 4( ) ( )  + →   + +

− − +  (3)

Pd Ni NH Ni Pd NH2
3 6

2 2
3 6

2( ) ( )+   → +  
+ + + +

 (4)

Ni Co CN NH Pd

PdCo complex N NH Ni

3
II III

6 2
3

2

2 4
2

( )  + + →

+ + +

+

+ +
 (5)

It can be seen from the above equation that Ni2+ derived 
from NiIINCCoIII can be stabilized by coordination with 
aqueous ammonia in the ligand exchange reaction (Equa-
tion  (2)). In addition, the redox reaction occurred simulta-
neously in the etching process, and the ν(NH) peak of NH4

+ 
appeared at 1382  cm−1 in the FTIR spectrum after etching 
(Figure  4b), which supports a redox reaction occurring in the 
ammonia treatment process (Equation (3)).[47]

The TEM and FTIR analysis indicates that NiIINCCoIII 
and NiIINCCoII coexist in the nanocubes and dis-
tribute unevenly. NiIINCCoIII are mainly distributed in 
the apex angle and center position of the nanocubes, while 
NiIINCCoII is located near the surface of the nanocubes.

EDS mapping (Figure 5a1–e1) confirms that the as-treated 
product contains C, N, O, Ni, Co, and Pd. The content of Ni 
is relatively low according to the signal intensity and elemental 
distribution. The cation concentrations of Co, Ni, and Pd in 
e-NiCo-PBA and Pd-e-NiCo-PBA are calculated from the results 
of inductively coupled plasma spectroscopy (ICP) measure-
ment. Under the same feeding conditions, the results showed 
that the concentrations of Ni, Co, and Pd in e-NiCo-PBA 
were 0.950 ppm, 0.582, and 0.0002 ppm, respectively, and the 

concentrations of these elements in Pd-NiCo-PBA were 0.192, 
0.602, and 1.103 ppm. Therefore, the atomic percentages of Ni, 
Co, and Pd in these three elements are 59.84%, 40.14%, and 
0.01%, while the atomic percentages of the elements in Pd-e-
NiCo-PBA are 12.53%, 31.73%, and 58.14%, respectively. From 
these results, it is shown the percentage of Ni greatly decreases, 
and the percentage of Co decreases slightly, while the per-
centage of Pd increases sharply. Therefore, the cation exchange 
mainly occurs between Pd2+ and Ni2+, with potentially a small 
amount of Pd2+ and Co2+ exchange.

NiCo-PBA, e-NiCo-PBA, and Pd-e-NiCo-PBA were calcined 
in nitrogen at a temperature of 350 °C for 3 h. The XRD pat-
tern (Figure 2b) reveals that the calcined product, Pd-e-NiCo-
PBA-C, was composed of CoPd2 (JCPDS no. 50–1437) and 
graphitic carbon. The peaks at 2θ  =  40.8°, 47.4°, and 69.3° 
corresponds to (111), (200), and (222) CoPd2 planes, respec-
tively. There are also two small peaks at about 21.4° and 44.3°, 
which can be attributed to (100) and (002) planes of graphite. 
The same graphite peaks also appear in the XRD pattern of 
e-NiCo-PBA-C, which indicates the graphitization of e-NiCo-
PBA during the annealing process. For NiCo-PBA-C, there 
is only a broad peak around 22°, confirming the existence of 
amorphous carbon rather than graphitic carbon. The sintering 
products of nanocubes and nanoframes, NiCo-PBA-C and 
e-NiCo-PBA-C, maintain a similar crystal structure and com-
position as the precursors NiCo-PBA and e-NiCo-PBA, respec-
tively; the differences are based on intensity and a slight peak 
shift. Compared with NiCo-PBA-C, e-NiCo-PBA-C has a larger 
full width at half maximum and a mildly low-angle shift, indi-
cating it has smaller crystal size and retains more water of 
crystallization after calcination.

