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A facile approach to high-performance
trifunctional electrocatalysts by substrate-
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Trifunctional electrocatalysts for the oxygen reduction reaction (ORR), oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER) are crucial for many electrochemical devices. Herein, novel tri-
functional electrocatalysts of a hierarchically-structured Pt/NiO/Ni/CNT with ultrasmall Pt nanoparticles
(~2 nm) were synthesized via substrate-enhanced electroless deposition. The resulting catalysts exhibited
a higher ORR activity (half-wave potential at 0.942 V) than that of the benchmark commercial Pt/C
(20 wt%) and a similar OER activity (overpotential of 350 mV at 10 mA cm™) to that of RuO, in alkaline
media. Moreover, the newly-developed Pt/NiO/Ni/CNT catalysts also showed a high mass activity superior
to Pt/C towards the HER in both acid and alkaline electrolytes. The Pt/NiO/Ni/CNT catalysts, when used
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connected into series, displayed superb performance with 1.61 V at 10 mA cm™2. This work represents a
breakthrough in the development of facile approaches to trifunctional catalysts from low-cost Earth-
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Introduction

Renewable energy technologies, including metal-air batteries,'™
water splitting cells*® and fuel cells,® are essential to mitigate the
current energy and environmental crises.” "' The oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER)
are the heart of Zn-air batteries while the OER and hydrogen
evolution reaction (HER) are necessary for water splitting.'***
However, all of the three aforementioned reactions require cata-
lysts. Commercial Pt/C is highly efficient for the ORR and
HER,""'® and Ru- or Ir-based catalysts (RuO,, IrO,, Ir/C, etc.) are
typically used for the OER. However, the scarce and high cost of
noble metals have prevented these electrocatalysts from large-
scale applications."”'® To facilitate the development of renew-
able energy devices and their integrated systems, it is highly
desirable to devise ORR/OER/HER trifunctional electrocatalysts
from Earth-abundant materials at low cost.
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abundant materials for efficient energy conversion and storage.

Platinum (Pt) has long been known as the best ORR cata-
lyst,” though expensive. In order to reduce the usage of Pt, the
PtNi catalyst was identified as a promising alternative for the
ORR,*** which has attracted a great deal of interest.”* >
Fortunately, certain PtNi-based catalysts were also demon-
strated to exhibit considerable OER activities. Specifically,
Ding et al.>® reported an onset potential (Eypge) Of ~1.52 V and
an overpotential at 10 mA cm ™2 (i14) of 0.4 V for Ni,; ¢Pt wires
while the observed outstanding OER activity was attributed to
the synergetic effect between the small content of the Pt
dopant and the nickel matrix, coupled with the rough and tip-
like structures. On the other hand, Zhang et al.*” reported an
ORR and OER bifunctional electrocatalyst based on PtNi on
carbon (PtNi/C), and attributed the improved OER activity to a
synergistic effect between the intrinsic activity of Ni and excel-
lent conductivity of Pt. HER electrocatalysts based on NiPt
hybrids have also been reported. Examples include Ni(OH), on
Pt*® and NiO on PtNi-0.2° However, as far as we are aware, the
ORR/OER/HER trifunctional electrocatalyst based on the NiPt
hybrid has not been reported so far.

