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1. Introduction

Based on green and sustainable energy 
conversion and storage technologies, fuel 
cells, metal–air batteries, and water split-
ting devices are promising alternatives 
to traditional fossil fuels.[1,2] Their large-
scale applications require, among others, 
cost-effective catalysts to increase slug-
gish kinetics of the hydrogen evolution 
reaction (HER), oxygen reduction reac-
tion (ORR), and oxygen evolution reac-
tions (OER), which are the key processes 
in the above-mentioned systems. Precious 
metal-based materials are best known as 
the most technologically relevant electro-
catalysts.[3] However, the scarcity of pre-
cious metal resources and their high cost 
promote extensive research on replacing 
them with less noble catalysts.[4] Transi-
tion metal-based catalysts show great 
potential to replace precious metal-based 
catalysts due to their low cost, reasonable 
intrinsic activity, thermodynamical sta-
bility, and corrosion resistance in alkaline 

Transition metal-based catalysts show great potential to replace Pt-based 
material in energy conversion devices thanks to their low cost, reason-
able intrinsic activity, thermodynamic stability, and corrosion resistance. 
The electrochemical performance of such catalysts is sensitive to their 
composition and structure. Here, it is demonstrated that homogeneous 
alloy nanoparticles with varying Ni-to-Co ratio and controlled structure 
can be synthesized from aqueous Ni(Co) acetate solutions using a facile 
γ-radiolytic reduction method. The obtained samples are found to possess 
defects that are ordered to form polytypes structures. The concentration 
of these defects depends on the Ni-to-Co ratio, as supported by the results 
of ab initio calculations. It is found that structural defects may influence 
the activity of catalysts toward the oxygen evolution reaction, while this 
effect is less pronounced with respect to the oxygen reduction reaction. At 
the same time, the activity of Ni–Co catalysts in the hydrogen evolution 
reaction is affected by formation of NiOH bonds on the surface rather 
than by the presence of structural defects. This study demonstrates that 
the composition of NiCo nanoparticles is an essential factor affecting 
their structure, and both composition and structure can be tuned to 
optimize electrochemical performance with respect to various catalytic 
reactions.
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medium.[5,6] Among them, Ni, Co, and the bimetallic Ni–Co 
nanoalloys are intensively investigated and show great potential 
as efficient electrocatalysts for HER,[7] ORR,[8] and OER.[9] Due 
to the synergetic effects induced upon alloying/interface forma-
tion, the Ni–Co alloy may expose more active sites and more 
atomic defects; thus, leading to a significant improvement in 
catalyst performance.[8,10–12]

As reported in the literature, different synthesis approaches 
were used to obtain Ni–Co nanoalloys (both on the sup-
port and freestanding): electrochemical deposition,[13] wet-
chemistry,[14] and co-reduction of Co2+ and Ni2+ salts on 
biopolymer templates.[15] One of the powerful tools for the 
production of bimetallic nanomaterials is ionizing radiation-
induced reduction of metal ions in aqueous solutions.[16–19] 
The main advantage of this method is the possibility to pre-
cisely control the amount of strong reducing species homo-
geneously distributed in solution; and thus, to govern the 
conversion yield of final products. Another advantage is that 
one can produce nanomaterial in situ both freestanding and 
on different types of supports; the latter is especially useful 
for designing materials for catalysis applications.[20,21] The ion-
izing radiation induced synthesis of monometallic nanoclus-
ters from aqueous solutions of metal precursors consists of 
several steps, including reduction of metal ions, atoms coa-
lescence into clusters, adsorption of the excess of metal ions 
on the surfaces of metal clusters, and formation of stable 
aggregates.[19,22] Bimetallic clusters of different composition 
and morphology can be obtained by irradiation of a mixture of 
two ionic precursors by alternating the synthesis parameters. 
Thus, it was demonstrated that by varying irradiation dose 
rates, one can tune the morphology Ag–Au cluster from core–
shells (at low dose rates) to alloys (at high dose rates).[18,23] In 
another study Ag/Pd nanoclusters with high aspect ratio were 
obtained by changing dose rates, types of surfactants, and 
complexing agents.[24] Important parameters which need to 
be considered for the successful synthesis of bimetallic clus-
ters out of aqueous solutions are reduction potentials of the 
constituent ions.[25] As noble metals ions are readily reduced 
and remain stable in solutions, radiation induced syntheses 
of mainly noble metal based bi- and multimetallic clusters, 
such as Ag–Au,[23] Ag–Cu,[16] Cu–Pd,[17] Au–Pd,[26] Au-Sn,[27] 
Ag-Ni,[28] Pd-Ni,[29] and some others[18] were reported in the 
literature. Radiation induced synthesis of non-noble metallic 
nanomaterials remains challenging due to backward reac-
tions (oxidation) which may occur in solutions during the 
irradiation and/or under the post-irradiation treatment.[30] 
Thus, in our previous work, we synthesized freestanding Ni 
nanoclusters by radiolytic reduction of Ni2+ in an aqueous pre-
cursor solution.[30] Although the reduction conditions of the 
synthesis were created, the metallic Ni was partially oxidized 
so that the nanoclusters were covered with Ni(OH)2/NiO  
layers. The combination of Ni with less noble metals and 
the formation of bimetallic compounds may decrease the Ni 
oxidation during the synthesis. In case a mixed solution of 
two non-noble ionic precursors is irradiated under reduction 
conditions or chemically reduced, both ions have an equal 
probability to be reduced. However, further electron transfer 
from less noble atoms (for example Co) to more noble metal 
ions (Ni) may favor the reduction of the latter.[19]

It is known that the structure of Ni–Co alloys depends on 
their composition. Ni–Co equilibrium binary phase diagram 
reveals that, at room temperature, Co rich alloys with ≤25 at% 
of Ni possess hexagonal close-packed (hcp) structure, while 
those with ≥25 at% Ni have face-centered cubic (fcc) structure, 
and at a temperature above 700 K, phase transition from hcp 
to fcc occurs for pure cobalt.[31] Meanwhile, as shown in the lit-
erature, the relation between the Ni–Co alloys composition and 
their crystallographic structures may deviate from the equilib-
rium one and depends on the shape and size of the obtained 
materials. Thus, electrodeposited Ni–Co alloy films of ≈50 µm 
thick demonstrate fcc, the mixture of fcc + hcp, and hcp struc-
tures at Co contents of 0–49 wt%, 50–80 wt%, and 81–100 wt%, 
respectively.[32] In the other work, it was revealed that by varying 
Ni-to-Co ratio, one can tune the density of defects (twins) at the 
surface of the bimetallic cones.[33] It is obvious, taken together, 
composition, structure, and morphology of Ni–Co alloys affects 
their physical and chemical properties.[34–37]

The aim of the current study is to reveal the effect of the 
composition of Ni–Co nanoalloys, obtained by ionizing radia-
tion-induced reduction method, on their structural, chemical, 
and electrochemical properties. Ni–Co nanoalloys with various 
Ni-to-Co ratios from a mixture of Ni2+ and Co2+ acetate solu-
tions are fabricated. Commercial carbon, Vulcan XC-72, is 
used as supporting material for those samples whose catalytic 
activity is being studied.

