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A self-supported and flexible current collector solely made of earth-abundant elements, NiCo layered
double hydroxide (LDH) wrapped around Cu nanowires (Cu-Ws) grown on top of commercially available
Cu mesh (Cu-m), outperforms the benchmark 40 wt% Pt/C in catalyzing the electrochemical hydrogen
evolution reaction (HER). The Cu-m/Cu-W/NiCo-LDH cathode operates both in acidic and alkaline
media exhibiting high turnover frequencies (TOF) at 30 mV (0.3 H, s~ in 1 M KOH and 0.32 H, st in
0.5 M H,SOy,, respectively) and minimal overpotentials of 15+ 6 mVin 1 M KOH and 27 £ 2 mVin 0.5 M
H,SO4 at —10 mA cm~2. Cu-m/Cu-W/NiCo-LDH outperforms the activity of 40 wt% Pt/C that needs
overpotentials of 22 and 18 mV in 1 M KOH and 0.5 M H,SO,, respectively. With a tremendous

advantage over Pt/C in triggering proton reduction with fast kinetics, similar mass activity and pH-
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Accepted 23rd March 2020 universality, the current collector demonstrates outstanding operational durability even at above —1 A

cm™2. The high density of electronic states near the Fermi energy level of Cu-Ws is found to be a pivotal
factor for efficient electron transfer to the NiCo-LDH catalyst. This class of self-supported electrodes is
expected to trigger rapid progress in developing high performance energy conversion and storage devices.
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Introduction

The potential of hydrogen as a sustainable energy carrier is
indisputable in order to drive the future global demand for
terawatt energy.' One of the winsome avenues for accomplish-
ing the technology of hydrogen conversion and storage is water
electrolysis, especially that driven by solar- or wind-derived
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electricity.>® In electrochemical water splitting, the 2e~
hydrogen evolution reaction (HER) is a vital half-reaction
besides the more sluggish 4e” oxygen evolution reaction
(OER).* Real-life applications demand high-performance,
durable and cheap catalysts to lower the steep activation
energy barrier for driving the OER and HER. To date, Pt is the
most well-known HER catalyst because of its undisputed
predominance in catalyzing reactions with fast kinetics,
minimal overpotential and high exchange current density.?
Nonetheless, the low elemental abundance of Pt leads to high
costs in addition to its poor durability, which makes large-scale
hydrogen production elusive. Various earth-abundant alterna-
tives such as NiFe supported on mesoporous substrates,® Ni-Mo
alloys,” MoS,,* MoC-Mo,C nanowires,” CoP on NisP,," or
PANL"™ NiO/Ni/carbon nanotubes,” and B/N co-doped gra-
phene nanotubes,*® CuzP nanoarrays,"* NiMoS,/Ti mesh,* and
Zn, 0sC0¢ 9, P/Ti mesh,*® have been identified as promising HER
catalysts. In spite of an impeccable HER performance of many
of these catalysts, a Pt-like activity has never been achieved. In
very few instances when the catalysts have reached or bettered
the Pt-limit, inclusion of other high cost and low abundant
elements such as Ru and Ir becomes inevitable, for example,
Ru/Wy 62(Ng 6200.38)@C,"” RuP,'® Ru-Co,' CoRu,* RuM/CQDs,**
Ir@3D-organic networks,* hollow carbon sphere-confined Ru
nanoparticles (HCRNs),>® and Ru/PC* in alkaline pH, RuPt,* Pt-
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MXene,*® IrHNC?* in acidic pH and Ru@C,N with pH-universal
activity.®

The need of the hour is to develop an earth-abundant pH-
universal HER catalyst that can trigger proton reduction with
Pt-like fast kinetics and the least possible overpotential. A
rejuvenated self-supported electrode is even more attractive as it
allows skipping polymeric binders that block catalytically active
sites,”® and avoiding additional current collectors such as the
glassy carbon electrode (GCE),* carbon fiber paper (CFP),**
carbon cloth,* and Ni or Cu foam.**"** Rational design of self-
supported electrodes is critically dependent on a fairly large
exposed surface, enhanced mass diffusion and efficient electron
transport with futuristic applications towards wearable and
flexible energy devices.** A few developments in this area are
“pencil-on-paper” piezoresistive sensors,*® Ni-coated paper
electrodes,” hybrid electrocatalyst supported on Ni foam,*” etc.
Instead of using CFP or metal foams which are prone to air
oxidation,* pragmatic options such as electrically conducting
and mechanically robust current collectors made of first row
transition metals with high reduction potential can be consid-
ered. A suitable choice is earth-abundant copper whose native
metallic form is commonly used for electrical wiring and does
not react immediately with water but gradually gets oxidized by
atmospheric oxygen to its weathered form Cu,CO;3(OH),,
a greenish coating commonly observed over famous copper
architectures namely the Statue of Liberty and Berliner Dom.
Thus, being resistant to acidic and alkaline corrosion, copper
substrates bring about the perfect solution under reductive bias
for the electrochemical HER by concomitantly offering high
electrical conductivity and mechanical robustness. Our self-
supported electrode design starts from commercially available
Cu mesh (Cu-m), onto which Cu nanowires (Cu-Ws) are grown
by subsequent chemical oxidation and electrochemical reduc-
tion. When Cu-Ws are shelled with NiCo-LDH nanosheets,
a flexible hybrid cathode Cu-m/Cu-W/NiCo-LDH is fabricated
that outperforms the state-of-the-art 40 wt% Pt/C electrode
across the entire pH range besides having exceptional durability
at very high current densities, ideal for commercial applica-
tions. In fact a Cu nanowire core shelled with CoFe-LDH was
previously explored by Yu & coworkers albeit the nanowires were
supported on Cu foam, with moderate achievable success.*>*"
The finesse of our approach first lies in using Cu-m as the
substrate whose woven like porous structure helps in better
release of gas bubbles and mass diffusion of the reactant and
product. Secondly, our choice of metal combination in the LDH
is rationalized by two facts: (i) minimal interaction of the 3d
orbital of Ni and Co with the H 1s orbital assists the facile
desorption of H, from these two metal centers; and (ii) the first
step of hydrogen evolution i.e. water dissociation followed by
OH" desorption becomes facile at the Ni and Co active sites due
to the absence of any overlap between the Ni/Co 3d orbital and
O 2p orbital.**** Other bimetallic combinations have subser-
vient synergism, validated by several control experiments. Our
ingeniously designed self-supported electrode helps to achieve
the industrial demand of —1 A em ™2 at low overpotential with
high operational durability, thus promoting the chances for
commercialization.
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Results and discussion

