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ABSTRACT: The rational design of multifunctional catalysts that

use non-noble metals to facilitate the interconversion between H,, o2(g)
0, and H,O is an intense area of investigation. Bimetallic
nanosystems with highly tunable electronic, structural, and catalytic
properties that depend on their composition, structure, and size
have attracted considerable attention. Herein, we report the
synthesis of bimetallic nickel—copper (NiCu) alloy nanoparticles
confined in a sp® carbon framework that exhibits trifunctional
catalytic properties toward hydrogen evolution (HER), oxygen H 2(g)
reduction (ORR), and oxygen evolution (OER) reactions. The

electrocatalytic functions of the NiCu nanoalloys were exper- HY, ., P& ' ue e
imentally and theoretically correlated with the composition- 03000
dependent local structural distortion of the bimetallic lattice at "
the nanoparticle surfaces. Our study demonstrated a downshift of

the d-band of the catalysts that adjusts the binding energies of the intermediate catalytic species. XPS analysis revealed that the
binding energy for Ni 2p;,, band of the Nij,sCu,;s/C nanoparticles was shifted ~3 times compared to other bimetallic systems, and
this was correlated to the high electrocatalytic activity observed. Interestingly, the bimetallic Niy,;Cuy,s/C catalyst surpassed the
OER performance of RuO, benchmark catalyst exhibiting a small onset potential of 1.44 V vs RHE and an overpotential of 400 mV
at 10 mA-cm ™2 as well as the electrochemical long-term stability of commercial RuO, and Pt catalysts and kept at least 90% of the
initial current applied after 20 000 s for the OER/ORR/HER reactions. This study reveals significant insight about the structure—
function relationship for non-noble bimetallic nanostructures with multifunctional electrocatalytic properties.

"OH(aq)

1. INTRODUCTION integration to the commercial renewable energy technologies.
Hence, the sustenance of a future based on clean energy
technologies will benefit from the development of inexpensive
nanomaterials with enhanced multifunctional electrocatalytic
properties.

Dedicated efforts in this direction resulted in the creation of
a myriad of alternative materials with bifunctional or
trifunctional electrocatalytic performances, including nano-
carbons,® metal oxides,” carbides/nitrides, and their compo-
97 Among them, the development of carbon-coated
transitional metal-based nanoalloys are recently gaining

The development of sustainable-energy materials and green
nanotechnologies to fabricate fuel cells, metal-air batteries, and
water-splitting systems has become a promising way to solve
the increasing energy demands as well as the environmental-
related issues of the modern society.' > Among the possible
renewable energy technologies, the hydrogen evolution
reaction (HER), oxygen evolution reaction (OER) and oxygen
reduction reaction (ORR) are leading the storage and energy
conversion processes owing to their potential to create energy
with zero emission. To efficiently carry out those reactions, a
stable and electrochemically highly active material is critical. In
this direction, noble metal catalysts, for instance, Pt-based Received: June 29, 2020
nanomaterials, demonstrated outstanding bifunctional per- Published: July 27, 2020
formances toward HER and ORR. Similarly, Ru and Ir-based

catalysts are the best OER-electrocatalysts.”” Nevertheless, the

very high prices, poor stability and scarcity of the conventional

noble metals have markedly inhibited their large-scale
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W ACS Publications 14688 J. Am. Chem. Soc. 2020, 142, 14688—14701


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md+Ariful+Ahsan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alain+R.+Puente+Santiago"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Hong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ning+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuel+Cano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enrique+Rodriguez-Castellon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enrique+Rodriguez-Castellon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luis+Echegoyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sreeprasad+T.+Sreenivasan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+C.+Noveron"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.0c06960&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06960?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06960?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06960?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06960?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06960?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jacsat/142/34?ref=pdf
https://pubs.acs.org/toc/jacsat/142/34?ref=pdf
https://pubs.acs.org/toc/jacsat/142/34?ref=pdf
https://pubs.acs.org/toc/jacsat/142/34?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.0c06960?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

increasing attention due to their fast electron transfer (ET)
rates, the plethora of functionalities afforded by the carbon
shell as well as the possibility to employ the volcano plots to
tune their properties. Especially, the presence of multiple
metals mixed at the nano level also leads to a promising
strategy to improve electrocatalytic performance toward many
catalytic reactions. It is worthwhile to investigate the structure-
catalytic function of bimetallic transition metal nanoparticles
owing to the fact that their geometric and electronic surface
structure can be tailored using a wide range of controlled phase
compositions and morphologies.'” Thus, the electrocatalytic
rates of bimetallic nanosystems are markedly controlled by the
engineering of their nanostructure morphology, composition,
as well as defect density and strain, which, in turn, facilitate the
control of the binding energy states of the reactants and the
intermediates catalytic species at the electrochemical interfaces.
Therefore, the development of non-noble bimetallic nano-
structures with multifunctional catalytic properties is currently
becoming a hotspot into the energy field.

Though significant progress has been achieved regarding the
synthesis of bimetallic catalysts and their use as electrocatalysts
with enhanced activity,'*™"" very few efforts were made to
optimize their structure to derive trifunctional catalytic
properties.'®'” Especially disentangling the underlying struc-
tural parameters that govern the electrocatalytic activity,”
which can help to further tune and optimize the catalytic
properties, is rarely attempted. In this work, a facile and eco-
friendly strategy to prepare NiCu bimetallic nanoparticles
(NPs) with varying Ni:Cu ratios encapsulated in a hierarchi-
cally structured carbon framework is presented. The synthesis
involves the capillary force assisted spontaneous adsorption of
the metal precursors into the facial tissue and the subsequent
simultaneous thermal reduction and carbonization. The
resulting nanoalloys displayed an eflicient trifunctional catalytic
activity toward HER/OER/ORR. Though all bimetallic
catalysts demonstrated superior catalytic activity compared to
their monometallic counterparts, the ultimate catalytical
efficacy intimately depended on the composition (ratio
between Ni and Cu) of the alloys. For example, the
Nij,5Cuy75/C electrocatalyst surpassed the electrocatalytic
performances of its counterparts as well as exhibited better
electrocatalytic performances than commercial RuO, and Pt.
To the best of our knowledge, this is the first report of the
structural and electronic properties of non-noble NiCu
nanoparticles together with their trifunctional electrocatalytic
properties, which were finely controlled by varying the alloy
composition. Density functional theory (DFT) calculations
were carried out to validate our experimental results, as well as
elucidate the underlying catalytic mechanisms of NiCu
bimetallic nanoparticles (NPs) with various compositions.
Finally, the DFT-calculated binding energy values were used as
an optimal descriptor of the trifunctional catalytic activity, and
simulation results showed that 3-fold hollow sites containing
one Ni atom and two Cu atoms are the active sites for the
trifunctional catalytic activity of the NiCu nanoparticles.