Figure 4. a) TGA of NiCo-PBA and e-NiCo-PBA. b) FTIR of NiCo-PBA and e-NiCo-PBA. c) FTIR of Pd-e-NiCo-PBA and Pd-e-NiCo-PBA-C. d) UV–Vis of 
e-NiCo-PBA and Pd-e-NiCo-PBA. e) BET (Inset: pore distribution) of Pd-e-NiCo-PBA-C. f) X band EPR spectra of e-NiCo-PBA-C and Pd-e-NiCo-PBA-C 
at room temperature.
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It is worth mentioning that e-NiCo-PBA can also be trans-
formed into the same dodecagon nanosheets of Pd-e-NiCo-
PBA directly by reaction in palladium acetylacetonate solution 
containing ammonia, which confirms the initial morphology 
of the precursor has little effect on the reaction. Pd-e-NiCo-
PBA can be calcinated to Pd-e-NiCo-PBA-C in argon, indi-
cating carbon and cyanide ligand acts as reducing agents, 
converting the metal centers to lower oxidation states. The 
thermal reduction reaction of the CoPd2 system is formed by 
the reaction of two cyanide-containing polymerization inter-
mediates, CoPd(CN)4 and Pd(CN)2, which are formed upon 
reduction of Co3+ to Co2+ and involve a major rearrangement 
of the coordination structures. After further heating, these two 
intermediates are reduced to metal products, and these prod-
ucts form a single CoPd2 composite product through solid-
state diffusion.[48]

SEM images (Figure 3k,l) show Pd-e-NiCo-PBA-C is of sim-
ilar morphology to the original precursor Pd-e-NiCo-PBA, both 
are 2D dodecagon structures. Pd-e-NiCo-PBA-C has a rough 
surface, which make it an ideal catalytic electrode material 
because of both high crystallinity and a large accessible specific 
surface area. The TEM image (Figure 3o), shows the dodecagon 
nanosheets. The lattice fringes (Figure  3p and Figure S2h, 
Supporting Information) of 0.192, 0.135, 0.221 nm correspond 
to (200), (220), and (111) planes of CoPd2, respectively, and 

HRTEM image (Figure S2g, Supporting Information) also 
shows that CoPd2 appears as a typical polycrystal structure.

ICP was conducted to determine the precise content of the 
metal elements in Pd-e-NiCo-PBA-C, the concentrations of Ni, 
Co, and Pd were 0.261, 0.864, and 1.339  ppm, combined with 
the EDS results (Figure 5), which suggests the weight percent-
ages of Ni, Co, and Pd were 3.22%, 9.20%, and 16.21%, respec-
tively, and thus it is concluded that there is a small number of 
Ni content in the catalyst. In the HRTEM there is no lattice dis-
tortion caused by Ni incorporation within the CoPd2 nanoparti-
cles. In addition for the XRD diffraction pattern of CoPd2 in the 
as-formed material, there is no obvious peak shift compared 
with the simulated XRD patterns, from the XRD refinement 
result (Figure 2c), and the lattice parameter (a, b, c) is 3.8529 Å 
which is extremely close to the value of the reference pattern, 
3.8296 Å (JCPDS no. 50–1437). These results suggest the rem-
nant Ni content mainly exists in the carbon matrix and not the 
CoPd2 nanoparticles.

UV–vis spectroscopy (Figure  4d) was also used to prove 
the doping of palladium into the nanostructure by preferen-
tial etching and ion exchange. After the addition of palladium 
acetylacetonate, peak appears around 293  nm in the UV–
vis spectra, and the peak near 200  nm has a slight red shift, 
which suggests the existence of palladium ions.[49,50] The color 
of the precursor solution changed from blue (NiCo-PBA) to 

Figure 5. a1) SEM images and b1–e1) mapping of Pd-e-NiCo-PBA. a2) SEM images and b2–e2) mapping of Pd-e-NiCo-PBA-C. f–i) SEM line-scanning. 
j) EDS of Pd-e-NiCo-PBA-C.
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light-yellow (Pd-e-NiCo-PBA) gradually after stirring for about 
10 min, which serves as macroscopic proof of the ion exchange.

The specific surface areas and pore structures of e-NiCo-
PBA-C and Pd-e-NiCo-PBA-C were measured by nitrogen 
adsorption–desorption analysis (Figure 4e and Figure S5, Sup-
porting Information). Adsorption–desorption curves of Pd-e-
NiCo-PBA-C show a type I isotherm, indicating the existence 
of micropores. The specific surface areas were calculated by 
the BET method. Pd-e-NiCo-PBA-C has a BET surface area 
of 420.31  m2  g−1, which is larger than that of e-NiCo-PBA-C 
(56.15 m2 g−1). The pore volume of Pd-e-NiCo-PBA-C was raised 
from the 0.0369  cm3  g−1 of e-NiCo-PBA-C to 0.1655  cm3  g−1, 
demonstrating it has a larger specific surface area and abun-
dant pore structures, thus improving contact area with electro-
lyte and electron transport efficiency, and hence is expected to 
exert better OER and HER performance. The pore-size distribu-
tion was calculated by the BJH method because of the existence 
of both micropores and mesopores. It revealed the sizes were 
centered at less than 1, 3.14, and 3.95 nm, which is consistent 
with mainly micropores and a few mesopores, corresponding 
to the result of type I isotherm curves.