As schematically illustrated in Fig. 1a, chemical oxidation of Cu-
m was performed in an alkaline solution containing (NH,),S,0s
where S,05>" ions are reduced to SO,>~ at the cost of Cu’
getting oxidized to Cu®". The as-prepared Cu(OH), nanowires
were converted to CuO nanowires grown on Cu-m by calcination
at 180 °C, which were further reduced to face-centered cubic Cu-
Ws by electrochemical reduction at —1.08 V in 1 M KHCO3; the
phase transitions were monitored by powder X-ray diffraction
(PXRD, Fig. S17). The 4-5 pm long Cu-Ws have a diameter of 140
+ 10 nm, determined by cross-sectional field emission scanning
electron microscopy (FESEM, Fig. 1b). When NiCo-LDH is
electrochemically deposited on the Cu-m/Cu-W electrode by
chronoamperometry at —1.2 V, the nanowire diameter increases
to 163 + 10 nm (Fig. S1df), suggesting an average LDH thick-
ness of ~10 nm wrapped around Cu-Ws. High-resolution
transmission electron microscopy (HRTEM) shows the (111)
exposed facets of Cu-m and Cu-Ws, and the latter's growth
direction is along [111] (Fig. 1c). X-ray photoelectron spectros-
copy (XPS) analysis of the Cu 2p level provides evidence of the
metallic state of Cu-Ws at binding energies of 932.4 eV (2ps/,)
and 952.7 eV (2py.,), whereas the shake-up satellite peaks at
941.2 and 961.1 eV show the presence of a surface thin layer of
CuO, which however could not be envisaged from the core level
positions (Fig. 1d).

High-angle annular dark-field scanning TEM (HAADF-STEM)
mapping and elemental line scan provide evidence of the
uniform wrapping of LDH nanosheets over the vertical Cu-Ws
(Fig. S2t), also corroborated by energy dispersive X-ray spec-
tral (EDS) mapping coupled with FESEM (Fig. S3t). The inter-
connected LDH nanosheets are vertically grown on Cu-Ws
(Fig. 1e and f), ensuring maximum available sites of the NiCo-
LDH catalyst. The lattice spacings of 0.21 and 0.37 nm corre-
spond to the (111) reflection of metallic Cu and the (006) plane
of the hexagonal unit cell of NiCo-LDH (JCPDS 40-216),
respectively (Fig. 1g), corroborated by the selected area electron
diffraction (SAED) pattern (Fig. 1g inset). The LDH structure
consists of Ni**, Co®>" and Co**,** discerned from the binding
energies of 854.1, 781.0 and 779.4 eV in the XPS 2p;/, spectra
corresponding to Ni-OH and Co-OH, respectively (Fig. S47).
The O 1s level comprises a metal-oxygen bond in the MO
octahedron of the hexagonal LDH lattice (529.2 eV), the -OH
groups of LDH (529.8 eV) and defective O (531.2 eV) generated
due to the presence of low valent Co®" ions. The LDH nano-
sheets on the surface of Cu-Ws show a broad PXRD reflection at
23.86° from the (006) plane of NiCo-LDH (Fig. S5at). The posi-
tion of this peak and that of the extremely weak (110) reflection
at 20 = 53-66° expectedly vary upon changing the Ni : Co ratio
(Fig. S5b, ¢ and Table S1t). Energy dispersive X-ray (EDX)
analyses from five or more locations of the electrode confirm
a good match of the Ni: Co ratio with the precursor composi-
tion (Table S2t). With Ni: Co ratios of 1:1,1: 2 and 2 : 1, the
lattice parameter a (=2d, o) changes to 3.15,2.98 and 2.86 A and
the lattice parameter ¢ (=6dye) varies as 22.34, 23.13 and 23.33
A, respectively.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Fabrication and characterization of Cu-m/Cu-W/NiCo-LDH. (a) Schematic illustration of the fabrication of the Cu-m/Cu-W/NiCo-LDH