2. EXPERIMENTAL SECTION

2.1. Materials. All of the chemicals were used as received without
any further purification. Commercial tissue paper was obtained from a
local store at El Paso, Texas, USA. Copper nitrate (Cu(NOs;),
2.5H,0), nickel nitrate (Ni(NO;),-6H,0), methanol, Nafion
solution, sulfuric acid, sodium hydroxide, and Pt/C (20%) were
purchased from Aldrich, Fisher Scientific and Sigma-Aldrich.

Deionized (DI) water was obtained from the Milli-Q instrument
(Millipore Corporation).

2.2. Synthesis of the Electrocatalysts. 1.5 g of Cu(NO;),:
2.5H,0 and 1.5 g of Ni(NO;),-6H,0 were added into a 100 mL
beaker and dissolved in 10 mL of DI water. Afterward, 3.0 g of tissue
paper were dipped into the salt solution and the mixture was bath
sonicated so that all the metal ions (Cu®* and Ni?*) were adsorbed on
the surface of the tissue paper. The tissue paper was then heated to
100 °C to remove all the water. Subsequently, the tissue papers were
carbonized in a tube furnace at 700 °C. High purity argon gas was
passed through the tube furnace to remove air for at least 1 h prior to
the carbonization process. The heating rate of the carbonization was
set as 5 °C min~". The process was carried out in a high-purity argon
atmosphere. The sample was carbonized for 3 h in a quartz boat. The
carbonized product was taken out once the temperature reached room
temperature and the product was then dispersed in a 1.0 M sulfuric
acid solution with the assistance of ultrasonication to remove any
unstable metallic substances.”' The etching process was performed for
24 h. The product was collected by centrifugation and washed for
several times using DI water. The obtained product was then brought
to neutral pH and vacuum-dried at 70 °C for 12 h. The product was
denoted as Nij 5oCug 5o/ C. Afterward, the product was put into a glass
vial for further use. Two other bimetallic electrocatalysts were also
prepared, namely, Nij,sCuy,s/C and Ni,;5Cuy,s/C by varying the wt
% of the copper and nickel salts. As controls, Cu/C and Ni/C
monometallic electrocatalysts were synthesized following the same
procedure with only copper or nickel salt used in the synthesis
process.

2.3. Materials Characterization. X-ray diffraction (XRD)
experiments were performed on a Bruker D8 Discover X-ray
Diffractometer. The elemental analysis and color mapping were
performed using Energy dispersive spectroscopy (EDS) equipped
with the SEM instrument (model: Hitachi S-4800). Transmission
electron microscopic analysis was carried out on a Hitachi H-7650
microscope to further investigate the morphology and microstructure
of the electrocatalysts. Scanning transmission electron microscopic
(STEM) analysis was performed on a JEOL ARM200 equipped with a
JEOL windowless EDS detector spectrometer for spectral mapping
and imaging. The chemical valence and surface elements of the
electrocatalysts were detected using X-ray photoelectron spectroscopy
(XPS) on a a PHI VersaProbe II Scanning XPS Microprobe with
scanning monochromatic X-ray Al Ko radiation as the excitation
source (200 um area analyzed, 52.8 W, 15 kV, 1486.6 V), and a
charge neutralizer. Thermal gravimetric analysis (TGA) was
performed under a continuous nitrogen flow and at a heating rate
of 10 °C/min on a Mettler Toledo thermogravimetric apparatus.
Raman spectra of the electrocatalysts were collected using a DXR
Smart Raman instrument. Brunauer—Emmett—Teller surface area
(BET) and pore volume experiments were carried out using a
Micromeritics Surface Area and Porosity Analyzer (ASAP-2020).

2.4. Electrochemical Measurements. Measurements of HER,
OER, and ORR activity of the as-prepared electrocatalysts were
performed with a traditional three-electrode system (CHI-640). The
working, counter, and reference electrodes were glassy carbon, a
graphitic rod and Ag/AgCl (KCI saturated) electrodes, respectively.
1.0 mg of electrocatalyst was mixed with 1.0 mL of methanol and bath
sonicated for 30 min to make the catalyst ink. Then the catalyst ink
was drop casted onto the working electrode and allowed to dry in air
prior to use in the electrochemical reactions. All electrochemical HER
experiments were performed in 0.5 M H,SOj solution in a nitrogen
saturated solution at a scan rate of 2 mV/s and all electrochemical
OER and ORR experiments were performed in 0.5 M NaOH solution
in an oxygen saturated solution at a scan rate of 2 mV/s. The
following equation was used to calibrate the experimental potentials.””

Egpp = Exg/agar + 0197 + 0.059 pH 1)

The Tafel slope is a key parameter to describe the electrocatalytic
performance and kinetics of a reaction and it can be expressed by the
following equation.”
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Figure 1. (A) Schematic representation of the synthesis of NiCu/C electrocatalysts. (B,C) XRD analysis of the Ni/C, Cu/C, and NiCu/C
bimetallic electrocatalysts. (D) Raman spectra of the as-synthesized electrocatalysts. (E) TGA analysis of Ni/C, Cu/C, and Niy,sCuy,s/C
electrocatalysts. (F) N, adsorption—desorption isotherm of the Nij,sCuy,s/C electrocatalyst (corresponding BJH pore size distribution).
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where j, a, F and 7 are the current density, transfer coefficient, Faraday

constant and overpotential, respectively; n is the number of electrons
23RT
“anF

The electrochemically active surface area (ECSA) of the electro-
catalysts was estimated by evaluating the cyclic voltammetry (CV)
measurements and the electrochemical double-layer capacitance that
was tested from 0 to 0.30 V (vs RHE) in a N,-saturated 0.5 M H,SO,,
solution for the HER process or measurements were made between
1.0 and 1.30 V (vs RHE) in an O,-saturated 0.5 M NaOH solution at
different scan rates (5, 20, 50, 100, 150, and 200 mV/s) for the OER
and ORR processes. The difference between the anodic and cathodic
current (at 0.15 V vs RHE for HER or at 1.15 V vs RHE for OER and
ORR) were plotted against the scan rate to obtain a linear relationship
and the slopes correspond to the electrochemical double-layer
capacitance (Cg). The ECSA was then estimated by using the
following equation.™

involved in the reaction, and the slope is given by b =

ECsA = <4
G, ()

where C; is the specific capacitance of the electrocatalysts, reported to
be 0.035 and 0.04 mF-cm™ in acidic and alkaline solution for the Ni-
based electrocatalysts.”>**

The roughness factors (RF) were calculated using the following
equation.

RF = (ECSA)/(geometric area of the electrode) (4)

A glassy carbon disc of 5 mm in diameter (Pine Instruments
Company) was used as the working electrode for the rotating disc
electrode (RDE) measurements. All electrochemical experiments
were performed employing a potential range from 0.00 to —0.75 V vs
Ag/AgCl at a scan rate of 10 mV/s. All potentials were referenced to

the RHE. The kinetic parameters were estimated by applying the
Koutecky—Levich (K—L) equations.”’