Electron paramagnetic resonance (EPR) was conducted 
to study the effect of metal centers on the electronic proper-
ties of materials. It has been found that the incorporation of 
metal centers greatly alters the EPR signal, suggesting that free 
radical signals may make a difference in the electrochemical 
activity. It can be seen in Figure 4f that the introduction of Pd2+ 
greatly enhanced the radical signal. It resembles the signal of a 
carbon centered radical commonly found in amorphous carbon 
materials.

SEM and EDS mapping results of Pd-e-NiCo-PBA-C are dis-
played in Figure 5a2–e2,5j. C, N, O, Ni, Co, and Pd are still pre-
sent, at similar ratios to the precursor before annealing. The 
percentages of Ni, Co, and Pd have slightly increased, while 
those of C, N, and O have slightly reduced. This loss of C, N, 
and O can be attributed to the matrix evaporation and carboni-
zation during the sintering process. SEM line-scanning was 
also conducted to analyze longitudinal element distribution of 
the sample. The content of Co and Pd in Figure 5f–i is much 
greater than Ni, indicating the exchange of Ni2+ with Pd2+, 
which matches well with the previous characterization result.

The composition of Pd-e-NiCo-PBA-C is further supported 
by XPS. The survey scan spectrum indicates that nanosheets 
are composed of C, N, O, Ni, Co, and Pd elements (Figure 6). 
From the high-resolution XPS spectrum in Figure  6a, it can 
be seen that the fitted C 1s spectrum reveals a main peak at 
around 284.6 eV corresponding to CC, and the peaks at 285.6 
and 287.1 eV are assigned to CN and CO bonds, respectively. 
Notably, compared with the fitted C 1s spectrum of e-NiCo-PBA-
C (Figure  6g and Figure S6b, Supporting Information), the 
slight shift of CO bonds is due to the appearance of abundant 
oxygen vacancies and defects during the annealing process. 
The N 1s spectrum (Figure  6b) can be fitted into three peaks 
at 398.2, 398.9, and 400.5  eV, which correspond to pyridinic 
nitrogen, pyrrolic nitrogen, and quaternary nitrogen, respec-
tively. The three nitrogen species have different adsorption 
capacities for water molecules; water molecules are more easily 
adsorbed on pyridinic nitrogen, then quaternary nitrogen, and 
poorly adsorbed pyrrolic nitrogen. During water electrocatalysis, 

both pyridinic nitrogen and quaternary nitrogen can have 
better water wettability and larger contact areas, thus facili-
tating electron transfer in OER and HER.[51] Compared with the 
XPS spectra of e-NiCo-PBA-C (Figure 6h and Figure S6b, Sup-
porting Information), the relative content of pyridinic nitrogen 
and quaternary nitrogen of Pd-e-NiCo-PBA-C is much higher, 
indicating a potential better electrocatalysis performance. The 
O 1s peaks (Figure  6c) at 532.1 and 535.8  eV are assigned to 
metaloxygen bonds (O1), oxygen ions in anoxic region (O2) 
and hydroxyl group (O4), respectively.[52] For e-NiCo-PBA-C, the 
fitted O 1s peaks (Figure S6c, Supporting Information) can be 
split into two peaks, O1 and O4. The appearance of O2 in Pd-
e-NiCo-PBA-C can be related to the dramatic increase in the 
oxygen vacancy concentration (Vo) caused by reduction of cya-
nide ligands during the annealing process. In addition, the Co 
2p peaks (Figure  6d) of Pd-e-NiCo-PBA-C found at 775.2 and 
797.6 eV can be assigned to 2p3/2 and 2p1/2 spins of Co4+, and the 
two peaks at 782.1 and 801.7 eV are attributed to 2p3/2 and 2p1/2 
spins of Co3+, indicating the coexistence of Co3+ and Co4+ in Pd-
e-NiCo-PBA-C. The relatively weak satellite peaks demonstrate 
the predominance of Co3+ in the near-surface region.[53] The Ni 
2p XPS spectrum (Figure 6e,i) is noisy compared with e-NiCo-
PBA-C, which is due to the relatively low content of Ni. The two 
characteristic peaks at binding energies of 833.5 and 855.9 eV 
correspond to 2p3/2 and 2p1/2 spins of Ni2+, respectively. High 
resolution Pd 3d spectrum (Figure  6f) gives four deconvolu-
tion peaks at 338.4, 339.1, 343.9, and 344.3  eV, corresponding 
to Pd2+, Pd of 3d5/2 and Pd2+, and Pd of 3d3/2, respectively, in 
Pd-e-NiCo-PBA-C.[54]