electrode. (b) Cross-sectional FESEM image of the Cu-m/Cu-W substrate (scale bar 1 pm). (c) TEM image showing the interface between Cu-m

and Cu-Ws (scale bar 2 nm). (d) Fitted XPS spectrum of the Cu 2p level from Cu-m/Cu-Ws. The open circles represent the experimental data and

the best fit is indicated by the solid line. Sat. denotes the satellite peaks. (e, f) Low (scale bar 200 nm and 20 nm) and (g) high resolution (scale bar 5
m) TEM images of Cu-m/Cu-W/NiCo-LDH. The inset shows the corresponding SAED pattern of the electrode (scale bar 5 nm™2).

The electrochemical HER performance of the electrodes was
first assessed in 1 M KOH at a scan rate of 10 mV s~ in a typical
three-electrode setup under a N, atmosphere. The potential of
the reference electrode was determined in a H, saturated elec-
trolyte and converted to the RHE in order to determine the exact
scanning potential for the HER. In all the cases, the potential of
the Ag/AgCl reference electrode remained unaltered after the
electrochemical measurements under alkaline conditions
(Fig. S6t). The best performing Cu-m/Cu-W/NiCo-LDH elec-
trode (Ni: Co = 1: 1) requires a minimal overpotential of 15 +
6 mV to reach a current density of —10 mA cm > (Fig. 2a). It is
indeed a rare occurrence wherein an electrode made solely of
earth-abundant elements can match or surpass the electro-
catalytic performance of 10 wt% Pt/C (Fig. S71) and 40 wt% Pt/C
(Fig. 2b and c). 40 wt% Pt/C needs 22 mV with the same mass
loading and the relative trend is sustained at higher current
densities. In contrast, the other catalysts and control electrodes
such as Cu-m/Cu-W/Ni,Co-LDH, Cu-m/Cu-W/NiCo,-LDH, Cu-
m/Cu-W/Ni(OH),, Cu-m/Cu-W/Co(OH),, Cu-W and bare Cu-m
need an overpotential of 32, 43, 160, 200, 228 and 521 mV,
respectively (Fig. 2a and S8at). Moreover, the cathodic current
density of the premier Cu-m/Cu-W/NiCo-LDH electrode

This journal is © The Royal Society of Chemistry 2020

increases rapidly and reaches —100, —500 and —1000 mA cm >

at considerably low overpotentials of 72, 139, and 190 mV,
respectively, suggesting its potential for widespread commer-
cialization (Fig. 2b and c). The Tafel slope of Cu-m/Cu-W/NiCo-
LDH (50.5 mV dec™ ') although similar to that of 40 wt% Pt/C, is
lower than that of the other electrodes suggesting Pt-like fast
adsorption-desorption kinetics (Fig. 2d and S8b¥), where the
electrochemical desorption step is rate-determining according
to the Volmer-Heyrovsky mechanism (Fig. S8ct).** When
measured at a slower scan rate of 5 mV s~ to maintain the
steady-state, the HER overpotential of Cu-m/Cu-W/NiCo-LDH
remains the same and its Tafel slope gets better than 40 wt%
Pt/C (Fig. S97). At an even lower scan rate of 1 mV s~ ', the
electrode performance is comparable to that of platinum and
surpasses that of 40 wt% Pt/C at higher current densities
(Fig. S10at). The best performance is obtained by 60 s electro-
deposition of NiCo-LDH (Fig. S1lat) and 30 min chemical
oxidation of Cu-m (Fig. S11bt). The HER activity remains
unchanged on switching the counter electrode from Pt wire to
graphite paper which substantiates the activity of this electrode
to be intrinsic in nature and not due to any possible deposition
of Pt on the working electrode (Fig. S11ct).

Chem. Sci., 2020, 11, 3893-3902 | 3895
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Fig. 2 HER performance of Cu-m/Cu-W/NiCo-LDH and its comparison with the HER activity of 40 wt% Pt/C and other catalysts. (a) HER
overpotentials required to reach —10 mA cm™2 in 1 M KOH for different catalysts. (b) HER polarization curves (iR-corrected) in 1 M KOH, (c)
overpotentials required to reach —10 and —100 mA cm2, (d) Tafel plots in 1 M KOH for Cu-m/Cu-W/NiCo-LDH and 40 wt% Pt/C. (e) HER
overpotentials required to reach —10 mA cm~2in 0.5 M H,SO, for different catalysts. (f) HER polarization curves (iR-corrected) in 0.5 M H,SOy, (g)

overpotentials required to reach —10 and —100 mA cm™2

, (h) corresponding Tafel plots in 0.5 M H,SO4 and (i) required overpotential across the

pH spectrum to reach —10 mA cm™2 for Cu-m/Cu-W/NiCo-LDH and 40 wt% Pt/C.