1 1 1 1 1

= = —_— = — 4 —

J L J BoP g (3)
B = 0.20nFC,D}*v"/¢ (6)
Je = nFkC, (7)

where ] is the measured current density, Jx and J; are the kinetic and
diffusion limiting current densities, respectively, @ is the electrode
rotation rate, n is the overall number of electrons transferred for the
oxygen reduction, F is the Faraday constant, C, is the bulk
concentration of O, dissolved in the electrolyte (1.03 X 10~ mol-
L™ for 0.5 M KOH), D, is the diffusion coefficient of O, (1.63 X 10™°
cm*s™! for 0.5 M NaOH), v is the kinematic viscosity of the
electrolyte (0.01 cm*s™' for 0.5 M NaOH), and k is the electron
transfer rate constant during ORR. B* is a constant (2.76 X 107> A-
em~2rpm™"/2) for all the performed experiments.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization of Ni, Cu, and
Bimetallic NiCu Nanostructures. Synthesis of the NiCu@
C electrocatalysts was achieved via a two-steps process
involving the adsorption of the corresponding metal ions
into cellulose-based paper towel followed by a high-temper-
ature carbonization, Figure 1A. First, the highly porous
structure of the tissue paper that is primarily composed of
lignin and cellulose was leveraged to spontaneously adsorb the
corresponding metal ions (Cu** and Ni*") aided by capillary
force. During the carbonization step, the tissue paper serves as
the carbon source and the metal ions serve as a metal precursor
to form the final carbon encapsulated structure. Here, the
tissue paper retains the templated porous structure during the

https://dx.doi.org/10.1021/jacs.0c06960
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Figure 2. (A—C) TEM images of the Niy5Cuqs/C, Nig,5Cug,5/C, and Nig,5Cuqs/C electrocatalysts. (D—F) STEM images of the Nig,sCuq,5/C
electrocatalyst at different magnifications. (G—I) high-angle annular dark field (HAADF)-STEM image, elemental mapping images, and EELS

spectra of the Nig,sCug,s/C electrocatalyst, respectively.

carbonization under inert atmosphere and gets transformed to
porous carbon matrix. Simultaneously, the metal ions get
reduced to NiCu nanoparticles, assisted by the in situ
generated oxidative—reductive conditions during the carbo-
thermal method. Finally, the product was treated with H,SO,,
to remove unstable metal species formed during the reaction.
Thus, through a simultaneous templated carbonization and
reduction, a nanocomposite composed of uniformly dispersed
and surface-clean NiCu nanoparticles encapsulated in hier-
archically porous carbon was generated. The crystalline phase
and structure of the as-synthesized electrocatalysts were first
characterized by XRD (Figure 1B,C). The XRD had three
characteristic peaks in both Cu/C and Ni/C electrocatalysts.
These sharp characteristic peaks at nearly 43.4°, 50.6°, and
74.1°%; and 44.5°, 51.2°, and 76.3° can be well indexed to the
(111), (200), and (220) crystal planes of the face-entered
cubic (FCC) Cu (JCPDS no. 04-0836) and Ni nanoparticles
(JCPDS no. 04-0850), respectively.'”** The XRD analysis of
the NiCu/C bimetallic nanoparticles also showed a similar
diffraction pattern with a slight shift compared to the Cu and
Ni nanoparticles. The features can be indexed to the (111),

(200), and (220) crystal planes of the FCC NiCu bimetallic
alloys matching with the previously reported NiCu alloys.'***
Further, leveraging Bragg’s law and crystal geometry equation
of the FCC crystals, we analyzed the structural change and
lattice strain during the alloy formation (Table S1). The results
indicated that the incorporation of nickel into the lattice of Cu
to form the NiCu bimetallic system leads to the lattice
contraction of the copper crystal structure and the highest
lattice contraction was observed in the case of Niy,5Cuqy55/C
bimetallic system. Nonetheless, the diffraction spectrum did
not demonstrate any new peaks, pointing to the high purity of
the as-synthesized electrocatalysts.

Compared to the characteristic high intensity peaks of the
metallic Cu, Ni, or bimetallic NiCu system, the diffraction
peaks of the carbon are hardly visible. However, the existence
of the porous carbon matrix was verified using the Raman
spectroscopy. The Raman spectra were obtained for the as-
synthesized electrocatalysts and are presented in Figure 1D.
Two characteristic peaks at ~1350 and ~1583 cm™ were
observed in all the samples that correspond to the D and G
bands of the porous carbon matrix, respectively.”> Usually, the

https://dx.doi.org/10.1021/jacs.0c06960
J. Am. Chem. Soc. 2020, 142, 14688—14701
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Figure 3. XPS spectra of Nij,;sCuy5/C electrocatalyst: (A—E) survey spectra, C 1s, O 1s, Cu 2p, and Ni 2p, respectively; and (F) comparison of

Ni 2p spectra in different electrocatalyst samples.

D band represents the disordered sp* carbon, whereas the G
band reflects the sp” type graphitic carbon. Furthermore, the
graphitization degree and defect density of carbon-based
materials can be estimated by calculating the intensity ratio
(In/I;) of the D and G bands.*® The calculated Ip,/I; values
were found to be 0.86, 0.91, 0.94, 0.96, and 0.99 for the Ni/C,
Cu/C, Nig75Cug,s/C, NipsoCuygso/C, and NipysCuy;5/C
electrocatalysts, respectively. In the carbonization process,
the tissue paper is carbonized and subsequently, the
corresponding metal jons are also reduced. Moreover, the
nickel can play an important catalytic role during the
carbonization process and facilitate the graphitization of the
porous carbon matrix.’® Interestingly, the I/I values of the
bimetallic catalysts decreased with increasing the nickel
concentration, plausibly due to the promotive effect of Ni in
the formation of graphitic carbon during the carbonization
reaction. Furthermore, the comparatively higher I,/I; value of
Nij,5Cuq75/C electrocatalyst compared to other bimetallic
systems points to the presence of higher number of defect sites
especially the disordered/nongraphitic carbon in the
Nij,sCuqy75/C. Such defect sites are known to be beneficial
to enhance the HER, OER, and ORR activity.”’28
Thermogravimetric analysis (TGA) was then performed to
investigate the thermal stability of the prepared electrocatalysts
and the Nij,5Cug,5/C electrocatalyst displayed better thermal
stability than their monometallic counterparts as seen in Figure
1E. The metal content was found to be 79.39, 87.98, and
91.75% (wt %) for Cu/C, Ni/C, and Nig,;Cu,,s/C electro-
catalysts from the TGA analysis, respectively. Since the initial
analysis indicated that Nij,sCuy-s/C electrocatalyst could have
superior catalytic properties, Brunauer—Emmett—Teller
(BET) gas sorption measurements were conducted to
investigate its surface properties. Figure IF illustrates the

14692

nitrogen adsorption—desorption isotherm as well as the pore-
size distributions (inset) of the Nij,;Cuy,s/C electrocatalyst.
The BET surface area of Nij,;Cuy,s/C was found to be 157
m?® g~ The obtained isotherm was recognized as type II that is
characteristic of mesoporous materials and the pore-size
distribution revealed that the Niy,sCuy,s/C electrocatalyst
exhibit a unique mesoporous structure with an average pore
size of 7.74 nm. The pore volume was found to be 0.31 cm?
g~". The mesopores in the Nij,5Cuy,s/C electrocatalyst can
improve the electrolyte transport and the mobility of the
catalytic reactant species toward the HER/OER/ORR active
sites decreasing the mass transfer resistance. The higher BET
surface area and pore volume of the Nij,;Cuy,s/C can also
improve the mass transport during electrocatalytic reactions.””