3.2. Electrochemical Performance Evaluations

The electrocatalytic activities of Pd-e-NiCo-PBA-C for HER and 
OER in both 0.5 m H2SO4 and 1.0 m KOH electrolyte using a 
standard three-electrode system were investigated. Pd-e-NiCo-
PBA-C was coated on a GCE, activated by CV at a scan rate of 
10 mV s−1 before the test, to ensure the measured electric cur-
rent is attributable to HER and OER in the polarization curves 
rather than catalysts themselves.

After that, Pd-e-NiCo-PBA-C was coated on nickel foam to 
test the overall water-splitting performance, where the Pd-e-
NiCo-PBA-C@Ni foam with dimensions of 1 × 1 cm2 was used 
as both cathode and anode electrode and tested in a two-elec-
trode system.

The HER performance of the samples was tested under 
acidic and alkaline conditions. The LSV curves are shown in 
Figure 7a. In 0.5 m H2SO4, the overpotential (η) values needed 
for Pd-e-NiCo-PBA-C treated electrodes to deliver 10 and  
20  mA  cm−2 (i.e., η10HER-acidic, η20HER-acidic) are only 48 and 
72  mV, respectively. Similarly, very small overpotential (i.e., 
η10HER-alkaline, η20HER-alkaline) of 147 and 182  mV are required in 
1  m  KOH to reach the same current densities (Figure  7b). In 
addition, the Tafel slopes (Figure  7d,e) of Pd-e-NiCo-PBA-C in 
acidic and alkaline solution are 55 and 67  mV  dec−1, respec-
tively, which implies that chemical adsorption of H+ on the 
catalyst limits the reaction rate.[49]

To investigate the structure–performance relationship of 
Pd-e-NiCo-PBA-C, comparative tests on different samples, 
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including the annealed products, NiCo-PBA-C, e-NiCo-PBA-C, 
commercial Pt/C-10%, and a bare GCE were performed.[55–57]

In acidic electrolyte, the overpotentials needed to deliver 
anodic current densities of 10 and 20 mA cm−2 are compared in 
Figure 8a. The η10HER-acidic, η20HER-acidic of NiCo-PBA-C, e-NiCo-
PBA-C, and commercial Pt/C-10% are 575, 618; 632, 683; and 
74  mV, 105  mV. Moreover, the Tafel slope comparison results 
of NiCo-PBA-C, e-NiCo-PBA-C and commercial Pt/C-10%, dis-
played in Figures 7d and 8b, were calculated to be 122, 128, and 
82 mV dec−1, respectively. It is noteworthy that the both overpo-
tential and Tafel slope of Pd-e-NiCo-PBA-C are at a minimum 
among these catalysts, even lower than commercial Pt/C, cor-
responding to the best catalytic performance.

The HER performance comparison under alkaline condi-
tions can be viewed in Figure  8a,b. It was found that NiCo-
PBA-C, e-NiCo-PBA-C, and commercial Pt/C-10% all had 
higher overpotentials for reaching current densities of 10 and 

20 mA cm−2 (η10HER-alkaline, η20HER-alkaline), which were 472, 502; 
583, 634; and 268  mV, 313  mV, respectively. The Tafel Slope 
(Figures 7e and 8b) of three samples were calculated as 102, 157, 
and 118 mV dec−1, respectively. Tafel slope values in the range 
of 40–120 mV dec−1 suggest the reaction on the surface follows 
the Volmer–Heyrovsky mechanism. The reasons for the differ-
ence of HER performance may be due to strength of bonding 
between different crystal planes and hydrogen as well as sur-
face reconstruction caused by adsorption of hydrogen.[49] The 
repeatability was also tested on Pd-e-NiCo-PBA-C and other ref-
erences by fabricating six electrodes for each sample, and it was 
found that there was a small variation of <5% for experiments 
carried out either in 0.5 m H2SO4 or 1 m KOH (Figure S16, Sup-
porting Information). In addition, Pd-e-NiCo-PBA-C catalysts 
also showed excellent HER stability in continuous tests, and 
the increase in overpotential was negligible after 5000 cycles 
(Figure 7h).