In this study, we have, for the first time, synthesized carbon
nanotube (CNT)-supported Pt/NiO/Ni (Pt/NiO/Ni/CNT) hybrid
electrocatalysts by inter-dispersed NiO and Ni onto the CNT
through substrate-enhanced electroless deposition (SEED),***
followed by calcination under an Ar/H, (v/v 50:10) atmo-
sphere, and then decorated NiO/Ni/CNTs with ultrasmall Pt
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nanoparticles (NPs, ~2 nm) by a galvanic displacement reac-
tion. The hierarchically structured Pt/NiO/Ni/CNT electrocata-
lysts thus prepared possessed a large number of active sites,
including Pt-Ni interfaces, NiO/Ni surfaces and selectively
exposed Pt (111) facets, for the ORR, OER and HER.
Consequently, the resulting Pt/NiO/Ni/CNT hybrid electrocata-
lysts exhibited excellent performance for the ORR, OER and
HER - similar to the benchmark RuO, for the OER, and even
superior to the commercial Pt/C for the ORR and HER in an
alkaline medium. Furthermore, two Zn-air batteries based on
the Pt/NiO/Ni/CNT air electrode for the ORR and OER could
successfully self-power an overall water splitting process using
the same Pt/NiO/Ni/CNT electrocatalyst for the OER and HER,
demonstrating great potential for practical applications. This
work reports the first NiPt hybrid with a low Pt loading for
ORR/OER/HER trifunctional electrolysis in Zn-air batteries
and water splitting processes, providing a facile approach to
trifunctional catalysts from low-cost earth-abundant materials
for efficient energy conversion and storage.

Results and discussion
Synthesis and characterization

Fig. 1 schematically shows the procedure for preparing Pt/NiO/
Ni/CNT catalysts: Ni was first deposited on CNTs through a gal-
vanic displacement reaction between Ni** and Zn substrates by
SEED.?***! During the SEED process, Ni(OH), also formed due
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to a pH increase caused by the galvanic displacement between
H' and Zn (ESI, Fig. S17). After sonication and drying in air at
70 °C, we then obtained the Ni(OH),/Ni/CNT powder with Ni
and Ni(OH), particles supported by CNTs, along with some
ZnO impurities (Fig. 1a). Thereafter, the Ni(OH),/Ni/CNT
powder was converted into NiO/Ni/CNTs by annealing at
950 °C under an Ar/H, atmosphere, which was accompanied
by the removal of ZnO (Fig. 1b and c). By stirring the powdered
NiO/Ni/CNTs in aqueous solutions of K,PtCls with different
concentrations of 15.4, 30.8 and 61.5 pmol L™, we finally
obtained Pt/NiO/Ni/CNT-1, Pt/NiO/Ni/CNT-2 and Pt/NiO/Ni/
CNT-3 (Fig. 1d), respectively, for subsequent electrocatalysis
(Fig. 1e). Details for all the reactions involved in this process
could be found in the ESL{

As shown in Fig. 2a, the X-ray diffraction (XRD) patterns of
Ni(OH),/Ni/CNTs exhibited a typical face-centered cubic struc-
ture (fcc) of Ni (JCPDS no. 04-0850), indicating that Ni was suc-
cessfully deposited on CNTs. Some weak peaks from Ni(OH),/
Ni/CNTs indicated the presence of ZnO (JCPDS no. 36-1451)
and Ni(OH),-0.75H,0 (JCPDS no. 38-0715). The peaks of ZnO
disappeared in NiO/Ni/CNTs due to the removal of ZnO after
thermal annealing. It was worth noting that no NiO peak was
observed, suggesting the amorphous state of NiO in NiO/Ni/
CNTs, as also evidenced by a high-resolution transmission
electron microscopy (HRTEM) image and X-ray photoelectron
spectra (XPS) - see below. Although no distinct Pt peak was
observed in the XRD patterns for the Pt/NiO/Ni/CNT catalysts
(Fig. 2a and S2at), the Ni (111) peaks shifted towards Pt (111)

(b)

Sonicate Annealing
Drying Ar/H,
(d) |
NI NiO/NIi/CNTs
Application Stirring
in K,PtCI,