The energy dispersive X-ray spectroscopy (EDS) analysis
along with elemental mapping was performed to confirm the
elemental composition of the NijsoCuyso/C, Nij75Cug,s/C,
and Nig,5Cuy 75/ C electrocatalysts. As shown in Figure S3(A,B,
CD, and EF), the EDS spectrum and elemental mapping
confirmed the presence of Cu, Ni, and C in all bimetallic
samples. The microstructure and morphology of the electro-
catalysts was investigated by the TEM as well (Figure 2A—C
and Figure S4A,B). As seen, the nanoparticles are uniformly
anchored and distributed in the porous carbon matrix. Hence,
the porous carbon matrix serves both as a substrate and a
protecting layer for the nanoparticles and protect from further
oxidation. The average particle size of the electrocatalysts were
determined to be 21.04 + 1.71, 13.86 + 1.73, 14.51 %+ 2.90,
11.58 + 2.02, and 9.76 + 2.52 for the Cu/C, Ni/C, NiysCuq s/
C, Nij75Cuy,s/C, and Nij,5Cuy,5/C electrocatalysts, respec-
tively. It is well-established that the electrocatalytic reactions
over a metal electrocatalyst are usually size-dependent.””’
Therefore, one can expect that the smallest nanosized
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Figure 4. (A) Polarization curves of the OER process and (B) the corresponding Tafel plots for Cu/C, Ni/C, Nig5,Cuqso/C, Nig,5Cuq7s/C,
Nip,5Cup,s/C, and commercial RuO, in 0.5 M NaOH at 2 mV-s~". (C) Plots of the difference of anodic and cathodic current densities against the
scan rate for all the catalysts. (D) Polarization curves normalized by ECSA for Cu/C, Ni/C, Nij soCuy50/C, Nig,5Cuq75/C, and Niy75Cuq,s/C. (E)
The corresponding onset potential and unit cell volume values for Cu/C, Ni/C, Nij 50Cuy50/C, Niy,5Cuq5/C, and Nig,sCug,s/C as a function of
the DFT-calculated Eqyg. (F) The corresponding free energy for the OER pathways for each nanoalloy. (G) The relationship between the Cy and

AGy values for all systems. (H) The average turnover frequencies (TOF

avg)

of the nanocatalysts displayed in (A) per surface site. (I) I—t curves

for Niy,sCuy-s and its comparison with commercial RuO, at 1.70 V vs RHE.

Nij,5Cuy7s/C electrocatalyst among others with a narrow size
distribution can offer an abundance of accessible electro-
catalytic active sites, resulting in superior efficacy for
electrocatalytic applications.””

Scanning transmission electron microscopy (STEM) was
leveraged to examine the crystal structure of the NiCu
bimetallic NPs, especially the Nij,sCuy75/C nanohybrid
system. At lower magnification, the STEM images showed a
consistent result to the TEM image of the Nij,sCuy,s/C
electrocatalyst as shown in Figure 2D,E demonstrating that the
NiCu NPs are incorporated into the porous carbon structure.
The bimetallic NPs are also rarely agglomerated, demonstrat-
ing a good dispersion into the porous carbon matrix. Hence it
is reasonable to conclude that the framework of carbon matrix
on which the nanosized NiCu NPs uniformly embedded can
efficiently prevent the NPs from being excessively oxidized and
agglomerating, and might facilitate the faster electron transport
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between the NiCu NPs and the carbon matrix, leading to
efficient electrocatalytic performance. It should also be
mentioned that the transition metals or their oxide phases
within the carbon shells are expected to be conducive to
significantly enhance the catalytic performance of the electro-
catalysts that has been reported previously.’® Hence, it is also
most likely that our developed NiCu/C nanohybrid system
may work following the similar mechanism due to the inherent
interaction between the carbon matrix and the small-sized
NiCu NPs. The STEM image also demonstrated that the NPs
are highly crystalline as seen in Figure 2F, with an interplanar
spacing of ~0.21 nm that corresponds to the (111) facet of the
bimetallic NiCu alloy.”® Additionally, the high-angle annular
dark field (HAADF)-STEM imaging and electron energy-loss
spectroscopy (EELS) was leveraged to confirm the formation
of carbon-wrapped NiCu bimetallic nanoparticles at single
nanoparticle levels. The HAADF-STEM image of the

https://dx.doi.org/10.1021/jacs.0c06960
J. Am. Chem. Soc. 2020, 142, 14688—14701


https://pubs.acs.org/doi/10.1021/jacs.0c06960?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06960?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06960?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06960?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c06960?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

Nij,5Cuq75/C electrocatalyst displayed the carbon-wrapped
NiCu bimetallic nanoparticles (Figure 2G). The STEM-based
elemental mapping of the Nig,sCug75/C confirmed the
coexistence and distribution of the C, Cu and Ni elements
in the sample (Figure 2H). As seen in Figure 2I, the EELS
detected three signals including C K edge (~284 eV), Ni L
edge (~855 eV) and Cu L edge (~935 eV) confirming the
presence of C, Ni, and Cu in the Nij,sCu,5/C electrocatalyst.
In the case of 3d transition metals, the intensities of the L,
white lines decrease nearly linearly with the increasing atomic
number, indicating the filling of the d orbitals. As seen in
Figure 2I, the metallic nickel showed the two L; and L, lines
clearly in the energy-loss spectra, whereas the metallic copper
did not show the L; and L, lines owing to the fully occupied d
orbitals in copper.”’