2. Results and Discussion

2.1. Radiation-Induced Synthesis of Metallic Co, Ni, and Alloy 
Ni–Co Nanoparticles in Aqueous Solutions, G-Values, and  
Particle Formation Pathway

When ionizing radiation interacts with water, part of its 
energy is absorbed and the active species (eaq

−, H•, OH•, H2O2, 
and others) are produced.[38] The unit of absorbed energy is  
1 Gy = 1 J kg−1. One of the characteristics of the active species is 
G-value. G-value is the number of species produced per unit of 
energy absorbed by matter. G-values for the products of water 
radiolysis depend on types of radiation and are varied for dif-
ferent species. Thus, if radiolysis of neutral water is caused by 
γ-irradiation (or fast electrons), G-value for the solvated elec-
trons is the same as for OH• radicals and equals 0.28 µmol J−1.  
Adding isopropanol (IPA) as a radical scavenger ensures con-
verting OH radicals to reducing species, (CH3)2COH•; thus, 
increasing the G-value for the reducing species twice, to 
0.56  µmol J−1.[19] At the same time to reduce di-valent ions, 
Me2+, two reducing species are required, which means that the 
maximum possible G-value for Me formation is 0.28 µmol J−1.

Ionizing radiation induced synthesis of metallic clusters 
includes the reduction of the metal ions precursors in solu-
tions by reducing agents. This process is followed by nuclea-
tion, growth, and sedimentation of the solid precipitate. The 
synthesis procedure is schematically illustrated in Figure 1a.  
Obviously, to reduce di-valent ions, two reducing species 
are required. As was suggested in our previous studies, the 
reduction of Ni2+ to atomic nickel occurs in two steps via the 
formation of Ni+ intermediates.[30] Moreover, Ni+ undergoes 
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disproportionation to Ni2+ and Ni0. We expect that the reduc-
tion of Co2+ may occur in a similar way. The tabular value of the 
standard reduction potentials Ni2+/Ni0 and Co2+/Co0 are close 
to each other and equal to −0.257 and −0.28 V, respectively.[39] 
As it has been mentioned above, the radiolytic formation of 
alloy clusters from metal ions precursors in solutions occurs 
via electron transfer from the less noble to more noble metal 
atoms, which favors the reduction of more noble metals. At the 
same time, it is expected that in the Co–Ni system, the prob-
ability to be reduced by the radicals for less noble and more 
noble metal ions is equal. Thus, the number of reduced ionic 
species, in general, depends on the concentration of the corre-
sponding precursor. This is supported by the results presented 
in Table 1, where concentrations of the metal (Co, Ni) ions in 
the precursor solution before the irradiation and compositions 
of the final product, determined using ICP-OES, are shown.

As seen in the table, the experimental conversion yields 
of Co2+(Ni2+) to Co(Ni) are smaller than the theoretical one. 
Note, the total irradiation dose is established in such a way 

that 100% of Co(Ni) ions in precursor solutions is converted to 
metal atoms. The theoretical yield is calculated considering the 
G-value of reduction species formation, 0.56 µmol J−1. The dis-
crepancy between calculated and experimental conversion yield 
can be attributed to the following: i) backward processes (oxi-
dation, dissolution) may occur during the synthesis; ii) a cer-
tain amount of solid Ni and Co can be lost (not fully dissolved 
in acid and filtered out) when preparing probes for ICP-OES  
analysis; and iii) the activity of carbon black toward solvated 
electrons and hydroxyl radicals.[40]

Another observation is that the Ni2+ to Ni conversion yield 
(11%) in Ni/C samples is significantly smaller than that of Co 
(70%) in Co/C one. At the same time, the conversion yield 
for Ni is significantly increased in the alloy samples. It may 
indicate that the backward reactions of nickel in solution are 
somehow inhibited by the presence of cobalt, and Ni reduction 
becomes favourable. Thus, as it was observed in our previous 
study,[20] metallic Ni obtained as a result of radiolytic reduc-
tion in aqueous solutions, may further oxidize to form soluble 

Figure 1. a) Schematic representation of the synthesis of Ni–Co/C catalysts. b) The difference between the initial and final concentrations of Co2+ and 
Ni2+ ions in precursor solutions with Vulcan XC-72, as a function of the total irradiation doses. The measurements are performed on a mixture of Ni 
and Co acetate solutions with equal initial concentrations, 2.25 mm each. The G-value for Co2+ and Ni2+ reduction calculated from the corresponding 
slopes is denoted on the graph. c) Potential–pH diagram of the Ni–Co–CH3COOH–H2O system at the temperature 298.15 K; the air pressure is 1 bar 
and the composition ratio of nickel and cobalt in the solution is equal to 1.

Table 1. The amount of Ni and Co in the precursor solutions and in the final products determined with ICP-OES.

Sample ID Initial amount of Ni2+/Co2+  
in solutions [mm]

Amount of Ni/Co converted  
to the solid state [mm]

The relative amount of the 
converted Ni/Co [wt%]

Ni-to-Co ratio in a solid 
sample

Ni + Co content in Vulcan 
XC-72 [wt%]

Ni/C 5.5 0.62 11 – 2.27

Ni3Co/C 4.125/1.375 1.75/0.69 42/50 2.5/1 8.86

NiCo/C 2.75/2.75 0.93/0.82 34/30 1/0.9 6.37

NiCo3/C 1.375/4.125 1.06/3.06 77/74 1/2.9 14.96

Co/C 5.5 3.88 70 – 14.12
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 21967350, 2023, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202300038 by U
ppsala U

niversity K
arin B

oye, W
iley O

nline L
ibrary on [28/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2300038 (4 of 13)

www.advmatinterfaces.de

Ni(OH)2. At the same time, metallic cobalt may partially oxidize 
to insoluble Co3O4. In the alloy, cobalt oxide may serve as a pro-
tective layer to either prevent the oxidation of metallic Ni or the 
dissolution of nickel compounds.