[PtCIJ>
Pt/NiO/NI/CNTs

Fig. 1 Schematic representation of the synthetic process. (a) Deposition of Ni and Ni(OH), onto CNTs supported by a Zn plate via SEED. (b)
Powdered Ni(OH),/Ni/CNTs were obtained after sonication and drying. (c) Ni(OH),/Ni/CNTs were converted into NiO/Ni/CNTs by annealing in Ar/H,
at 950 °C. (d) Ultrasmall Pt NPs were decorated on the NiO/Ni/CNTs by the galvanic displacement reaction to obtain the Pt/NiO/Ni/CNT catalyst. (e)
The resulting Pt/NiO/Ni/CNT catalyst was used as an OER/HER bifunctional catalyst for overall water splitting, which was powered by two Zn-air
batteries using the same Pt/NiO/Ni/CNT catalyst as the air electrode for the ORR and OER.
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Fig. 2 (a) XRD patterns of CNTs, Ni(OH),/Ni/CNTs, NiO/Ni/CNTs and Pt/NiO/Ni/CNT-3 (the peaks for Ni(OH),-0.75H,0 (#), ZnO (&) and Ni (¢)
were marked). TEM images of (b) CNTs, (c) Ni(OH),/Ni/CNTs, (d) NiO/Ni/CNTs and (e) Pt/NiO/Ni/CNT-3. (f) Representative HRTEM image of Pt/NiO/
Ni/CNT-3, and the typical Pt NPs are highlighted with red dotted circles. (g) HAADF-STEM image of a single NP of Pt/NiO/Ni/CNT-3. STEM-elemen-
tal mappings of (h) Ni and (i) Pt corresponding to (g). The scale bars in (h) and (i) are 20 nm.

by 0.014°, 0.028° and 0.042° in Pt/NiO/Ni/CNT-1, Pt/NiO/Ni/
CNT-2 and Pt/NiO/Ni/CNT-3 (ESI, Fig. S2bt), respectively.
These much weaker shifts than those for previously reported
PtNi alloys®*?*?? indicate a relatively weak alloying effect
between Pt and Ni in this particular case.

Fig. 2b shows a typical transmission electron microscopy
(TEM) image for the CNTs. The Raman spectra of the acid-
treated CNTs exhibit a stronger D band than G band (ESI,
Fig. S3t), indicating some defects induced by an acid. Upon
performing the SEED of Ni and Ni(OH),, NPs formed on CNTSs
(Fig. 2c). After thermal annealing, some relatively big nano-
spheres formed on CNTs, as shown in the TEM (Fig. 2d) and
scanning electron microscopy (SEM) images of NiO/Ni/CNTs
(ESI, Fig. S4at). Pt decoration did not cause any obvious mor-
phological change (Fig. 2e and S3 in the ESIT), and no obvious
particle size change either (ESI, Fig. S41), suggesting a rather
limited Pt loading as small NPs. As shown in HRTEM (Fig. 2f),
the lattices with a d-spacing of 3.27 + 0.01 A and 2.03 + 0.02 A
are associated with CNTs and Ni (111) facets, respectively. The
amorphous scattered fringes around the Ni nanocrystal (i.e.,
enclosed by the white dashed line) indicate the formation of

This journal is © The Royal Society of Chemistry 2020

amorphous NiO, which was also verified by XPS below. The
presence of scattered amorphous NiO on the Ni crystal surface
could accelerate the OER and HER in alkaline (vide infra)
media. The ultrasmall NPs (~2 nm) highlighted by red dotted
circles are typical Pt (111) facets with a spacing of 2.26 =
0.01 A, which have been proved to be more active than the
(100) facet®*® and are attractive for the ORR and HER. The
smaller size of Pt NPs in Pt/NiO/Ni/CNT-3 than that in com-
mercial Pt/C (20 wt%, Fig. S5 in the ESIf) is beneficial for
exposing more Pt active sites for the ORR and HER at a constant
Pt loading. The precise loading of Pt in Pt/NiO/Ni/CNTs deter-
mined using an inductively coupled plasma-optical emission
spectrometer (ICP-OES, Table S1 in the ESI}) is lower than
4 wt%. As expected, the corresponding high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM)
image and STEM-elemental mappings (Fig. 2g-i) for Pt/NiO/Ni/
CNT-3 show the co-existence of Pt and Ni.