XPS measurements were used to interrogate the chemical
forms of the mono- and bimetallic carbon-encapsulated
metallic nanoparticles as shown in Figure 3 and Figure S5—
S8. Monometallic Ni/C nanoparticles show at least two nickel
species, where the Ni 2p;,, signal can be decomposed in two
contributions at and Ni 2p,/, at 853.0 and 853.6 eV. The
former is assigned to Ni® and the later to Ni**. While the Cu/C
nanoparticles also display two contributions in the Cu 2p;/,
signal at 932.8 and 9352 eV, assigned to Cu’ and Cu*,
respectively (Figure SSD and S6D). The assignation to Cu’
was also supported by the Cu LMM signal (not shown).
Remarkably, all the bimetallic nanoalloys underwent a positive
shift of the main Ni 2p;,, core peak indicating a change in the
electronic properties of the resulting nanoalloys. The blue-
shifts of the binding energies are intimately related to the d-
band shifts in different bimetallic nanosystems and, in turn,
with their electrocatalytic activities.'”*> Notably, the binding
energy for Ni 2p;,, band of the Nij,sCuy;5/C nanoparticles
were shifted ~3 times (ABE) compared to other bimetallic
systems (Figure 3F), suggesting a substantial change in the
surface electronic properties for the Nij,sCuy,5/C nano-
alloys."® This shift could further facilitate the downshift of the
d-band center and, consequently, boost the overall rates of
interfacial catalytic processes. Ni and Cu contents at the
nanoalloy surfaces were estimated from the integrated areas of
the Ni 2p and Cu 2p regions (Table S2). It is very important to
point out that the Nij,sCug,5/C nanoalloys showed the lesser
number of Ni contents on the nanoparticle surfaces (~5.3%),
almost two times smaller compared with the other two
bimetallic nanoparticles. Taking into account the role of Ni
content in enhancing the number of nanoalloy structural
defects (see Raman analysis), it is reasonable to state that the
Nij,5Cuys/C bimetallic nanoparticles hold the larger number
of surface defect sites on their metallic frameworks. Addition-
ally, the C 1s and O 1s spectra were also recorded to obtain in-
depth information about the oxygen-containing species. The C
1s band was deconvoluted into four peaks with binding
energies of oxygen-containing species. The C 1s band was
deconvoluted into four peaks with binding energies of 284.8,
286.2, 287.8, and 289.3, which are attributed to C—C, C—O,
O=C—H, and O=C—O0 bonds, respectively (Figure 3B).”
Furthermore, the O 1s spectrum was deconvoluted into three
components with binding energies of 530, 531.7, and 533.4 eV,
which are associated with O®7, bridging hydroxyls and
physically absorbed water, respectively (Figure 3C).”* Besides,
the TGA analysis revealed that the total mass fraction of
copper and nickel is about 91.75 wt % (Figure 1E) in
Nij75Cuyg,s/C sample, which is much larger than that obtained

from the XPS analysis (21.99 wt %) (Table S2). This is due to
the fact that the XPS measurements are more sensitive to the
surface chemical composition, which could barely detect the
NiCu nanoparticles deeply embedded in the carbon matrix.
3.2. OER Activities of Ni, Cu, and Bimetallic NiCu
Nanostructures. The OER properties of the Cu/C and Ni/C
nanoparticles, as well as their bimetallic mixtures, were
measured in 0.5 M NaOH solutions. Figure 4A displays the
OER polarization curves for Ni ,sCug,s/C, Niy5oCug50/C, and
Ni,5Cug75/C bimetallic nanocatalysts, along with Ni/C, Cu/
C, and the benchmark RuO,. The overall OER activity of the
binary nanoalloys surpassed by far the performance of the
individual metals indicating that the combination of Ni and Cu
is generating highly active sites and boosting the catalytic rates
for the generation of molecular oxygen. For example, the
overpotential value to reach 10 mA-cm™2, which represents a
suitable descriptor of the catalytic activity, is significantly lower
for the bimetallic nanoparticles compared to the monometallic
counterparts. Moreover, among the different nanoalloys,
Niy,5Cuys/C exhibited the best OER performance, delivering
a current density of 10 mA-cm™ at a low overpotential of 400
mV and an onset potential of 1.44 V vs RHE, while
NijsCuq,s/C and Nij,Cuqso/C require 470 and 480 mV
to achieve the same current density and exhibit onset potential
values of 1.49 and 1.52 V vs RHE, respectively (Table S3). It is
worth noting that the 7, for Nij,5Cug,5/C is ~10 mV lower
than that of commercial RuO, and comparable to other
carbon-coated transition bimetallic OER catalysts (Table
§7)"*** From the Tafel plots of different catalysts in Figure
4B, we can see that the Tafel slope of Nij,;Cuy-s/C is 80 mV-
dec™, which is the lowest value of all the samples studied
including commercial RuO,. The lower Tafel slope indicates
the faster electrokinetic of the water oxidation process on the
surfaces of Nij,5Cug-s/C nanoparticles. Interestingly, there are
substantial changes in the anodic peak potentials and intensity
values of the bimetallic nanocatalysts compared to the
monometallic Ni/C catalysts (Figure 44, inset). The anodic
peak of the Ni/C OER polarization curve is approximately 1.40
V, which is typically attributed to redox reactions on surface
active Ni sites.”> The area under the anodic peaks of
Nig75Cugs/C, NigsoCugso/C, and Nig,5Cuyg5/C, which are
centered at 1.38, 1.44, and 1.48 V, respectively, are very
different (Figure S9). Taking into account the area under the
peaks, which is mainly associated with NiOOH formation,*
the number of accessible Ni sites for Nij,5Cug,s/C,
Nij 50Cuyg50/C, and Nig,sCugs/C were estimated to be 4.58
x 10", 5.28 x 10", and 7.90 X 10", respectively, showing that
Niy,5Cuys/C exhibits the largest number of in situ Ni active
sites at the surfaces. From the XPS analyses, the wt % of Ni at
the surface of the bimetallic catalysts were 9.45, 9.97, and 5.27
for Nig,5Cuyg,s/C, NigsoCugso/C, and Niy,5Cuy,5/C, respec-
tively (Table S2). These results illustrate that although
Nij,5Cug75/C has fewer Ni species at the surface, it has
more in situ effective OER active sites. These findings can be
rationalized by the fact that not all of the Ni atoms at the
surface of the bimetallic nanoparticles are electrochemically
active. It means that only a small percent of surface Ni atoms
are capable of efficiently catalyzing the water oxidation
processes. It has been reported that the OER catalytic
performance of nickel (oxy)hydroxide films is substantially
improved upon the addition of small quantities of iron
atoms.”” This behavior was explained on the basis of structural
distortions produced through the incorporation of iron atoms
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into the coordination environment of Ni atoms, leading to
improved overall catalytic activity. Hence, it is reasonable to
think that increasing the number of Cu atoms at the bimetallic
nanoparticle surfaces induces the changes in their lattice
structures, which, in turn, influence both the adsorption
energies of the intermediate catalytic species and the
electrochemical performance of the Ni active sites.
Nij,5Cuy75/C also had the largest number of structural
defects, which was confirmed by Raman experiments. Addi-
tionally, it was shown by XPS that the binding energy shifts on
the Ni 2p;,, band of Nij,5Cugy,s/C surpassed by almost a
factor of 3 than those of the other two bimetallic structures.
The aforementioned binding energy shift is most likely
produced by more disorder in the coordination environment
of the Ni atoms, which in fact markedly increase the strain
energy at the interfaces of the nanodomains, thus facilitating
the downshift of the d-band center as well as the lowerin§ of
the binding energies of the intermediate catalytic species® "~
and, in turn, the activation of a larger number of Ni active sites
at the nanoparticle surfaces.