To understand the Ni–Co alloy formation through γ-radiation 
induced processes, G-values for both metals in a mixture of Ni 
and Co precursors solutions (Ni to Co ratio is 1) were meas-
ured. In Figure  1b, the difference between the initial and the 
final concentrations of cobalt and nickel ions in solutions con-
taining Vulcan XC-72 is plotted as a function of the total irradia-
tion dose. The slopes on the graph correspond to G-value for 
Ni2+ and Co2+ reduction in a mixture of Ni, Co acetate aqueous 
solutions with carbon powder. As seen in the graph, the total 
G-value for both metals is 0.128  µmol J−1, which is twice as 
low as the theoretical value. At the same time, G-value for Co 
is ≈1.4 times higher than for Ni, indicating that under the cur-
rent conditions, the formation of cobalt is slightly preferable. 
The same trend in Co and Ni G-values is observed in the 50/50 
CoNi sample (NiCo) that does not contain carbon (Figure S1, 
Supporting Information).

To better understand the processes occurring in aqueous  
Ni–Co precursor solutions, chemical and electrochemical equi-
libria in the Ni–Co–CH3COOH–H2O system were calculated for 
T = 298.15 K, air pressure 1 bar, and Ni-to-Co ratios in solution 
equal to 1. The corresponding potential-pH diagram is shown 
in Figure 1c. The calculation details are given in the Supporting 
Information. Note, the diagrams for different Ni-to-Co ratios in 
the solution (3: 1 and 1: 3) are very similar because the differ-
ence in the thermodynamic activities (see Table S1, Supporting 
Information) results in very small changes in equilibrium pH 
values (±0.02) and electrode potentials (±0.005  V). Note, the 
experimental pH of the precursor solutions changes from 7 to 
5.5 during the synthesis. As seen in the figure, the equilibrium 
stability of Ni ions is dependent on solution pH. Thus, as pH 
increases, the reduction potential of Ni2+/Ni0 decreases and the 
formation of Ni oxide becomes preferable. Thus, Ni2+ may par-
tially exist in a form of a dispersion of Ni oxide/hydroxide in 
solution, and its reduction may be complicated. Meanwhile, Co 
ions remain thermodynamically stable at the whole pH range 
used in the current study. Considering the above, we suggest 
that during the synthesis, the reduced Co forms nucleation 
clusters; consequently, the solution around the Co nucleus 
becomes Ni-enriched. Thereafter, Ni ions are adsorbed on the 
Co surface and their further reduction occurs by the electron 
transfer from Co. This way, cobalt serves as a support and pro-
motes nickel formation in solution upon γ-radiation induced 
synthesis.

2.2. Structure and Composition

2.2.1. XRD Studies

The structure of the obtained nanoparticles is investigated using 
XRD and (scanning) transmission electron microscopy. The 
XRD patterns recorded from Ni–Co/C samples with different 
Co-to-Ni ratios are shown in Figure 2. As seen in the figure, the 
XRD pattern from Co/C represents peaks whose positions corre-
spond to those from both hcp and fcc Co.[41] Although some XRD 

peaks from these two structures overlap, positions of peaks 1 
and 3 correspond solely to hcp Co ((100) and (101) planes), while 
peak 4 is characteristics for (200) plane in fcc Co.[41] At the same 
time, the relative intensities of XRD peaks shown in Figure  2 
are different from those found in the reference for a powder dif-
fraction pattern for hcp Co, where 100% intensity is subscribed 
to (101) peak. In our case, the maximum intensity corresponds 
to peak 2, which position agrees with (002) and (111) planes in 
hcp and fcc Co, respectively. A similar XRD pattern is observed 
for NiCo3/C and even for NiCo/C. Although, the intensities of 
peaks 1 and 3 tend to decrease with increasing Ni concentration, 
and last, these peaks resemble shoulders to the main peak in 
the XRD pattern for NiCo/C sample.

The XRD patterns for Ni-rich samples correspond to those 
for fcc Ni. Note, the XRD patterns for the corresponding Co–Ni 
nanoparticles produced without carbon support (see Figure S2, 
Supporting Information) resume the same trend; thus, indi-
cating that carbon support does not affect the structure of the 
studied nanoparticles. The variation of the relative intensities 
in the XRD patterns points out the fact that the structure of 
the above-mentioned compounds can probably not be a simple 
mixture of fcc and hcp modifications but long-period polytype 
crystals or extended defect areas.[42]

Although Ni and Co have both fcc and hcp allotropies, at 
ambient conditions, hcp Co and fcc Ni are found to be the most 
stable ones. In addition, it is known that bulk Ni–Co alloys pos-
sess fcc structure when the Ni concentration in the alloy exceeds 
25%.[31] The values of lattice parameters of Ni and Co close-
packed structures are close to each other (fcc: aCo  = 3.554 Å;  
aNi = 3.540 Å. hcp: aCo = 2.514 Å, cCo = 4.105 Å; aNi = 2.622 Å,  
cNi  = 4.321 Å).[41,43] Thus, it is expected that the substitution 
of Ni(Co) in Co(Ni) lattices gives a minor contribution to the 
change in interatomic distances of Ni–Co alloys. Indeed, 
although; the composition of the samples presented in the cur-
rent study varies a lot, no significant shift of the XRD peaks is 
observed on the X-ray diffraction patterns.

Figure 2. XRD patterns of NixCoy/C samples which have different Co-to-
Ni ratios. The calculated XRD pattern of 6H polytypic structure is also 
included in the graph and schematically illustrated on the right side. The 
XRD peak labelled with “C” belongs to amorphous carbon.

Adv. Mater. Interfaces 2023, 10, 2300038
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2.2.2. TEM Studies

Overview and high-resolution TEM (HRTEM) images of all five 
samples are shown in Figure 3. One can see that in every sample, 
the particles can be divided into two fractions based on their size: 
i) small particles (1–3 nm) tightly incorporated into the carbon sup-
port and ii) large clusters (10–40  nm) distributed on the carbon 
support. The size distribution histograms of nanoparticles in the 
studied samples are also shown in Figure S3, Supporting Informa-
tion. As for most samples, the signal on SAED patterns is domi-
nated by the contribution from the carbon, it is rather difficult to 
distinguish between the hcp and fcc phases. To solve this problem, 
we performed detailed analyses of the HRTEM images of separate 
particles and corresponding fast fourier transformations (FFTs).