The elemental compositions and surface chemical states of
NiO/Ni/CNTs and Pt/NiO/Ni/CNTs were investigated by XPS.
Fig. 3a reproduces the XPS survey spectra, which show the
presence of Ni, O and C in NiO/Ni/CNTs, and Ni, Pt, O and C
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Fig. 3 (a) XPS spectra of NiO/Ni/CNTs, Pt/NiO/Ni/CNTs and commercial Pt/C. High-resolution XPS spectra of (b) Ni 2p, (c) O 1s, and (d) Pt 4f.

in Pt/NiO/Ni/CNTs. Compared with the commercial Pt/C, Pt/
NiO/Ni/CNTs exhibited a much weaker Pt peak, relative to the
corresponding C peak (Fig. 3a). Due to the limited detection
depth of XPS, the mass contents of all the elements calculated
from XPS (ESI, Table S21) show some differences from the
ICP-OES results (ESI, Table S17). Nevertheless, Tables S1 and
S21 show that the mass contents of Pt in Pt/NiO/Ni/CNTs are
much lower than that in the commercial Pt/C. The high-resolu-
tion XPS Ni 2p spectra (Fig. 3b) show peaks at 870.2 eV and
852.8 eV corresponding to Ni 2p,/, and Ni 2ps,, respectively.®”
The peaks at 873.7 eV (2py) and 855.6 eV (2ps)*%*° are
arising from NiO. The high-resolution XPS O 1s spectra
(Fig. 3c) display the peak for the Ni-O bond (529.9 eV)*° associ-
ated with NiO in NiO/Ni/CNTs and Pt/NiO/Ni/CNTs, along with
other peaks for the C-O bond (O-2 at 532.4 + 0.2 eV: C=O0 in
esters, amides, anhydrides and lactones, and C-O in phenols
and esters; O-3 at 533.5 + 0.1 eV: ester C-O in COOR/(C=O0)-
0-(C=0))*'"*? attributable to CNTs (ESI, Fig. S61). The high-
resolution XPS Pt 4f spectra in Fig. 3d show that the Pt° peaks
for Pt/NiO/Ni/CNTs are at much higher binding energies than
those of the commercial Pt/C (Pt°4f7/2 (70.9 eV) and Pt°4f5/2
(74.2 eV)),** and increasingly shift to higher binding energies

14618 | Nanoscale, 2020, 12, 14615-14625

(ESIL, Table S3f) with increasing Pt loading. These modifi-
cations in the Pt electronic structure are beneficial for deso-
rbing oxygen intermediates on Pt to minimize the ORR
overpotential.*>*®

ORR and OER performance

To investigate the well-characterized Pt/NiO/Ni/CNTs for
electrocatalytic energy conversion and storage, we performed
the linear sweep voltammetry (LSV) study. Fig. 4a shows LSV
curves obtained in O,-saturated 0.1 M KOH. As can be seen, Pt/
NiO/Ni/CNT-3 with a low Pt loading (8.15 pg cm™>) exhibited
an Egngee of 1.06 V and a half-wave potential (E;,,) of 0.942 V,
outperforming commercial 20 wt% Pt/C (50.96 pg cm™2) by 30
and 64 mV, respectively. For comparison, the Egnser, E1/2 and
limiting diffusion current density () for all catalysts tested in
this study are shown in Fig. S7a (ESI}). To better understand
the ORR kinetics of Pt/NiO/Ni/CNTs, mass-corrected Tafel
plots were obtained, as shown in Fig. S7b (ESIf). The Tafel
plots of the Pt/NiO/Ni/CNTs show slightly lower slopes
(72-74 mV dec™) than that of Pt/C (78 mV dec™"), verifying
that Pt/NiO/Ni/CNTs have good kinetics for the ORR due poss-
ibly to the unique electronic and surface structures of the Pt