The Ni-based catalysts follow three well-defined steps in the
OER process: "'

NiOOH + OH™ < NiO(OH) + e~ E° =143V (8)

NiO(OH), + 20H™ « NiOO, + 2H,0 + 2e~
E° =155V 9)
NiOO, + OH™ < NiOOH + O, + ¢~ (10)

Steps 8 and 9 are both reversible processes and step 10 is
irreversible and usually regulates the overall OER rates.
Consequently, catalytic materials speed up step 10. We believe
that the enhanced catalytic activity of Ni,sCuy,s/C is driven
by the introduction of additional surface defects into the
crystalline NiCu framework. To get in-depth information on
the intrinsic activity of the electrocatalysts, the electrochemical
surface areas (ECSA) and roughness factor (RF) of the
monometallic and bimetallic nanoparticles were calculated
from the double layer capacitance Cy. The Cy of Nig,sCuygs/
C nanocatalysts surpassed by a factor of 2 than the values of
the other bimetallic nanoparticles, reaching 1.4 mF-cm™
(Figure 4C), which clearly confirmed the higher number of
accessible OER active sites on these nanocatalysts. The OER
polarization curves were normalized by ECSA (Figure 4D) and
Nij,5Cug75/C still exhibited the best OER activity with the
smallest onset potential values (1.50 V vs RHE).

Valuable insights were obtained by plotting both over-
potential and unit cell volume values of all the carbon-
encapsulated metallic nanoparticles as a function of the DFT-
calculated OH™ adsorption energy (Eoyp) (Figure 4E). The
superior performance of Niy,;Cug,s/C perfectly matches the
moderate value of Eqyy, which greatly favors the adsorption of
the hydroxyl groups on each catalytic step since the adsorption
of these anions is not too strong, nor too weak as stated by the
Sabatier rule for ideal catalysts. The plot of the experimental
OER onset potential values as a function of the Eqyy followed
the typical volcano-shape trend, where the Niy,sCugy,s/C is
situated at the minimum of the peak, indicating superior
electrocatalytic activity. These findings could be explained in
terms of local structural distortions of the electrochemical
interfaces of Nij,;Cuy,s/C, which activates several Ni sites,
allowing the adsorption/desorption processes of the hydroxyl
anions and improving the overall OER rates. It was also

observed a pronounced lattice contraction of the Nij,sCuy s/
C metallic frameworks (Table S1). The lattice contraction
results in additional strain effects at the interfaces which
potentially favors the processes discussed above and, therefore,
the catalytic efficiency of Niy,;Cuys/C nanocatalysts.*>** To
determine whether the local structural changes at the surfaces
of the bimetallic nanoparticles were beneficial to the OER
reaction, the free energy diagrams were calculated by DFT
(Figure 4F). According to the simulation results, Nij,sCuyg 75/
C system exhibited the most eflicient OER Gibbs free energy
value of 0.79 eV, which indicated that the formation of the O%,
OH¥*, and OOH* intermediate catalytic species were more
energetically favorable on the highly distorted Nij,sCuy-s/C
surfaces. It implied that the surface defects of the nanoalloy
material decreased the uphill energy states of each step of the
OER process and enhanced the overall catalytic activity toward
the water oxidation. Interestingly, the Niy,5Cuys/C exhibited
a considerably lower 7°® value (0.79 eV) than that of the
Nig;sCtg,s/C (117 V), Nigs,Cuys/C (173 €V), Cu/C
(4.48 eV), and Ni/C (1.04 eV) (Figure 4G). Additionally,
DEFT calculations revealed that the more energetically favorable
catalytic active sites on the NiCu nanoalloys were located in
the 3-fold hollow sites of NiCu (111) surfaces (Figure 5). The

A)g @ m@
IS FS IS FS

C)g % m% @
IS FS IS FS

Q@Cu @Ni 00 H

© Non-surface atoms

Figure 5. (A) H* adsorbed on the surface of NiCu (Nij,sCuy s is
used here as an example), initial state (IS) and final state (FS). (B)
O* adsorbed on the surface of NiCu. (C) OH* adsorbed on the
surface of NiCu. (D) OOH* adsorbed on the surface of NiCu.

oxygen turnover frequencies (TOF) were calculated to further
examine the intrinsic OER activities (Table S3). The TOF
value of Nij,;Cuy,s/C was found to be much higher than the
others, indicating their superior intrinsic activity for the OER.
The current densities were normalized to TOF and then
plotted against the potential to verify the theoretical results
(Figure 4H), and as shown, the higher performance of
Nij,5Cug75/C compared to the other nanocatalysts reinforces
the observed larger OER intrinsic activity for Nig,sCug,5/C
nanoalloys. It was further demonstrated by their higher mass
and specific activity values (Table S3). Additionally,
Nij,5Cug~s/C nanoalloys showed excellent electrochemical
long-term stability properties in basic media, keeping 97% of
the initial current applied after 20000 s and beating the
stability of Pt/C under the same experimental conditions
(Figure 41).

3.3. HER Activities of Ni, Cu, and Bimetallic NiCu
Nanostructures. The HER properties of the bimetallic
nanoparticles were evaluated using a three-electrode electro-
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Figure 6. (A) Polarization curves of HER process and (B) the corresponding Tafel plots for Cu/C, Ni/C, Nig5eCups0/C, Nig,5Cuq75/C,
Nip,5Cup,s/C, and commercial Pt/C in 0.5 M H,SO, at 2 mV-s™". (C) Plots of the difference of anodic and cathodic current densities against the
scan rate for all the catalysts. (D) Polarization curves normalized by ECSA for Cu/C, Ni/C, Nij5oCuqs0/C, Nig,5Cug7s/C, and Nig,sCuyg,s/C
nanocatalysts. (E) The onset potential and unit cell volume values for Cu/C, Ni/C, Nig 5oCuy 50/ C, Nig,5Cuy7s/C, and Nig ;5sCug,s/C as a function
of the DFT-calculated Eyjp. (F) The corresponding AGy for each nanoalloy. The closer the line is to 0 indicates a better HER performance. (G)
Relationship between the Cg and AGy values for all the electrocatalysts. (H) The average turnover frequencies (TOFan) of the nanocatalysts
displayed in (A) per surface site. (I) I—t curves of Nij,sCug,s and its comparison with commercial Pt/C at —0.35 V vs RHE.

chemical system in 0.5 M H,SO, (Figure 6A). All the
potentials were referred to the reversible hydrogen electrode
(RHE) and all the linear sweep voltammograms (LSVs) are
shown with the corresponding iR-correction. Among all the
samples, Niy,sCuy,s/C exhibited the highest electrocatalytic
performance, delivering a very low onset potential of =75 mV
vs RHE as well as an overpotential of 184 mV at a geometrical
current density of 10 mA-cm™2, which is lower than that of
Ni-sCug,s/C (334 mV), Nigs,Cugso/C, (400 mV), Cu/C
(471 mV) and Ni/C (437 mV). These values are comparable
or even better than many other recently reported electro-
catalysts (Table S8). To gain further insight on the HER
kinetics, Tafel plots were fitted to the equation 7 = a logj + b,
where 7 is the overpotential, a is the slope, and j is the current
density (Figure 6B). The Tafel slope for Nij,sCuq75/C (84
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mV-dec™") is much smaller than for both pure Ni/C (106 mV-
s7!) and Cu/C (179 mV-s™') and the other two nanoalloys
Nig,75Cug,5/C (114 mV-s™") and Nig 5oCuqs0/C (125 mV-s™?),
indicating that the Ni:Cu (1:3) ratio into the NiCu
nanodomains markedly improves the kinetics of the HER
processes through a Volmer—Heyrovsky mechanism.