One can see that in all samples, both hcp and fcc particles 
or domains within particles are found. Although we have not 
found a correlation between the structural type and the size of 
the particles, we can see that the large particles contain a lot of 
stacking faults. They are clearly visible on HRTEM images and 
appear as diffuse scattering lines or extra spots on the FFTs. In 
most cases, FFTs from larger particles are impossible to index 
because they consist of contributions from differently oriented 
domains of 2–3 nm in size. Figure 3 shows two FFTs obtained 
from different areas of the same particle in the Ni3Co sample. 
The first FFT can be described as a projection along the [001] 
direction in the hcp structure, while the other is similar to a 
projection along the [100] direction in the hcp structure with 
broad diffuse lines and extra rows of spots marked by arrows.

The HRTEM image taken from a large particle in NiCo3 
sample shows similar defects. At the same time, small particles 
are found to be uniformly incorporated in the carbon matrix. 
Figure  3 (in the first and second columns) shows examples 
of small particles from Ni, Ni3Co, NiCo, and NiCo3. There are 
areas in the CoNi sample where these small particles are con-
nected to each other. In addition to small and large particles, we 
found the presence of needle-like particles in the Co sample. 
They cannot be attributed either directly to hcp or fcc lattices or 
to Co oxide; we assume that most probably this is some kind of 
supercell/or a polytype similar to prolonged defect areas in the 
mixed Ni–Co samples.

2.2.3. Oxidation State

The XPS studies performed on Ni/C, Co/C, and NiCo/C sam-
ples revealed the presence of some oxidized Ni and Co at the 
surfaces (Figure S4 and Table S1, Supporting Information). 
Note that metal surfaces are quite reactive at ambient condi-
tions; and therefore, it is very difficult to avoid oxidation.[30] 
The oxidation on the surface is also confirmed by the STEM 
analysis combined with EDX (Figure 4a). One can see that the 
layer of lower contrast is present around the large particle. It is 
less than 2 nm thick.

The oxidation state of cobalt nanoparticles has been further 
studied using XAS and XES measurements. Figure 4b displays 
the HERFD-XAS spectra at the Co K edge of the Co nanopar-
ticles (freestanding and supported on carbon) which are com-
pared with the spectrum of the Co foil. The spectral structure 
at ≈7712 eV in the Co K HERFD-XAS, which is characteristic 
of Co metal is also present in the spectra of freestanding Co 
NP and Co/C NP samples. However, the relative intensity of 
this structure decreases for the freestanding Co NP sample 
and becomes the lowest for Co/C. At the same time, the struc-
ture at ≈7726  eV grows up and becomes the most intense 
for the Co/C sample. The latter structure is associated with 
Co(II) oxide[44,45] and indicates a formation of oxidized NPs, 
being more significant for the Co/C sample. On the other 
hand, the Co K HERFD-XAS spectra of the freestanding Co 
NP do not show a broad structure at ≈7775 eV, characteristic of 
stoichiometric CoO.[44,45] A dissipation of this structure which 
rather has the multiple-scattering origin suggests that the 
formed oxidized Co NPs are highly defective and can be even 
amorphous.

Figure 3. TEM images of Ni/C, Ni3Co/C, NiCo/C, NiCo3/C, and Co/C 
samples. Each row shows an overview image of nanoparticles supported 
on carbon, followed by HRTEM images of specific particle fractions with 
corresponding FFTs. Detailed descriptions of the particle fraction and the 
FFT analysis are given in the text.
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The existence of the Co(II) fraction in the NP samples is also 
supported by the results of the Co Kβ1,3 XES measurements 
(Figure  4c). Although the Co Kβ1,3 XES maximum of the NP 
samples coincides with that of Co metal, the spectra of the NP 
reveal some asymmetric broadening on the high-energy side, 
being more prominent for Co/C NPs. The formation of the oxi-
dized Co NPs is expected to cause such a high-energy broad-
ening because the Co Kβ1,3 XES line of CoO has a high-energy 
chemical shift of ≈1 eV as compared to that of Co metal.[44] At 
the same time, the Co Kβ1,3 XES line is broader than that of 
Co metal due to electron–electron correlation effects in CoO. 
Therefore, the partial contribution of the Co(II) fraction to the 
Co Kβ1,3 XES line of the NP samples can be the reason for its 
observed broadening (Figure 4c).

2.2.4. Structural Defects

As follows from the structural analysis, the studied samples 
contain defects, mainly in the form of stacking faults. The 
presence of structural defects is one of the factors that may 
influence the electrochemical performance of the catalysts.[46] 
The most frequently appearing defects are vacancies, disloca-
tions, stacking faults, and so on. Polytype can be considered 
as a defect as well. Polytype structures are built up by stacking 
layers derived from the close-packed units. These units may 
consist of either one or several atoms. The stacking layers are 
arranged in such a way that the final long-period crystal unit 
cell has still a dense packing. Likewise, the most common 
structures, such as hcp and fcc can be described using “poly-
type” terminology. As shown in the literature, the polytypic 
structures were observed in layered structures grown from 
solution, vapor, melt, or gel. The origin of polytypes was 
attributed to different factors, such as the presence of dislo-
cations and/or impurities, the influence of lattice vibrations, 
and thermodynamic factors.[47] Cumulative diffraction pat-
terns of Co/C sample were taken as a model when by iter-
ating over different polytypes, the final structure 6H[48] that 
consists of 6 stacking layers in series ABACBCA, was estab-
lished. The calculated XRD pattern characteristics for the 6H 

structure having parameters a = b = 2.50 Å, c = 12.25 Å, are 
plotted in Figure 2.

To further elucidate the effect of composition on structural 
parameters of Ni–Co alloys, the relative stability of four close-
packed lattices with different stacking of layers was studied by 
first-principles calculations using the exact muffin–tin orbital 
(EMTO) method.[49,50] The calculation details are provided in 
the Supporting Information. The free energy of formation, cal-
culated for random Ni–Co alloys on the four crystal lattices rela-
tive to the standard states of Co(hcp) and Ni(fcc), is plotted in 
Figure 5a. The calculations show that Co-rich and Ni-rich alloys 
inherit the crystal structures of the pure elements, while for 
concentrated alloys in the range from ≈30 at% to ≈60 at% Co, 
a mixture of fcc and hcp solid solutions of the respective con-
centrations has the lowest free energy. In that interval, the four 
polytypes (with periodic stacking sequences …[AB]… for 2H, …
[ABC]… for 3C, …[ABAC]… for 4H, and …[ABCACB]… for 6H) 
are very similar in energy; so that, even slight deviations from 
the thermodynamic equilibrium may stabilize one or another 
structure.