Figure 6. a) X-ray photoelectron spectroscopy (XPS) survey spectrum and high-resolution spectra at C 1s, b) N 1s, c) O 1s, d) Co 2p, e) Ni 2p, and 
f) Pd 3d regions of Pd-e-NiCo-PBA-C. XPS comparison spectrum at g) C 1s, h) N 1s, and i) Ni 2p of Pd-e-NiCo-PBA-C and e-NiCo-PBA-C. The spectra 
were shown with raw data and fitting data derived by Lorentz–Gaussian function.
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The extremely low overpotential of Pd-e-NiCo-PBA-C in both 
acidic and alkaline electrolyte (Figure  7g and Table S3, Sup-
porting Information) and excellent stability indicate that it is a 

competitive state-of-the-art HER catalyst. From the above obser-
vations, it is concluded that the excellent HER performance is 
mainly due to the conductive graphite carbon matrix, favorable 

Figure 7. Electrochemical performance. a,b) Hydrogen evolution polarization curves of Pd-e-NiCo-PBA-C and the reference samples in 0.5 m H2SO4 
solution (pH =  0) and 1.0 m KOH solution (pH =  14). c) Oxygen evolution polarization curves of Pd-e-NiCo-PBA-C and the reference samples in 
1.0 m KOH solution (pH = 14). d,e) Hydrogen evolution Tafel plot of Pd-e-NiCo-PBA-C and the reference samples in 0.5 m H2SO4 solution (pH = 0) 
and 1.0 m KOH solution (pH = 14). f) Oxygen evolution Tafel plot of Pd-e-NiCo-PBA-C and the reference samples in 1.0 m KOH solution (pH = 14). 
g) Oxygen evolution polarization curves of Pd-e-NiCo-PBA-C in 0.5 m H2SO4 solution (pH = 0) (Inset: Tafel plot of Pd-e-NiCo-PBA-C). h) Hydrogen 
evolution and oxygen evolution polarization curves of Pd-e-NiCo-PBA-C before and after 5000 cycling tests. i) Overall water-splitting performances of 
Pd-e-NiCo-PBA-C||Pd-e-NiCo-PBA-C electrode couples and IrO2||Pt/C electrode couples in 1 m KOH (Inset: Chronoamperometry test for Pd-e-NiCo-
PBA-C||Pd-e-NiCo-PBA-C at an applied potential of 1.6 V in 1 m KOH). j,k) Comparison of hydrogen evolution properties with some recently reported 
high-performance catalysts in 0.5 m H2SO4 (pH = 0) and 1.0 m KOH solution (pH =  14). l) Comparison of oxygen evolution properties with some 
recently reported high-performance catalysts in 1.0 m KOH solution (pH = 14).
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electrolyte diffusion property, high specific surface area, and 
electronic configuration modulation with codoping of nitrogen 
and nickel, as well as the unique dodecagon nanosheet 
structure.

Furthermore, the OER performance of Pd-e-NiCo-PBA-C in 
O2-saturated 1.0  m  KOH solution was explored and compared 
with a series of products including NiCo-PBA-C, e-NiCo-PBA-C, 
commercial IrO2, and GCE.

As shown in Figures  7c and  8a, under alkaline conditions, 
at current densities of 10 and 20  mA  cm−2, the overpoten-
tial of Pd-e-NiCo-PBA-C is only 309  mV (η10OER-alkaline) and 
352  mV (η20OER-alkaline), much better than that of NiCo-PBA-C 
(476  mV-η10OER-alkaline, 520  mV-η20OER-alkaline), e-NiCo-PBA-C 
(390  mV-η10OER-alkaline, 431  mV-η20OER-alkaline), and even 
better than that of commercial IrO2 (343  mV-η10OER-alkaline, 
386  mV-η20OER-alkaline). The Tafel slope of Pd-e-NiCo-PBA-C 
has been calculated to be only 67 mV dec−1, which implies that 
chemical adsorption of OH− on the catalyst might limit the reac-
tion rate. The Tafel slope (Figures 7f and 8b) of other reference 
samples of NiCo-PBA-C, e-NiCo-PBA-C, and commercial IrO2 
are 137, 143, and 122 mV dec−1, respectively. It is obvious that the 
catalytic performance follows the same order as observed with 
HER, that is, Pd-e-NiCo-PBA-C > e-NiCo-PBA-C > NiCo-PBA-C.