In 0.5 M H,SO, too, Cu-m/Cu-W/NiCo-LDH displays the best
HER activity among all other control electrodes (Fig. 2e and
S8dt) and requires only a 27 + 2 mV overpotential to achieve
—10 mA cm 2 which is only 9 mV higher than the 18 mV
overpotential for 40 wt% Pt/C (Fig. 2f and g) but is comparable
with that of 10 wt% Pt/C (Fig. S77). Interestingly this electrode
rapidly surpasses the activity of Pt/C and achieves high current
densities of —100 and —1000 mA cm™ > at a 112 and 246 mV
overpotential, respectively (Fig. 2f and g). Either when iR-
corrected or uncorrected in acidic and alkaline media or when
measured at a lower scan rate of 1 mV s~ in an acidic medium
the activity of Cu-m/Cu-W/NiCo-LDH, elucidated from the LSV
plots, remains comparable that of to 40 wt% Pt/C (Fig. S10t). At
pH = 0, the Tafel slope of Cu-m/Cu-W/NiCo-LDH is 79.4 mV
dec™, lowest among the control samples in Fig. Séef and
comparable to that of Pt/C (60.8 mV dec™ ") (Fig. 2h).

Cu-m/Cu-W/NiCo-LDH shows an excellent pH universality
adjudged by the required overpotentials of 334, 443, and
273 mV at pH = 2, 7 and 10, to reach —10 mA cm™?, in
comparison to 40 wt% Pt/C requiring 503, 388, and 132 mV,
respectively (Fig. 2i, S12 and Table S3t). Other than pH = 0 and
pH = 14, the activity is less proficient and sometimes inferior to
that of 40 wt% Pt/C due to the low ionic conductivity of the
solution at pH = 2, 7 and 10, and better electronic conductivity
of platinum than NiCo-LDH. The mass activity is also compa-
rable to that of the Pt/C electrode, as is observed by normalizing
the catalytic current by catalyst loading (Fig. S131). At a 30 mV
overpotential, the turnover frequency (TOF) of the Cu-m/Cu-W/
NiCo-LDH electrode is 0.3 and 0.32H, s *in 1 M KOH and 0.5 M
H,SO,, respectively advocating its high intrinsic activity
(Discussion S17). Rapid electron transfer is possible due to the
least resistance to charge transfer kinetics (Rcr) of this electrode
both in 1 M KOH and 0.5 M H,SO, (Fig. S141). Likewise the
double layer capacitance (Cqy), the

proportional  to

3896 | Chem. Sci, 2020, 11, 3893-3902

electrochemically active surface area (ECSA) and surface
roughness factor (Ry), is highest at 19.8 mF cm™>when Ni : Co is
1 : 1 (Fig. S157) implying the highest abundance of active sites.*
The unparalleled self-supported Cu-m/Cu-W/NiCo-LDH
electrode is extremely stable under operating conditions at
both pH values from low to high negative current densities
(Fig. 3a-c). Chronopotentiometric tests in 1 M KOH show
unaltered stability both at —833 and —1112 mA cm™ > which
favors rapid mass diffusion of the reactant and product
(Fig. 3a), with no change in the linear sweep voltammetry (LSV)
profile after 33 h (Fig. 3a inset). In 0.5 M H,SO,, except for
a slight attenuation, the electrode has unprecedented durability
at —1000 and —1266 mA cm ™ for at least 50 h (Fig. 3b and
inset). A long term chronopotentiometric stability test for 120 h
at —333 mA cm 2 (Fig. 3¢) and 100 h at —1 A cm ™ (Fig. $16 and
ESI Movie 1) with vigorous release of hydrogen bubbles in 1 M
KOH further attests to its suitability for commercial applica-
tions, besides 5000 cycle tests at both pH values and chro-
noamperometric evaluation for 24 h at only a 9 mvV
overpotential in 1 M KOH (Fig. S171). The chronoamperometric
stability at low overpotential strengthens the fact that the
current is not contributed by any metal reduction or by Cy;.
After the chronopotentiometric stability test at —1 A cm™> at
pH 14 (Fig. S16t), the crystal structure, composition and
morphology of NiCo-LDH are well maintained (Fig. S187). After
the stability test at —1 A ecm™> at pH 0 (Fig. 3b), the 2D LDH
sheets partly transform into ~20 nm particles although the
crystal integrity and composition are preserved (Fig. S187). The
electrodes carry the added advantage of being mechanically
flexible and robust which ensures unperturbed mass diffusion
for long hours of operation. As demonstrated in Fig. 3d, at
different bending angles of the electrode, the required HER
overpotential remains unaffected without any structural failure.
Fig. 3d insets show smooth release of gas bubbles even under

This journal is © The Royal Society of Chemistry 2020
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show the corresponding digital images. Reproducibility tests of the HER

performance with different batches of Cu-m/Cu-W/NiCo-LDH electrodes in (¢) 1 M KOH and (f) 0.5 M H,SO,.

extreme mechanical stress. Almost all the charge is consumed
for hydrogen production, validated by gas chromatography (GC)
without any parasitic side reaction as confirmed by the eudio-
metric method at constant current densities, wherein the elec-
trode shows power conversion efficiencies of 99.5% at —300 mA
cm~2in 1 M KOH and 94.9% at —667 mA cm ™2 in 0.5 M H,SO,
(Fig. S191). The HER activity is distinctly reproducible at both
PH values across different batches of electrodes (Fig. 3e and f)
and expectedly it is better or comparable to that of the best
known catalysts reported to date (Tables S4 and
S57).»101214-27,46-48 When coupled to NiFe-LDH, overall water
splitting is obtained at 1.508 V by the NiFe-LDH (+) || Cu-m/Cu-
W/NiCo-LDH (—) electrolyzer to achieve a current density of 10
mA cm™? compared to IrO, (+) || 40 wt% Pt/C (—) which needs
1.55 V along with exceptional stability for almost 70 h at 333 mA
cm 2, making it suitable for practical applications (Fig. S207).