Due to the proximity in the energy of the different polytype 
structures in the range 30–60 at% Co, the formation energies 
of stacking faults and twins are expected to be very low. We 
evaluated twin boundary energy from the calculated energies F 
using the axial next-nearest neighbour Ising (ANNNI) model[51] 
as F F F F F A[2 (2H) (3C) 4 (4H) 3 (6H)]/TB

form∆ = ± − − + , where the +  
(−) sign applies to a twin boundary in the fcc(hcp) structure 
and A is the area per atom in a close-packed atomic plane  
(at the calculated equilibrium volume). The stacking sequence of 
close-packed planes near the twin boundaries is as follows, fcc: 
…ABCABCACBACBA… and hcp: …ABABABACACACA… (the 
twin boundary plane is underlined). As Figure  5b shows, the 

FTB
form∆  is very low in the range where the fcc and hcp structures 

are competing in energy, nearly vanishing for the Ni0.42Co0.58 
alloy composition. Interestingly, the energy of a twin boundary 
in pure ferromagnetic Co is also calculated to be as low as  
11 mJ m−2. In the ANNNI model, this low energy value results 
from a frustration caused by the competing nearest, next-
nearest, and next-next-nearest layer interactions. To compare 
with the experimental XRD results, we have computed the 

Figure 4. a) ADF-STEM images of the NiCo/C sample, showing carbon with small and large particles of a Ni–Co alloy. Arrows point to the layer 
of weaker contrast around the large particle, indicating its oxidation on the surface (left); EDS maps (right) of O–K; Ni–Kα, and Co–Kα signals 
obtained from the large particle confirm that it is oxidized on the surface. b) Co K HERFD-XAS recorded at the maximum of the main peak of 
Kβ1,3 emission spectrum and c) Co Kβ1,3 XES spectra of Co nanoparticles (NPs) both freestanding and on carbon (Vulcal-XC 72) support and Co 
foil, used as a reference.
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lattice parameters for the 3C and 6H polytypes, now optimizing 
the c/a ratio for the hexagonal polytype. The comparison is 
made in Table 2, and a good agreement is found.

In summary, the structural analysis reveals that the studied 
Ni–Co samples consist of two fractions of the crystalline 
metallic (Co, Ni, or Co–Ni) particles with the sizes of 1–3  nm 
and 10–40  nm. The particles surfaces are covered with the 
oxides of the corresponding metals. As follows from ab initio 
calculations and confirmed by XRD and TEM studies, all sam-
ples have close-packed structures with structural defects in the 
form of stacking faults.

2.3. Trifunctional Electrocatalysis Toward Hydrogen Evolution, 
Oxygen Reduction, and Oxygen Evolution Reactions

Electrochemical performance and activity of the obtained  
Ni–Co catalysts toward HER, ORR, and OER are investigated. 
The results are shown in Figures 6 and 7.

2.3.1. HER

Electrochemical performance of Ni–Co nanoparticles toward 
hydrogen evolution reactions is shown in Figure  6a–c. Linear 
sweep voltammetry (LSV) curves (Figure  6a) were recorded 
from −1.0 to 0  V (vs RHE). As shown in Figure  6c, the Ni/C 
catalyst exhibits outstanding HER catalytic performance with 
low EJ10 (potential boosting the current density to 10 mA cm−2) 
equal to −0.37 V, which is higher than that for Co/C (−0.41 V) 
and significantly higher compared to bimetallic samples. The 
onset potential (EOnset) of the catalysts shows a similar trend 
as EJ10, confirming that the monometallic catalysts have better 
performance than the bimetallic ones (Figure  6c). The Tafel 
slope values of the catalysts are found to vary a lot depending 
on the composition. (Figure 6b). Thus, Co/C sample shows the 
lowest slope value, of 137 mV dec−1, while the Co or Ni enriched 
samples, NiCo3/C, and Ni3Co/C, have the highest slope values, 
close to 180  mV dec−1. It is widely accepted that Tafel slopes 
of 120, 40, and 30  mV dec−1 correspond to a rate-determining 
step (RDS) of the Volmer, Heyrovsky, and Tafel steps, respec-
tively.[52,53] In our case, although some of the samples show a 
larger Tafel slope close to 180 mV dec−1, it is still believed that 
all the five studied catalysts have a Volmer step as the RDS.

2.3.2. ORR

The ORR performance of the catalysts was studied using a 
rotating disk electrode (RDE) where different rotating speeds 
could be applied to control the O2 diffusion efficiency. The ORR 
polarization curves obtained at 1600 rpm are shown in Figure 6d. 
As seen in the figure, ORR performance of the NiCo/C cata-
lysts, estimated from the onset potential (Eonset  = 0.78  V)  
and half-wave potentials (E1/2  = 0.65 V), is the highest among 
the five studied catalysts. It indicates that NiCo/C possesses 
superior ORR activity. It should be noted that Ni3Co/C dis-
played the same Eonset and E1/2 as NiCo/C, but the former has a 
bit lower limited current density. Based on the Koutecky–Levich 
(K–L) equation,[54] the electron transfer number (n) for the cata-
lysts is calculated (Figure S6, Supporting Information). The n 
values for all five catalysts are found to be close to 3 (Figure 6f), 
implying the unremarkable ORR catalytic efficiency of the 
studied catalysts. This result is consistent with ORR perfor-
mance of the commercial carbon supported Ni–Co catalysts.[55] 
The ORR kinetics of the catalyst was evaluated from the Tafel 
slope. The calculated slope value is commonly used as an indi-
cator for the reaction pathway and the rate-determining step 
(RDS).[56] As shown in Figure  6e, the absolute values of the 
Tafel slopes for all five catalysts are quite close to each other 
and are ≈70 mV dec−1. This may indicate all the catalysts have 
the first electron transfer as the RDS.[57]

Figure 5. a) Calculated free energy of formation, at 300 K, for random 
alloys on the four considered lattices: 2H, 3C, 4H, and 6H. b) Calculated 
twin boundary energy for the two most stable structures, 3C (fcc) for Ni-
rich and 2H (hcp) for Co-rich alloys. The legend applies to both panels. 
Symbols are calculated and lines are interpolated values; negative twin 
boundary energies are shown with dashed lines.

Table 2. Comparison of calculated and measured lattice parameters of 
3C and 6H polytype structures of selected Ni–Co alloys.