Combined with XRD, SEM, and TEM analysis, it suggests 
that the better HER and OER performance of e-NiCo-PBA-C can 
be attributed to the higher degree of crystallinity and enhanced 
electrons and ions transportation supported with electrified 
graphite carbon substrate, as well as the unique nanostructure. 
Whereas the inferior performance of NiCo-PBA-C could be 
attributed to the amorphous carbon induced from incomplete 
carbonization or larger crystallite sizes of the electrochemically 
active components.

The results of multiple reproducibility tests exhibited 
good repeatability and stability with less than 5% variation 

(Figure  S16, Supporting Information). More importantly, OER 
performance is rarely reported in literature under acidic con-
ditions due to the lack of hydroxyl and relative long electron 
transfer path, while Pd-e-NiCo-PBA-C showed excellent OER 
catalytic activity in 0.5  m  H2SO4 electrolyte, comparable with 
the most state-of-the-art polyoxometalate acidic OER electrocat-
alysts.[50] The overpotential of Pd-e-NiCo-PBA-C is only 290 mV, 
and the Tafel slope was calculated as 220 mV dec−1 (Figure 7g). 
Moreover, the OER performance of Pd-e-NiCo-PBA-C in alka-
line condition remained nearly unchanged after 5000 cycles of 
successive CV tests (Figure 7h), demonstrating the excellent sta-
bility. However, the OER catalytic stability of Pd-e-NiCo-PBA-C 
in acidic solution is not as good as others, after 500 cycles, the 
overpotential showed a relative large decrease of 20.7% at the 
current density of 10 mA cm−2 (Figure S7, Supporting Informa-
tion), owing to the corrosion of the catalysts at higher proton 
concentrations.

The above results and comparisons with other state-of-the-
art electrocatalysts (Figure  7l and Table S5, Supporting Infor-
mation) suggest that Pd-e-NiCo-PBA-C is a very effective OER 
catalyst, regardless of electrolyte pH. The high OER activities, 
especially in acidic solution, can be ascribed to the carbon con-
ducting support with metallic composite which can improve 
the stability of electrocatalysts in acidic media by providing a 
relatively hydrophobic environment.[50]

Due to the excellent HER and OER properties of the Pd-
e-NiCo-PBA-C, it was used as a bifunctional catalyst for both 
the anode and cathode in a simple two-electrode system to 
study the overall water-splitting performance. As shown in 
Figure  7i, the current density of Pd-e-NiCo-PBA-C||Pd-e-NiCo-
PBA-C is 33 mA cm−2 at a cell voltage of 1.6 V, which is com-
parable with that of IrO2||Pt/C couple (20  mA  cm−2 at 1.6  V). 
Compared with the comparisons with other high-performance  
overall water-splitting catalysts (Figure  8f and Table S6, 

Figure 8. Electrochemical performance. a) The overpotentials comparison needed to deliver anodic current densities of 10 and 20 mA cm−2 for Pd-e-
NiCo-PBA-C and the reference samples for HER (pH = 0, pH = 14) and OER (pH = 14). b) Tafel Slopes comparison of Pd-e-NiCo-PBA-C and the reference 
samples for HER (pH = 0, pH = 14) and OER (pH = 14). c) Contact angles of Pd-e-NiCo-PBA-C and e-NiCo-PBA-C d,e) Capacitive current measured at 
1.23 V (vs RHE) of Pd-e-NiCo-PBA-C as a function of scan rate in 0.5 m H2SO4 solution (pH = 0) and 1.0 m KOH solution (pH = 14). f) Comparison of 
overall water-splitting properties with some recently reported high-performance catalysts in 1.0 m KOH solution (pH = 14).
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Supporting Information), Pd-e-NiCo-PBA-C||Pd-e-NiCo-PBA-C  
exhibits a high total current density and excellent full water 
hydrolysis performance. Furthermore, the stability of Pd-e-
NiCo-PBA-C||Pd-e-NiCo-PBA-C was evaluated using constant 
chronoamperometry measurement (Figure  7i inset), after over 
50  h of continuous overall water electrolysis; Pd-e-NiCo-PBA-
C||Pd-e-NiCo-PBA-C remained stable and kept ≈97.3% catalytic 
activity, demonstrating its remarkable durability.