This journal is © The Royal Society of Chemistry 2020

The exceptional catalytic performance of Cu-m/Cu-W/NiCo-
LDH has much to do with the Cu-m/Cu-W substrate. The feat
of surpassing the Pt-activity in catalyzing the HER is attributed
to our strategy of growing Cu-W since the activity is lowered by
NiCo-LDH electrodeposited only on Cu-m (Fig. 2a and Seaft),
and a previously reported Cu-foam supported HER catalyst
requiring a higher overpotential of 54 mV.** The advantages of
the woven like porous structure of the Cu-m/Cu-W substrate for
improved mass transport and fast release of gas bubbles are
more evident when NiCo-LDH is deposited on Cu-W grown
from chemical oxidation of Cu foam or NiCo-LDH deposited
directly on Ni foam, all of which show subservient activities
(Fig. S21%). When NiCo-LDH is deposited on Ni foam, the LDH
sheets surround the flakes on a rough Ni foam surface unlike
the large spread of LDH 2D sheets over Cu-W (Fig. S227). The
versatility of the Cu-m/Cu-W substrate is apparent when
different catalysts such as NiMo-catalysts, NiCr-LDH and NiMn-
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LDH deposited on Cu-m/Cu-W show improved HER perfor-
mance than those deposited on the commonly used CFP
(Fig. S237). Replacing the Cu-m/Cu-W core with Ni nanowires
grown on Ni foam, and electrodepositing NiCo-LDH also
demonstrates promising HER activity (Fig. S24%), thus vali-
dating the universality of our approach. Nevertheless with the
same substrate these Ni-containing catalysts lack the excep-
tional HER activity of NiCo-LDH, which has the synergism of Ni
predominating in OH™~ desorption and Co facilitating the
Heyrovsky step.*»**** With NiCo-LDH on CFP, the activity is
similarly weakened accompanied by a drop in ECSA (Fig. S25a-
dt). Normalizing the catalytic current of Cu-m/Cu-W/NiCo-LDH
and CFP/NiCo-LDH using their respective ECSA accentuates the
significant role of the metallic Cu-W core (Fig. S25e7). The high
density of electronic states near the Cu Fermi energy level (Ey)
necessary for sublime electron transport is discerned from the
valence band XPS analyses (Fig. S267). The electron density at Eg
contributed by the electrically conducting Cu-W core remains
unaffected post NiCo-LDH decoration, which helps in
promoting unhindered electron transfer with minimal
resistance.

The benefits of introducing one-dimensional Cu-W on bulk-
like Cu-m is better understood from density of states (DOS)
calculations within the full potential linearized augmented
plane wave (FP-LAPW) based on density functional theory (DFT)
as implemented in the Wien2k code.*® The density of states
(DOS) calculated from generalized gradient approximation
(GGA),** for both Cu-m from —8 eV to 4 eV and Cu-W from —4 to
5 eV is shown in Fig. 4, where Ey is represented by the dotted
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lines. In the case of Cu-W, the DOS above 3 eV in the conduction
band side is due to the vacuum that was applied to discontinue
the atomic wave function.

In both Cu-m and Cu-W, the major contribution comes from
the position and contribution of the Cu-d band state. For Cu-m,
the partial DOS (PDOS) of the Cu-d band (Fig. 4c) arises mainly
from hybridization of d,. (similar DOS with d,) and d,,
(similar DOS with d,, and d,;) near Er (—2 to 0 eV) where the
orbitals in between the Cartesian axes (i.e., dyy, d;;, d,;) domi-
nate over those along the axes (d,, d,.). Due to the one-
directional axis and orientation of the Cu-W structure, the
PDOS of the Cu-d state and thereby the total DOS of Cu-W are
visibly up shifted towards Er as compared to Cu-m (Fig. 4c and
d). However, since the total number of d electrons has to be
conserved and the d-band cannot pass through E, the total DOS
and d-band shifting towards Er are likely due to the contribu-
tion of t,, and e, orbital splitting. The d,> and d,_ orbitals
(along the axis) are at higher density of states near to Er and
among those in between the axes, the DOS of the d,, orbital is
closer to Er than that of d,; and d,,. A higher DOS of the orbitals
oriented along the Cartesian axes implies higher availability of
charge carriers to be favorably transferred to execute the redox
reactions which clearly manifests the better propensity of elec-
tron transfer from Cu-W to NiCo-LDH than that from Cu-m.