Polytype structure Parameter Experiment Calculation

Ni (3C) α,Å 3.54 3.527

Co (3C) α,Å 3.54 3.525

Ni1Co1 (6H) α,Å 2.5 2.496

c,Å 12.25 12.2

c/α 4.9 4.89

Adv. Mater. Interfaces 2023, 10, 2300038
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2.3.3. OER

To evaluate the OER performance of the catalysts, LSV was 
carried out in the potential window of 1.0–2.0  V to obtain 
the polarization curves (Figure  6g). Similar to HER, the EJ10 
value was also a crucial parameter to evaluate the OER perfor-
mance.[58] As displayed in Figure  6i, the NiCo/C sample pos-
sesses the smallest EJ10 value (1.68  V), indicating its superior 
OER performance among the studied catalysts. In addition, as 
seen in Figure 6h, the smallest Tafel plot value, 92 mV dec−1, 
belongs to the NiCo/C, which indicates a faster electrokinetic 
of the water oxidation process on the surfaces of NiCo/C.[59] 
The potential gap (ΔE) between the ORR half-wave potential 
(E1/2) and OER potential (EJ10) is used as a common criterion 
for evaluating the overall bifunctional activity.[56,60] Figure  6i 
displays the ΔE values of the five samples. As seen in the 
figure, NiCo/C possesses the smallest ΔE (1.03  V), indicating 

its best performance as a bifunctional ORR/OER catalyst for 
the metal–air battery.

2.3.4. Electrocatalytic Performance Versus Catalysts’ Composition

The relationship between the catalysts’ compositions and their 
electrocatalytic performance was established and shown in 
Figure 7a–c. The specific activity of the catalysts for HER, ORR, 
and OER at a typical operating overpotential (η  = 500  mV) 
are plotted as a function of the Co atomic faction in the cata-
lysts. Note that, the electrochemical surface area (ESA) of the 
catalysts was determined by the double-layer capacitance (Cdl) 
method.[30,58] Cdl was measured from current-scan rates via cyclic 
voltammetry (CV) in the non-Faraday region (Figure S7a–e,  
Supporting Information) for all studied catalysts (Figure S7f, 
Supporting Information). ESA was found to be 4.8, 7.0, 8.5, 7.8, 

Figure 6. The HER, ORR, and OER performance of Ni/C, Ni3Co/C, NiCo/C, NiCo3/C, and Co/C catalysts: a) HER LSV curves, b) HER Tafel plots,  
c) comparison of Eonset and EJ10 of different catalysts. d) ORR LSV curves, e) ORR Tafel plots, and f) comparison of electron transfer number and E1/2 
of different catalysts. g) OER LSV curves, h) OER Tafel plots, and i) comparison of EJ10 and ΔE of different catalysts. All the polarization curves were 
recorded in 0.1 m KOH electrolyte at a rotating speed of 1600 rpm on rotating disk electrode (RDE) with the scan rates of 10 mV s−1. O2-saturated 
electrolyte was used to obtain the ORR and OER LSV curves, while HER LSV curve was recorded in N2-saturated electrolyte.
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and 6.3 cm2 for Ni/C, Ni3Co/C, NiCo/C, NiCo3/C, and Co/C, 
respectively. As shown in the figure, the catalytic activities 
toward ORR (Figure 7b) and OER (Figure 7c) exhibit a volcano-
like dependence on the composition of catalysts. Specifically, 
Ni3Co/C and NiCo/C possess the highest specific activities 
for ORR and OER, respectively. Meanwhile, a reverse trend is 
observed in the HER activity of the catalysts (Figure 7a). Thus, 
both monometallic Ni/C and Co/C catalysts show prominent 
HER specific activity. At the same time, the HER specific 
activity of the NiCo3/C catalyst is the lowest. Based on the spe-
cific activity result, it becomes clear that the variation of the 
composition in the catalysts can tune their catalytic activities.

As all reactions occur on the surface of the catalysts, cyclic 
voltammetry measurements were performed to verify the sur-
face composition. As shown in the literature, in alkaline solu-
tions, metallic Ni° can be converted to Ni(OH)2 at the electrode 
as a result of spontaneous oxidation and hydration process  
(Ni → NiO → Ni(OH)2).[61,62] Similar transformation was found 
for Co (Co→ CoOx→ Co(OH)2).[63] From the XPS analysis, 
we know that the surface of the catalysts prior to the electro-
chemical test is covered by (hydro)oxides (M2+). Therefore, the 
CV curves display a pair of well-defined redox peaks that cor-
respond to the reversible conversion between Ni2+ and Ni3+ 
for Ni-containing samples and between Co2+ and Co3+ for  
Co-containing samples. It should be noted that, for the mon-
ometallic Co/C sample, besides the redox peak at ≈1.15/1.2  V, 
there is another pair peak appearing at ≈1.50/1.55 V; this peak 
may correspond to the redox pair Co3+/Co4+.[64] As seen in 
Figure 7d, when the Co content in the alloy samples increases, 
the redox potential of Ni2+/3+ wave shifts to lower potentials. 
Meanwhile, a reverse trend is observed for the redox poten-
tial of Co2+/3+. This shift may be ascribed to the interactions 
between the Co and Ni that modifies the electronic structure 

of material upon alloying.[65] The trend of the redox potential 
shifts may indicate the level of difficulty of transitions from 
M2+ to M3+.[65] For instance, one can expect that the more Co 
is present in the Co–Ni alloy, the more difficult it is to oxidize 
Ni2+ to Ni3+. Tuning of the redox potential in the 3d-metal cata-
lysts is widely used for improving the performance of oxygen 
electrocatalysis.[66]

2.4. Factors That Influence Catalytic Activity of Ni(Co)

It was found that, the catalytic activity of the nanomaterials 
obtained in the current study is strongly dependent on their 
structure and composition. Note that the physical and chemical 
properties of all catalysts studied here retain both similarity and 
differences. Thus, all of them i) are deposited on commercial 
carbon Vulcan XC-72 as support; ii) the NPs in all the samples 
can be divided into two fractions based on their size: small par-
ticles (1–3 nm) incorporated into the carbon support and large 
particles (10–40  nm) distributed on the carbon; iii) small par-
ticles can be fully oxidized, and some larger ones contain the 
non-stoichiometric oxide on their surfaces. At the same time, 
the redox potentials/oxidation capability of Ni2+ (Co2+), the 
energy of the defect (twin boundaries) formation, and the cata-
lytic performance of the samples are found to be dependent on 
the Ni–Co alloy composition.