Water contact angle tests (Figure  8c) were conducted to 
study wettability while being submerged, which is necessary 
for electrocatalytic testing in solution. Pd-e-NiCo-PBA-C dis-
played super-hydrophilic (water contact angle, 12.2°) properties, 
while e-NiCo-PBA-C showed hydrophobic (water contact angle, 
71.5°) properties. Similarly, commercial Pt/C and IrO2 also have 
hydrophilic performance, with literature reporting that the con-
tact angles are larger than that of Pd-e-NiCo-PBA-C, 36.6° and 
30.0°, respectively.[58,59] This reveals the as-obtained catalysts, 
after selective etching and ion exchange, have a better wetta-
bility performance in water, resulting in full contact with the 
electrolyte and consequently better water-splitting performance.

To shed light on the low HER and OER overpotentials and 
high catalytic performance of Pd-e-NiCo-PBA-C, electrochemical 
surface area (ECSA) of the samples was calculated by the CV 
method. ECSA of materials is an important indicator of elec-
trochemical activity, and it is directly proportional to the elec-
trochemical double-layer capacitance (Cdl) in the non-Faradaic 
region, where charge transfer can be ignored due to electrode 
reaction and the current density is only from the charging and 
discharging of the electric double layer. According to the CV 
results, Figures S8 and S9, Supporting Information, the elec-
trochemical double-layer capacitances of Pd-e-NiCo-PBA-C 
in acidic and alkaline solution were calculated and are shown 
in Figure  8d,e; they were 12.25 and 162.75  mF  cm−2, respec-
tively. The values are much larger than that of NiCo-PBA-C 
(0.18 mF cm−2-Cdl-acidic and 13.01 mF cm−2-Cdl-alkaline) and e-NiCo-
PBA-C (0.41 mF cm−2-Cdl-acidic and 2.77 mF cm−2-Cdl-alkaline), indi-
cating Pd-e-NiCo-PBA-C has more active surface area than the 
other comparison samples. The Cdl of NiCo-PBA-C is smaller 
than that of e-NiCo-PBA-C, suggesting lower charge accumula-
tion between the amorphous carbon and water interfaces.

EIS was also used to study the charge transfer resistance 
(Rct) in these materials. By applying an AC voltage of 5  mV 
amplitude in a frequency range from 0.01  Hz to 100  kHz at 
open circuit potential, the obtained Nyquist plots and equiva-
lent circuit are displayed in Figure S10, Supporting Informa-
tion. In the equivalent circuit, Rs is the solution resistance, R1 
is the charge transfer resistance related to the electrocatalysis 
process, CPE1 (constant phase element) is related to the capaci-
tance, W1 refers to Warburg resistance resulting from the dif-
fusion in the electrode channels.[58] The observed slope in the 
Nyquist plots of Pd-e-NiCo-PBA-C was smaller than those of 
NiCo-PBA-C and e-NiCo-PBA-C, suggesting rapid electron 
transport for water electrocatalysis within the electrode system. 
This could be attributed to the formation of highly conductive 
and electrochemically active metal that allows minimization of 
interface-resistance potentials, leading to an excellent electron 
transport pathway for water-splitting.

To investigate the relatively poor OER stability of Pd-e-
NiCo-PBA-C in acidic solution, after 500 cycling test, it was 

further characterized by XPS (Figure S11, Supporting Infor-
mation). From the C 1s XPS spectrum, there is an extra peak 
of OCO after cycling, which indicates material oxidation 
during the process. Detailed analysis of Co 2p XPS spectra of 
the Pd-e-NiCo-PBA-C after the OER tests revealed that CoIII 
and CoIV species were reduced to CoII and CoIII species, and 
the relative content of surface PdII species increased, while 
that of metallic Pd decreased. These phenomena indicate the 
catalytic active sites, CoIV and metallic Pd, in Pd-e-NiCo-PBA-
C were inactive due to the strong acid solution and oxidation 
of O2.[60,61] In addition, The N 1s XPS spectrum of Pd-e-NiCo-
PBA-C displayed obvious decline before and after long-term 
stability tests, which is another evidence confirming the loss 
of active species.

These phenomena confirm the synergic catalytic effect of 
dodecagon nanosheet with metallic compound species in the 
graphite carbon matrix, resulting in a superior electrocatalyst 
for both OER and HER. In addition, the nitrogen-containing 
groups in the d-band electrons of metals and their oxides also 
make them more favorable for water splitting, allowing the 
rapid transport of electrons and substances, thereby promoting 
the breaking and formation of bonds during water splitting, 
further enhancing the electrocatalytic activity.