To investigate the intrinsic activity of the as-synthesized
electrocatalysts, the electrochemical surface area (ECSA) and
RF of the electrocatalysts were calculated from the double
layer capacitance (Cyj) values using cyclic voltammetry (CV),
and the results are presented in Figure 6C and Table $6.** The
Niy,5Cug75/C electrocatalyst displayed the highest ECSA of
about 115 cm?, which is several times higher than those of the
other electrocatalysts. The results obtained from both
approaches demonstrate more electrocatalytically active sites
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Figure 7. (A) Polarization curves of the ORR process and (B) the corresponding Tafel plots for Cu/C, Ni/C, Nij,Cuqso/C, Nig,5Cuq7s/C,
Nig;5Cug,5/C, and commercial Pt/C in 0.5 M NaOH at 2 mV-s™". (C) Polarization curves normalized by ECSA for Cu/C, Ni/C, Niy5,Cugs0/C,
Nig,5Cuy5/C, and Nij;5Cuy,s/C. (D) Rotating disk voltammogram (RDV) curves at different rotation rates for all the samples. Inset: K—L plots.
(E) ORR onset potential and unit cell volumes as a function of the DFT-calculated Eqp. (F) Free energies for the ORR pathways for all catalysts.
(G) Relationship between Cy and AGys values for all electrocatalysts. (H) Mass activity (MA) and specific activity (SA) values for all the
nanocatalysts. (I) I—t curves for Niy,sCuy,s and its comparison with commercial Pt/C at 0.7 V vs RHE.

in Nig,5Cuy,5/C than in the others, confirming its better
electrocatalytic performance for HER process. The polarization
HER curves were normalized by ECSA (Figure 6D) and
Nij,sCuqy;5/C still exhibited better HER activities with the
lowest onset potential value (—0.11 V vs RHE). It is well-
known that the hybridization state of different atoms in
nanostructured alloys can finely tune their electrocatalytic
properties. For instance, it has been demonstrated that the
combination of Ni and Mo significantly improves the
electrocatalytic properties for hydrogen generation.””*® On
the other hand, it is possible to regulate the catalytic activity of
bimetallic nanostructures by controlling their electronic
structure as well as the strain energy and/or lattice
contractions by changing their metal—metal ratios.">*"~* As
it was explained in the OER section, the surface defects
induced by an increase of Cu atoms in the crystalline
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framework of Niy;5Cug,s/C plays a significant role in the
electrocatalytic activity. It is reasonable to assume that other
composition-dependent effects derived from local structural
distortion processes of multimetallic nanocrystal interfaces,
such as the lattice dimension, the strain energy, and/or the
number of energetically favorable binding sites, could be
directly controlling the electronic structures of the resulting
bimetallic nanocatalysts and, in turn, their HER perform-
ances.” The strain effects are caused when the surface atom
geometries are compressed or expanded. In a bimetallic
nanosystem, it can regulate both the electronic structure and
the binding energy of intermediate HER catalytic species, such
as H* on the nanoalloy surfaces, which results in the
deactivation or activation of the catalytically active surface
sites.”’ To probe the underlying factors that govern the HER
activity in our bimetallic NiCu particles, their onset potential
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and the unit cell volume values were plotted as a function of
the DFT-calculated hydrogen binding energy (Eys) (Figure
6E). The Eyp is an excellent descriptor of the HER catalytic
activity, and it is closely linked with the position of the metal d-
band center relative to the Fermi level of the nanocatalyst."?
Interestingly, the unit cell volume values of the bimetallic
nanostructures decrease together with the onset potential
values, following the trend Nij5,Cugs50/C > Nig;5Cug,s/C >
Nij,sCuq75/C, which indicates that the lattice contraction of
the nanoalloys is markedly improving their catalytic perform-
ance. It is well-known that when two metals with different
lattice parameters are mixed to form a bimetallic system, a
lattice mismatch is generated at the interface of the metal
nanodomains, which leads to a lattice distortion in the
crystalline framework.””>>>> The defective sites can create
additional strain effects at the interfaces of the nanodomains
which facilitate the distortion of the lattice parameters, and in
turn, their pronounced lattice contraction. The lattice
contraction gives rise to the downshift of the d-band center,
which, in turn, decreases the adsorption energy of the reaction
intermediate species boosting the catalytic efficiency of
Nij,5Cuy75/C toward the generation of molecular hydro-
en.”*™*° The Sabatier principle predicts that interactions
between reactants and intermediates and the catalyst surface
must be ideally balanced to reach very high catalytic
performances. In this sense, the hydrogen adsorption value
estimated for the Ni,,sCuy-s/C catalytic surfaces is neither too
small nor too large, which maximizes the HER efficiency by
optimizing the interactions of the reactants and intermediate
species at the electrochemical interfaces. It should be pointed
out that the catalytic active sites for hydrogen adsorption were
localized at the 3-fold hollow sites of NiCu (111) surfaces
(Figure S).

Our DFT calculations show that Niy,sCuy,s/C has a AGys
very close to 0 (—0.05 eV), surpassing by far the values for
Nig-sCug,s/C (0.62 V), NigCugyso/C (0.38 eV), Cu/C
(—0.29 eV), and Ni/C (0.86 eV) (Figure 6F). The relationship
between the experimentally measured Cy and AGy values of
the five electrocatalysts is shown in Figure 6G. For
Niy,5Cuyg7s/C, the smallest value of AGy: together with the
largest Cy determines the observed optimized HER activity.
We have also calculated the hydrogen turn over frequency
(TOF) for all of the electrocatalysts to further investigate their
intrinsic HER performance. The TOF value for Nij,sCug,5/C
is several times higher than for the others studied. The
experimental TOFs were found to be 0.62, 0.28, 0.10, 0.061,
and 0.056 s™* for Niy,Cuy-s/C, Niy-Cug,s/C, NiysoCugso/
C, Ni/C, and Cu/C at —0.15 V, respectively (Table S4). To
gain further insight on the nature of the catalytically active sites
of the nanoalloys, the number of hydrogen molecules evolved
per second per active site were carefully plotted against the
potential for each catalyst and Nij,5Cuy-s/C electrocatalyst
showed better performance than the others (Figure 6H). The
higher performance of Nij,sCuy,s/C can be directly linked to
the pronounced interfacial lattice mismatch of its crystal
structure which downshifts the d-band and enhances the
interaction with the H reactive intermediates decreasing the
AGy+ values and promoting overall HER activity. The
calculated higher mass activity and specific activity values for
Nij,5Cug75/C also shows its superior intrinsic activity toward
the HER process (Table S4). Finally, Niy,sCug,s/C showed
ultrahigh electrochemical stability in acidic media, maintaining
99% of the initial current applied after 20 000 s and surpassing

the Pt/C stability under the same experimental conditions
(Figure 6L).