2.4.1. HER Activity

As seen in Figure  7a, both monometallic samples exhibit 
higher HER activity as compared to the alloyed catalysts (the 
minimum current density is registered in NiCo3/C). At the 

Figure 7. Specific activity, of the Co–Ni catalysts for a) HER, b) ORR, and c) OER, in alkaline solutions as a function of Co atomic fraction. The specific 
activities were calculated at the overpotentials of η = 500 mV for all three reactions (ORR = 0.723 V, HER = 0.500 V, and OER = 1.723 V vs RHE). d) CV 
curves recorded in 0.1 m N2 saturated KOH solution at a scan rate of 50 mV s−1. e) Polynomial-fitted anodic/cathodic potentials as the function of Co 
content (mole percentage). Dashed lines are guides to eyes.
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same time, it is surprising that this activity is highest in the 
Ni/C sample. Markovic et al. used OHM2+δ (M is a 3d transi-
tion metal) bond strength (0 ≤ δ ≤ 1.5) as a descriptor for the 
water electrolyser reactions.[67] The authors found that the bond 
strength of OHNi2+δ is weaker than OHCo2+δ, and the reac-
tivity of the corresponding catalysts shows the inverse trend: Ni 
hydr(oxy)oxide is more reactive than Co hydr(oxy)oxide. Thus, 
the observed HER activity of the monometallic Ni/C and Co/C 
catalysts could be explained by the difference in the OHM2+δ 
bond strength. At the same time, we observe that the alloying 
of Ni and Co does not contribute much to the HER activity of 
the Ni–Co samples. Considering the low HER potential region  
(E < 0.0 V vs RHE), both Ni and Co maintain only the valence 
state of ≈+2,[67] and, as described above, they may exist as 
Ni(OH)2 and/or Co(OH)2 on the surface of the catalysts in the 
full HER test potential region. As it was reported previously. in 
an alkaline HER, the Volmer step of water dissociation is crucial 
and it limits the activity of Pt and Pt-group metals (PGM)[67,68] 
A lot of work has been done to improve the efficiency of the 
catalysts by creating a bifunctional 3d-metal hydr(oxy)oxide-
PGM system. 3d-metal hydr(oxy)oxides are more efficient for 
cleaving HOH bonds due to the fact that they favor the gener-
ation of the hydrogen intermediates (Had) on the surfaces. The 
higher activity of Ni/C and Co/C, compared to the alloy sam-
ples, might be attributed to the higher efficiency of water disso-
ciation on the Ni(OH)2 and Co(OH)2 rather than on the Ni–Co 
hydr(oxy)oxide complex. Note that Co/C and NiCo/C show 
much lower Tafel slope values compared with the other sam-
ples (see Figure 6b). It may indicate that the reaction kinetics 
in these samples is somehow faster than in the other catalysts. 
This may be due to the higher density of defects in the Co/C 
and NiCo/C samples, which provide additional active sites.

2.4.2. ORR and OER Activity

As seen in Figure 7b,c, where ORR and OER activity is plotted 
as a function of cobalt content, the specific activity of the cata-
lysts displays a volcano tendency and the best ORR and OER 
catalysts are Ni3Co/C and NiCo/C, respectively. Moreover, 
NiCo/C, being an OER superior catalyst, has also been proven 
to have a high concentration of defects. Santiago et  al. in the 
report on bimetallic NiCu catalysts, found that the surface 
defects in the nanoalloy material reduce the uphill energy 
states at each step of the OER process.[59] Surface defects are 
also reported to be responsible for the enhanced OER activity 
in other Ni-based catalysts.[69,70] The low Tafel slope values 
measured for the NiCo/C sample also confirm its improved 
OER kinetics, which might be attributed to the presence of 
defects. In addition, in the OER potential region (1.0–1.8 V), the 
oxidation ability of Ni2+ and Co2+ in the NiCo/C sample may 
reach equilibrium; and therefore, some NixCoyOz compounds 
may form on the electrode surface. It has been reported that 
materials containing NixCoyOz show high activity to OER.[71,72] 
Regarding ORR, although Ni3Co/C catalyst exhibits a superior 
specific activity, the ORR efficiency of all five studied catalysts 
is quite close to each other. Note that, the values of current 
density in Figure 7b are in the microamp range. Moreover, the 
Tafel slope values are also similar, indicating very similar ORR 

kinetics. Electron transfer numbers for all the samples are close 
to 3 rather than the desired four-electron transfer. Therefore, 
the correlation between the composition of the Ni–Co alloy 
samples and their ORR performance would not be that straight-
forward in this case.

Compared to commercial and state-of-the-art catalysts 
described in the literature, the studied Ni–Co/C catalysts do 
not show significant electrocatalytic activities for HER, ORR, or 
OER.[73–76] However, their overall catalytic performance reaches 
the same level as that of Ni–Co nanoparticle catalysts on a non-
functionalized commercial carbon as a support, reported in the 
literature.[9] Indeed, the use of transition metal non-oxide elec-
trocatalysts is still the subject of fundamental research and yet 
to be commercialized for practical applications.[75] In the cur-
rent study, Ni–Co nanocatalysts were deposited on non-func-
tionalized commercial carbon to minimize contribution to the 
electrocatalytic activity from the supporting material. Therefore, 
the effect of composition and stacking faults of Ni–Co nanopar-
ticles on their trifunctional activity was revealed: the structural 
defects may strongly affect the electrochemical performance 
of the catalyst toward OER; this effect is less pronounced with 
respect to ORR, while for HER, the role of defects is insignifi-
cant. The results presented in our study can be used to develop 
more active NiCo-based catalysts by combing conventionally 
used strategies, such as doping, nanostructure engineering, 
and the use of suitable support materials.

3. Conclusion

Ni–Co alloy nanoparticles with various Co-to-Ni ratios from 0 to 
1, were obtained by the γ-radiation-induced reduction, Co2+(Ni2+) 
to Co(Ni), from a mixture of aqueous solutions of Ni and Co ace-
tates (precursors). The nanoparticles were deposited directly on 
the carbon support during the synthesis. The structural, chem-
ical, and electrochemical properties (activity toward HER, ORR, 
and OER) of the obtained samples were investigated aiming to 
reveal the effect of the composition of alloys on their properties.

The following findings are emphasized:

1. During the synthesis of Ni–Co nanoparticles, the presence 
of cobalt in the reaction solutions inhibits the backwords re-
actions, that leads to re-oxidation of reduced nickel. This is 
confirmed by the fact that the conversion yield of Ni2+ to Ni 
increases when cobalt precursor is added to solutions.

2. TEM analysis reveals that the two types of Ni–Co/C nanopar-
ticles are present in the studied samples: i) small particles 
(1–3  nm) tightly incorporated into the carbon support and  
ii) large clusters (10–40  nm) distributed on the carbon.  
Depending on the size, these nanoparticles can be partially or 
fully oxidized forming corresponding Ni(Co) oxides/hydrox-
ides, as confirmed by XES, XAS, XPS, and TEM studies.