An economic analysis of Pd-e-NiCo-PBA-C was carried out 
(Figure S14, Supporting Information). A price comparison of 
Pd and Pt show that prior to January 2018, the price of Pd was 
lower than that of Pt, and thereafter the price of Pd was higher. 
In the price comparison of Pd and Ir, the price of Ir is mostly 
higher than that of Pd, only over brief periods is this reversed. 
The prices of Pd-e-NiCo-PBA-C, Pt/C-10%, and IrO2 were com-
pared from January 2014 to January 2020. Prior to June 2017, 
Pd-e-NiCo-PBA-C was cheaper than Pt/C-10%. For Pd-e-NiCo-
PBA-C and IrO2, the price of Pd-e-NiCo-PBA-C has always been 
advantageous.

3.3. Theoretical Calculations and Simulations

In order to further understand the superior performance of 
the samples with Pd, theoretical calculations were carried 
out by DFT modeling. Two simplified models were built to 
simulate the experimentally synthesized systems. Pd-Co 
and Ni-Co were put on a continuous film of carbon, as illus-
trated in Figure 9a and Figure S12, Supporting Information. 
The optimized cell structure in Figure  9a indicates that the 
adsorption site is above the center of the metal atoms for 
both PdCo@C and NiCo@C. The free energy for HER is cor-
related to the adsorption energy between the surface of base 
material with H*, and for OER, the free energy is related to 
intermediates of HO*, O*, and HOO*. Free energy diagrams 
are plotted (Figure  9b,c) in both systems, suggesting the 
adsorption energies of the intermediate states with adsorbed 
gas atoms to reflect their performance in HER and OER. As 
is known, the catalyst with ΔG closer to zero indicates poten-
tially better performance in electrocatalysis.[62,63] The ΔG(H*) 
is calculated to be −0.837 eV for PdCo@C and −1.010 eV for 
NiCo@C, which are in agreement with the experimental 
results. For OER, it can be found that the potential limiting 
step of both PdCo@C and NiCo@C for the reaction path was 
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the third proton–electron transfer steps of forming HOO* 
from O* (Figure 9c). After the replacement of the Ni with Pd 
in the models, the free energy value of the potential limiting 
step was lowered significantly, revealing a reduced energy 
barrier for formation of HOO*. The lower binding energy of 
HOO* with the PdCo bimetal pair is possibly due to the inert-
ness of Pd. The modeled systems with single metal atoms 
show similar results as in diatomic models (Figure 9d,e). It is 
worth mentioning that the difference in free energy between 
the single-atom model and the diatomic model mainly lies 
in different binding sites. The binding site of the diatomic 

model is located in the middle of the two atoms, which leads 
to a larger negative ΔG. Compared with the single-atom 
model, the diatomic model has better affinity for gas atoms 
and metal atoms.

The result of our DFT calculations provided two models for 
the simulation of the possible active sites in the nanoparticles. 
The simplification of the full crystal structure makes it clear to 
consider the conjunction sites of reaction intermediates with 
catalytic atoms. As a supportive method, the DFT calculation 
is based on the assumption that the catalytic performance is 
mainly determined by the metal–metal bridge site, which is 

Figure 9. a) 3D schematic of DFT optimized geometric structures for PdCo@C-H*, NiCo@C-H*, Pd@C-H*, and Ni@C-H*. DFT modeled free energy 
diagram of b) HER and c) OER for PdCo@C and NiCo@C and d) HER and e) OER for Pd@C and Ni@C. Density of states spectra of f) NiCo@C 
(black) and PdCo@C (red) and g) Ni@C (black) and Pd@C (red), with Fermi energy normalized to 0.
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an approximation adopted in many theoretical works.[64–67] The 
free energy results suggest the replacement of active atoms 
with inert atoms could decrease the binding energy between 
active atoms and intermediate species, which provide an insight 
to the improvement of electrocatalytic activity. Meanwhile, 
Figure 9f,g, and Figure S13, Supporting Information, show the 
calculated density of state and band structure for the modeled 
systems. Metallic properties can be expected in the modeled 
systems and no clear band gap can be seen in their band struc-
ture and DOS diagram.

4. Conclusion

In summary, a high performing bicatalyst was synthesized by 
the pyrolysis of a PBA; the composition and microstructure of 
the material were controlled by ion-exchange and anisotropic 
etching of the precursor. Detailed characterization indicates 
the final material consists of CoPd2 on graphite planar dodec-
ahedra. The results show that the novel dodecagon N-doped 
PdCoNi carbon-based nanosheets display outstanding catalytic 
performance and long-term stability on OER, HER, and overall 
water-splitting. Moreover, the preparation procedure can be 
adapted to produce a range of microstructured noble metal and 
alloy catalysts.
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