The free energy of adsorption on the catalyst supported on
Cu-W could not be elucidated by DFT calculations due to the
relatively amorphous nature of our NiCo-LDH catalyst. Recent
calculations have shown that NiCo-LDH can efficiently disso-
ciate the water molecules with a very low energy barrier,* which
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Fig. 4 Results of electronic states calculations. Total DOS plots of (a) Cu-m and (b) Cu-W. PDOS plots the of Cul atom and different d-orbitals

for (c) Cu-m and (d) Cu-W.
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makes LDH a lucrative HER electrocatalyst in alkaline media.
The second step i.e. optimum proton adsorption governs the
catalyst performance in acidic and alkaline media via H,
generation. Metallic structures such as Pt show Gibbs free
energy for the adsorption of H* close to 0 eV.* Similar to Pt, our
self-supported electrode shows metallic character with high
density of electronic states near E (Fig. S2671), which helps in
optimal adsorption of protons after the water dissociation step
in the alkaline medium and from the electrolyte in strong acids
to generate hydrogen fuel. Combining the predicted water
dissociation ability of NiCo-LDH and optimal H* adsorption
energy of metallic nanostructures, our strategy yields an
unprecedented self-supported framework that can efficiently
dissociate water along with a decent proton adsorption ability to
boost the HER in alkaline and acidic media.

To conclude we have demonstrated the design of a Cu-m/Cu-
W/NiCo-LDH self-supported and flexible current collector that
outperforms the noble metal based state-of-the-art Pt/C in
catalyzing the electrochemical HER across the entire pH spec-
trum with high current density. This electrode solely
comprising earth-abundant elements needs minimal over-
potentials of 15 and 27 mV to provide a —10 mA cm ™2 current
density at pH 14 and pH 0, respectively, along with exceptional
durability at high current densities. The mass activity, TOF and
pH universality are found to be on a par with 40 wt% Pt/C. The
key to the design of this flexible current collector is the growth
of Cu-Ws on top of Cu-m, validated by several control experi-
ments with different HER catalysts deposited both on Cu-Ws
and Cu-m/Cu-Ws. The exceptional HER performance is in
tune with the remarkably high density of electronic states near
the Er of Cu-Ws, which is necessary for sublime electron
transfer to the electrodeposited NiCo-LDH catalyst. Besides the
electrochemical HER, the concept of fabricating self-supported
electrodes by wrapping electrically conducting nanowires with
catalyst nanostructures is extremely promising for endless
avenues for energy conversion and storage devices such as
flexible and portable fuel cells, metal-ion and metal-air
batteries, supercapacitors, photovoltaic devices and
photoconductors.

Experimental section
Materials

Cu mesh (Alfa Aesar, 0.11 mm), cobalt(u) sulphate heptahydrate
(Co(S0,),, 7H,0; Merck, =98%), nickel(n) sulphate heptahy-
drate (Ni(SO,),, 7H,0; Merck, =98%), potassium hydrogen
carbonate (KHCOj3;; Merck, =99.5%), ammonium per-sulphate
solution (Lobachemie, =98%) ammonia solution (Merck,
=25%), nickel(u) chloride hexahydrate (NiCl,-6H,0; Merck,
=99%), chromium(m) chloride hexahydrate (CrCls-6H,0;
Merck, =96%), manganese(i) chloride tetrahydrate (MnCl,-
-4H,0; Merck, =96%), sodium hydroxide (NaOH; Merck,
=97%), sodium dodecyl sulphate (SDS; Merck, =98%), potas-
sium hydroxide pellets (KOH; Merck, =85%), ethanol (C,HsOH;
Merck =99.9%), Toray carbon fiber paper (CFP; Alfa Aesar),
commercial Pt/C (40 wt%, Merck), ammonium molybdate
((NH4)sM0,0,4; 97%, Merck), sodium chloride (NaCl; 99%,

This journal is © The Royal Society of Chemistry 2020
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Merck), sodium hydrogen citrate (Na,Ce¢HeO7; 98%, Merck),
potassium hexachloroiridate (K,IrCls; 99%, Sigma-Aldrich),
nickel nitrate hexahydrate (Ni(NO3),-6H,0; 98%, Merck), iron
nitrate nonahydrate (Fe(NOs);-9H,0; 98%, Merck) and Nafion
perfluorinated resin solution (5 wt%, Merck) were used without
further purification.

Preparation of the Cu-m/Cu-W electrode

The Cu-m electrodes of a 2 x 0.5 cm” area were cleaned
successively with conc. HCI, deionized water and acetone by
sonication for 20 min in each case followed by 2 min air drying.
EDX analyses showed the absence of any possible impurity. To
grow Cu(OH), nanowires on Cu-m by chemical oxidation, the
cleaned electrodes were dipped in a 14 ml aqueous solution
containing 0.84 g NaOH and 0.24 g (NH,),S,04.>* The time of
chemical oxidation varied as 10, 30 and 60 min. The Cu(OH),
nanowires were calcined at 180 °C for 1 h in air for phase
transformation to CuO. Metallic Cu-Ws were prepared by elec-
trochemical reduction of the CuO nanowires supported on Cu-
m at —1.08 V in a 1 M KHCO; electrolyte (pH = 7.9) in a three
electrode configuration using Cu-m as the working electrode, Pt
wire as the counter electrode and Ag/AgCl (3 M KCl) as the
reference electrode in the potentiostatic method. The successful
conversion of CuO nanowires to Cu-Ws was indicated by the
appearance of H, bubbles on the electrode surface. Finally the
Cu-m/Cu-W working electrodes were removed followed by
cleaning with distilled water and drying in air for 1 h.