3.4. ORR Activities of Ni, Cu, and Bimetallic NiCu
Nanostructures. The ORR activity of the carbon-embedded
mono- and bimetallic nanoparticles was evaluated via steady-
state linear sweep voltammetry (LSV) in O,-saturated 0.5 M
NaOH solution under static and dynamic conditions (Figure
7). Figure S10 compares the resulting voltammetric curves
obtained for O,-saturated and Ar-saturated solutions, display-
ing very well-defined ORR cathodic peaks and demonstrating
that the oxygen electroreduction processes are taking place at
the electrochemical interfaces. Remarkably, Nij,sCuy-s/C
exhibited a more positive oxygen electroreduction peak at
0.67 V vs RHE than those of the other studied catalysts,
indicating better electrocatalytic ORR activity than the others.
Figure 7A displays the ORR polarization curves for all the
catalysts. Nij,5Cuy;5/C shows a much higher value of the
onset potential (0.95 V vs RHE) and the half-wave potential
(0.80 vs RHE) than the other mono- and bimetallic catalysts.
The performance is comparable or even better than for many
other recently reported ORR electrocatalysts (Table S9).
Furthermore, the Tafel plots and the ECSA normalized ORR
polarization curves also confirmed the superior ORR activity of
Nij,5Cuq75/C, demonstrating both the larger intrinsic activity
and faster kinetics than the other systems (Figure 7B and
Figure 7C). In contrast with the observed OER and HER
trends, the other two bimetallic catalysts show very similar
ORR performance compared with those of the monometallic
catalysts (Table S5).

To gain further insights into the kinetic parameters for the
ORR, rotating-disk voltammetry (RDV) measurements were
performed at different rotation rates, between 250 and 2500
rpm, at a scan rate of 10 mV-s™' (Figure 7D). The onset ORR
potential was found to be 0.96 V vs RHE. The inset of Figure
7D shows the resulting K—L plot for Nij,sCuy;s/C. The
excellent fit confirms a first-order reaction for dissolved O,.%”
Using the K—L equations, the average number of electrons
transferred (n) per oxygen molecule at 0.6 V vs RHE and the
resulting kinetic-limiting current density (J,) values were
estimated to be 4.106 and 10.63 mA-cm >, respectively. The
number of electrons exchanged per O, molecule with
Ni,5Cuyqs/C is close to 4, indicating that the electrochemical
reaction follows the most efficient electron pathway. Addition-
ally, the difference of anodic and cathodic current densities as a
function of scan rates was plotted for all the samples. As seen
in the OER section, Nij,5Cuy-s/C displays the larger Cy value
in the alkaline media and therefore, it possesses the largest
number of ORR active sites.

The electrocatalytic performance can be tuned by varying
the oxygen binding energy (Egg) which constitutes a good
descriptor of the catalytic efficiency of a large portfolio of
reactions. Considering the Sabatier rule, very strong binding
energies lead to surface oxidation, which decreases the catalytic
activity, while very weak binding energies give rise to a fast
desorption of the oxygen from the active site. Consequently,
optimized ORR activity requires moderate Egp values,
balancing both the surface oxidation and desorption processes
at the same time. To obtain a better understanding of the
superior ORR activity of Niy,sCug,5/C, we have plotted the
onset potential and unit cell volume values as a function of the
DFT-calculated oxygen binding energy values (Eqg) (Figure
7E). Among all, Nij,5Cuq;s/C exhibits an optimum oxygen
binding energy for electroreduction which is the midway value
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between the oxygen binding energies for the pure metallic
nanoparticles. The lowest unit cell volume value of
Niy,5Cug-5/C reflects that the lattice contraction, and
therefore, the high strain energy strongly helps to improve
the ORR catalytic rates as well as to reduce the binding energy
of oxygen-based adsorbates, such as O* and OH¥, thus
increasing the electron transfer rates at the catalytically active
surface sites.”®” Our DFT calculations showed a good
agreement with the experimental results. In detail, a significant
reduction of the Gibbs free energies for the O*, OH*, and
OOH* intermediate catalytic species was observed (Figure
7F). Nig,sCuy,s/C exhibited a lower 7% value (0.87 V)
than those for Niy,sCuy,s/C (1.23 eV), Nij,Cuyso/C (0.96
eV), Cu/C (3.52 eV), and Ni/C (1.32 eV) (Figure 7G) as well
as the Cy of Nij,;Cuy,s/C is better than for all catalysts,
indicating that the electrochemical performance is optimized
for this Ni:Cu ratio. The calculated mass activity and specific
activity values for the electrocatalysts are presented in Figure
7H. Like for the OER and HER processes, the TOF, mass
activity and specific activity of the electrocatalysts were
calculated at 0.75 V vs RHE (Table SS) and it was found
that Nij,sCuy-s/C exhibits the best intrinsic activity toward
the ORR process. Finally, Nij,;Cug,s/C showed an excellent
long-term electrochemical stability compared to commercial
Pt/C, keeping 91% of the initial current applied after 20 000 s
(Figure 71).

4. CONCLUSIONS

In summary, we report the facile synthesis of trifunctional
bimetallic NiCu nanoparticles encapsulated in carbon that
allows the systematic control of the structure and the
electronic properties thus, producing effective catalysts for
HER, OER, and ORR reactions. The Ni:Cu ratio was varied to
control the structural and electronic properties of the
bimetallic nanoparticles. Experimentally and theoretically, it
was established that the local distortion of the crystalline lattice
at the bimetallic nanostructured surfaces was associated with
the downshift of the d-band and the lowering of the binding
energies of the intermediate reactive species, which in turn
increases the electron transfer rates of the catalytically active
surface sites and improves the overall reaction rates. The DFT-
calculated binding energy values were used as desirable
parameters to describe the trifunctional electrocatalytic
efficiency of the bimetallic nanoalloys. Thus, the nano-
composite Nij,sCuy-s/C, which exhibits a near-optimal
binding energy for HER, OER, and ORR reactions, shows an
impressive trifunctional catalytic activity that outperforms
commercial Pt and RuO, catalysts. Our findings provide in-
depth insights to directly correlate the structure—catalytic
function relationships of carbon-encapsulated NiCu bimetallic
nanostructures, thus paving the way toward the rational design
of low-cost and scalable multifunctional catalytic nanosystems.
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