3. As follows from ab initio calculations and confirmed by XRD 
and TEM studies, all samples have close-packed structures 
with structural defects in the form of stacking faults. The 
concentration of these defects reaches the maximum in the 
alloy sample where Ni-to-Co ratio is close to 1. These defects 
may play dominating role in the increased catalytic activity of 
the NiCo/C sample toward OER.
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4. The electrocatalytic activity of the Ni–Co/C nanoparticles to-
ward HER, OER, and ORR is affected by the alloy content. 
Thus, ORR and OER activity is increased in the alloy sam-
ples, Ni3Co/C and NiCo/C, respectively. Meanwhile, HER 
activity reaches its maximum in the Ni/C samples. The latter 
may be attributed to the change in the 3d metalOH bond 
strengths upon alloying.

Our study demonstrates that the composition of Ni–Co-
based nanocatalysts is an essential factor having an impact on 
their structure and electrochemical performance with respect to 
various catalytic reactions.

4. Experimental Section
Chemicals: Nickel (II) acetate tetrahydrate, Ni(CH3COO)2·4H2O 

(98%), Cobalt (II) acetate tetrahydrate, Co(CH3COO)2·4H2O (98%), 
propan-2-ol, and (CH3)2CHOH (IPA, 99.9%) were purchased from 
Sigma–Aldrich. Carbon black and Vulcan XC-72 were from Cabot Carbon 
Corporation, USA. Milli-Q water (Millipore, 18.2 MΩ cm at 25 °C) was 
used in all experiments.

Synthesis Conditions: All the samples were prepared by γ-radiation 
induced synthesis method where a Cs-137 (MDS Nordion 1000 Elite) was 
used as a gamma source. The total irradiation dose was controlled by 
the time of the samples’ exposure to irradiation. The dose rate estimated 
with ferrous sulfate (Fricke) dosimetry, was 0.15  Gy s−1. Isopropanol 
(IPA) was added as an OH radicals’ scavenger and carbon black Vulcan 
XC-72 was used as a support. Specifically, to synthesize the alloy with 
Ni-to-Co ratio equal to 1 on carbon support, NiCo/C (35 mg) of carbon 
black Vulcan XC-72 was added to a mixture of IPA (9  mL) and H2O 
(19.4 mL) and kept in an ultrasonic bath for 10 min. Ni(CH3COO)2·4H2O 
(0.8  ml, 0.1  m) and Co(CH3COO)2·4H2O (0.8  ml, 0.1  m) were then 
added dropwise to the carbon suspension. The mixture was placed into 
an ultrasonic bath again for 30  min and then stirred at 1000 RPM for 
another 2 h. Prior to irradiation, the mixture was purged with N2 for 
30 min and sealed with septum in glass vials. The irradiation time was 
48 h for all the samples which correspond to the total dose of 26 kGy. 
The initial pH of all the sample solutions was ≈7; after irradiation, pH 
decreased to ≈5.5. After irradiation, the precipitates were separated from 
the solutions by using a magnet. The precipitate extraction was done in 
a glovebox under an Ar atmosphere (oxygen content < 0.1  ppm). The 
products were then washed with deaerated MilliQ water twice and then 
dried in the glove box. By varying the relative amount of Ni2+ and Co2+ 
precursors, Ni/C, Ni3Co/C, NiCo3/C, and Co/C were prepared following 
the same procedure as that for NiCo/C. The total concentration of metal 
ions precursors for all the samples was kept constant and equal to 
5.5 mm. IPA concentration was 2 m. The total absorbed dose of 26 kGy 
allowed the full conversion of Ni2+ (Co2+) ions into the corresponding 
atom, Thus, the expected amount of Ni (Co) on carbon was 20 wt%.

Analytical Methods: X-ray diffraction (XRD) measurements were 
carried out using a PANalytical X’Pert PRO diffractometer in Bragg–
Brentano geometry with CuKα radiation at a wavelength λ = 1.54 Å.

The amount of Ni–Co on carbon (actual metal loading) and the 
catalyst ink concentration was determined by inductively coupled 
plasma-optical emission spectroscopy (ICP-OES) with a Thermo 
scientific iCAP 600 series instrument. The samples were digested in 
10% nitric acid overnight with 30 min of ultrasonic microwave assisted 
extraction.

X-ray photo electron spectroscopy (XPS) spectra were recorded with 
a Kratos Axis Ultra electron spectrometer with a delay line detector. A 
monochromatic Al Kα source operated at 150  W, a hybrid lens system 
with a magnetic lens, providing an analyzed area of 0.3 × 0.7 mm2, and a 
charge neutralizer were used for the measurements. The base pressure 
in the analysis chamber was below 3 × 10−9 Torr. The binding energy (BE) 
scale was referenced to the C 1s of aliphatic carbon, set at 285.0 eV.

Transmission electron microscopy (TEM) measurements were 
performed using an FEI Tecnai G2 F20 operating at 200 kV and a double 
Cs corrected JEOL JEM-ARM200F (S)TEM operated at 80  kV equipped 
with a cold-field emission gun and a high-angle silicon drift energy 
dispersive X-ray (EDX) detector (solid angle up to 0.98 steradians with 
a detection area of 100 mm2). Annular dark-field scanning transmission 
electron microscopy (ADF-STEM) images were collected at a probe 
convergence semi-angle of 25 mrad.

X-ray absorption (XAS) and X-ray emission (XES) measurements 
were performed at the BM20 ROBL beamline[77] at the European 
synchrotron radiation facility (ESRF, Grenoble, France). The high 
energy resolution fluorescence detected X-ray absorption spectroscopy 
(HERFD-XAS) and XES data were collected at room temperature using 
a Johann-type X-ray emission spectrometer in a vertical Rowland 
geometry.[78] More details about the measurement can be found in the 
Supporting Information.

Electrochemical characterization was conducted in a three-electrode 
system using a potentiostat (EG&G Model 363A) with a Hg/HgO 
(1.0 m KOH as filling solution) as a reference electrode and a graphite 
rod as a counter electrode. Details about the catalyst ink and thin 
film working electrode preparation are described in the Supporting 
Information. The catalytic properties of the catalysts were investigated 
for trifunctional HER, ORR, and OER in KOH (0.1 m). All the potentials 
reported here were iR-corrected and calibrated to a reversible hydrogen 
electrode (RHE) according to E(RHE) = E(Hg/HgO) + 0.865 V in KOH 
(0.1 m).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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