Preparation of Cu-m/Cu-W/Ni,Co, LDH (x:y=1:1,1:2,
and 2 : 1) electrodes

NiCo-LDH was electrochemically deposited on Cu-m/Cu-W
electrodes by chronoamperometry at a fixed potential of
—1.2 V in the required volume (x :y) ratios of two aqueous
solutions: 0.4 M NH,CI + 0.4 M CoSO, - 7H,0 and 0.4 M NH,CI +
0.4 M NiSO,-7H,0. Electrodeposition was conducted in a three
electrode configuration using Cu-m/Cu-W as the working elec-
trode, Pt wire as the counter electrode and Ag/AgCl (3 M KCl) as
the reference electrode. The LDH shell thickness was controlled
by tuning the time of electrodeposition to 30, 60 and 90 s. The
working electrodes were finally detached followed by cleaning
with distilled water and drying in air for 1 h. All the experiments
were performed under a N, atmosphere.

Preparation of the Cu-m/Cu-W/M(OH), (M = Ni, Co) electrode

For electrodeposition of only Ni(OH), or Co(OH), on the Cu-W
electrode, the above procedure was followed but in solutions
containing either NiSO,-7H,0 or CoSO,-7H,0.

Preparation of CFP/NiFe-LDH

CFP/NiFe-LDH was prepared by electrochemical deposition
using CFP as the working electrode, Pt wire as the counter
electrode and Ag/AgCl (3 M KClI) as the reference electrode in an
aqueous electrolyte containing 3 mM Ni(NOj3),-6H,0 and 3 mM
Fe(NO3);3-9H,0. The electrodeposition was carried outat —1.6 V
for 100 s in potentiostatic mode until the electrode surface
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turned yellowish accompanied by incessant generation of H,
bubbles. Finally, the working electrodes were removed followed
by cleaning with distilled water and drying in air for 1 h.

Preparation of IrO,

The synthesis protocol of IrO, was adapted from a literature
report.** An aqueous solution was prepared by adding 50 ml
K,IrClg (0.2 mmol) to another aqueous solution of 0.16 g Cs-
H;Na;0;-2H,0 (0.63 mmol). The solution pH was adjusted to
7.5 by repeatedly adding a 0.25 M NaOH solution at room
temperature followed by repeated heating under stirring at
95 °C for 30 min. The centrifuged and dried product was finally
calcined in air at 400 °C for 30 min.

Preparation of Cu-m/Cu-W/NiMo-catalyst and CFP/NiMo-
catalyst electrodes

A bimetallic NiMo catalyst was electrodeposited onto Cu-m/Cu-
W or CFP substrates in a galvanostatic mode from an electro-
lytic bath comprising Ni(SO,), (0.017 M), Na;CsH505 (0.016 M),
(NH,4)§M0,0,4 (0.36 mM) and NaCl (0.28 M).” A 27 wt% aqueous
NH; solution was added to adjust the pH to 9.5. The electro-
deposition was performed in an electrochemical cell with a CFP
or Cu-m/Cu-W working electrode, Pt wire counter electrode and
Ag/AgCl (3 M KCl) reference electrode at a constant cathodic
current density of —100 mA cm ™2 for 3600 s. A uniform dark-
gray film coated on the surface of the working electrode was
obtained with simultaneous generation of bubbles. The elec-
trodes were washed multiple times with DI water and absolute
ethanol before drying at 60 °C for 30 min. The final catalyst
loading was determined to be 4 mg cm™~> by weighing the dried
electrode.

Preparation of Cu-m/Cu-W/NiMn-LDH and CFP/NiMn-LDH
electrodes

NiMn-LDH was prepared by a similar electrochemical deposi-
tion method in an aqueous electrolyte containing equal
volumes of 0.04 M NiCl,-6H,O and 0.04 M MnCl,-4H,O0 in
addition to 0.04 M NH,Cl. Electrodeposition was carried out at
—1.2 V for 60 s in potentiostatic mode until the electrode
surface turned black with incessant generation of H, bubbles.
Finally, the working electrode was cleaned with distilled water
and dried in air for 1 h.

Preparation of Cu-m/Cu-W/NiCr-LDH and CFP/NiCr-LDH
electrodes

The above electrodeposition procedure was followed but with
a different electrolyte containing equal volumes of 0.04 M
CrCl;-6H,0 and 0.04 mM NiCl,-6H,0 along with 0.04 M NH,CI.
The electrodeposition was carried out at —1.5 V for 360 s. The
working electrode was similarly obtained by cleaning and
drying in air for 1 h.

Preparation of Ni-foam/Ni-W/NiCo-LDH electrodes

Nickel hydroxide nanowires were synthesized on top of Ni foam
according to a literature report.*® Briefly, nickel foam was first
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cleaned with an acid, deionized water and acetone followed by
introducing it into a 4 mol L™" NaOH solution and heating at
60 °C for 12 h under sealed conditions. The product was washed
with deionized water. After drying, the electrode was reduced to
obtain metallic Ni followed by electrodeposition of NiCo-LDH
for 60 s. The electrode was washed and dried for further use.

Physical characterization

A Rigaku (mini flex II, Japan) powder X-ray diffractometer with
Cu Ko radiation was used for PXRD measurements. While a Carl
Zeiss SUPRA 55VP was used for recording the FESEM images, an
Oxford Instruments X-Max system with INCA software was used
for the EDX spectra. TEM images were recorded with an iso-
propanol dispersion of the samples drop-cast on carbon coated
Cu-based grids (Ted Pella, Inc., 300 mesh Cu) using a JEOL,
JEM-2100F microscope with a 200 kV electron source at the DST-
FIST facility, IISER Kolkata. The TEM image of Cu-m/Cu-Ws was
recorded directly with a sliced substrate. XPS studies were
carried out by mounting the samples on copper stubs with silver
paste in a commercial photoelectron spectrometer PHI 5000
Versa Probell, FEI Inc using an Al Ko (1486.6 eV) excitation
source. The acquired data were background-corrected by the
Shirley method, and the peaks were fitted using Fityk software,
with Voigt peaks having 80% Gaussian and 20% Lorentzian
components. All the data were corrected with respect to C 1s
spectra. GC measurements were conducted using an Agilent
7890B (G3440B) instrument, IACS Kolkata.

Electrochemical measurements

All electrochemical tests were carried out using a Biologic VSP-
300 electrochemical workstation. The electrochemical HER
performance and Cy; were determined in a conventional three
electrode electrochemical cell and the overall water splitting test
was performed in a two-electrode system in 1 M KOH. Cu-m/Cu-
Ws or CFP was used as the working electrode, and platinum
wire and Ag/AgCl (3 M KCl) served as the counter and reference
electrodes, respectively. Graphite rod was also used as the
counter electrode. CFP/IrO, electrodes were prepared by
dispersing 4 mg of the catalyst into 500 pl ethanol containing
a 20 ul 5% Nafion solution and sonicated for 60 min. 100 pl of
this catalyst ink was drop-cast on a 0.5 x 0.6 cm” area of CFP
and left to dry in air. The catalyst loading of CFP/40 wt% Pt/C
was maintained the same as that of NiCo-LDH on Cu-m/Cu-W
electrodes. The best performing electrode prepared with
a 60 s deposition time has a loading of 1 mg cm™> calculated
from the weight difference of the Cu-m/Cu-W electrode before
and after electrodeposition of NiCo-LDH. The current density
was calculated considering the working surface area from
a single side of the electrodes. All the potentials in the three-
electrode measurements were 85% iR-corrected to compen-
sate the effect of solution resistance unless specified and cali-
brated to the reversible hydrogen electrode (RHE). Before
recording the electrochemical activity, all the working elec-
trodes were saturated by 20 cyclic voltammetry (CV) scans at
a scan rate of 200 mV s~ . LSV measurements were conducted at
10 mV s~ " in order to minimize the capacitive current and to

This journal is © The Royal Society of Chemistry 2020
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maintain steady-state behavior. EIS studies were performed
between 1 MHz and 10 mHz at a fixed potential of —1.15 V and
—0.4 Vs. Ag/AgClin 1 M KOH and 0.5 M H,SO,, respectively, to
compare Rcor in the faradaic region since Rgr is inversely
proportional to the rate of charge transfer. Faradaic efficiency
was measured by using the eudiometric method in an air-tight
vessel. Cq; was obtained by collecting CV scans at 10, 15, 20, 25
and 30 mV s~ ' in the non-faradaic region (0 to 0.1 V vs. Ag/
AgCl).”” GC measurements were conducted at a potential of
—1.8 V vs. Ag/AgCl in 1 M KOH in the typical 3 electrode
configuration.

DFT calculations

The electronic structure of bulk Cu-m and one-dimensional Cu-
Ws was investigated theoretically based on DFT formalism in
the Wien2k code and GGA was used to adapt the electron
exchange correlation. The cut-off parameter was Ryt X Kmax =
7, where Knax represents the maximum value of the reciprocal
lattice vector in the plane wave expansion and Ryr is the
smallest atomic sphere radii of all atomic spheres. Cu-m has the
space group Fm3m and Wyckoff positions (0,0,0). Cu-Ws were
formed by the supercell method where the desired Cu-Cu
distance was maintained at 10 A along the x- and y-axis for
discontinuing the atomic wave function in order to break the
crystal symmetry along the x and y directions.*® The optimized
lattice parameter for bulk Cu-m is 3.593 A whereas in Cu-W, a P
cell was created with a small ¢ (=3.593 A) and comparatively
larger a (=b). The number of k-points for the bulk structure of
Cu-m used in the irreducible part of the Brillouin zone was
3000. In the case of Cu-m, 343 k-points were generated with
a division of 14 x 14 x 14 and for Cu-Ws, 225 k-points were
generated with grid dimensions 7 x 7 x 18. The convergences
of the total energy for both the structures in the self-consistent
DFT calculations were maintained at 0.00001 Ry.
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