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) LSV curves of Pt/NiO/Ni/CNTs, NiO/Ni/CNTs and the commercial Pt/C (scan rate 10 mV s™) for the ORR at 1600 rpm in O,-saturated 0.1
M KOH. The potential at 0.1 mA cm~2 was defined as Eonset- (b) Transferred electron number per oxygen molecule and H,O, yield calculated from
the RRDE curves for Pt/NiO/Ni/CNTs. The inset shows the corresponding RRDE curves. (c) ORR durability curves of Pt/NiO/Ni/CNTs and commercial
Pt/C for 10000 s at 0.6 V. (d) LSV curves of Pt/NiO/Ni/CNTs and RuO, (scan rate of 10 mV s™) with iR-compensation for the OER at 1600 rpm in
O,-saturated 0.1 M KOH. The potential at 1 mA cm™2 was defined as Eonset. (€) Tafel plots corresponding to (d). (f) Chronoamperometric curves (i—t)
of Pt/NiO/Ni/CNTs for the OER at the potential where the initial current density is 10 mA cm~2.

nanoparticles in Pt/NiO/Ni/CNTs to facilitate the adsorption/
desorption of oxygen intermediates. Fig. S8 (ESIf) shows the
corresponding CV curves, which are closely related to electro-
chemical surface areas (ECSA), determined by hydrogen under-
potential deposition (Hypp) in Ny-saturated 0.1 M HClO,.*”
Due to the low Pt loading and the weak alloying effect between
the Ni and Pt (111) facets, Pt/NiO/Ni/CNTs exhibited a weaker
intensity and smoother Pt-H oxidation bump (marked with
the grey dashed rectangle in Fig. S81)*” than those of Pt/C.**
The ECSAs and area-specific kinetic current densities (Jarea) Of
the ORR for Pt/NiO/Ni/CNTs and Pt/C are listed in Table S4
(ESIY), in which the J.e, of Pt/NiO/Ni/CNT-3 exceeds that of
the commercial Pt/C by a factor of 4.75. Also, the ORR activities
are normalized by Pt mass to obtain the mass-specific ORR
kinetic current density (Jimass) at 0.9 V (ESI, Fig. S9t). The Jiass
of Pt/NiO/Ni/CNT-3 manifests an enhancement factor of 36.9
compared with Pt/C. The observed ORR performance for Pt/
NiO/Ni/CNT-3 is also superior to most reported catalysts, as
shown in Table S5 (ESIf). The LSV measurements were per-
formed at the rotating speeds ranging from 1600 rpm to 400
rpm (ESI, Fig. S10a-dt), from which the linear Koutecy-Levich
plots were obtained, indicating the first-order reaction kinetics
in terms of the dissolved O,.*® The rotating ring-disk electrode
(RRDE) measurements (Fig. 4b) were also carried out to reveal

This journal is © The Royal Society of Chemistry 2020

a transferred electron number of 3.93-3.95 and a peroxide
yield of 2.5-3.4% at 0.6 V for Pt/NiO/Ni/CNTs, demonstrating a
high ORR selectivity via a four-electron pathway. Fig. 4c shows
chronoamperometric curves for Pt/NiO/Ni/CNT-1, Pt/NiO/Ni/
CNT-2, and Pt/NiO/Ni/CNT-3, which reveal excellent dura-
bilities with a 95.0%, 93.8% and 95.3%, respectively, retention
of the initial current densities after 10 000 s. These values are
higher than that of the commercial Pt/C (83.0%), indicating an
enhanced stability for Pt in the presence of NiO/Ni due poss-
ibly to the aforementioned optimization of the electronic struc-
ture and adsorption energy. The decent ORR performance of
Pt/NiO/Ni/CNTs is attributable to the following three factors:
(1) the proper electronic structure of Pt modified by Ni; (2) the
preferential exposure of the Pt (111) facet; and (3) the good
electric conductivity of CNTs.

Fig. 4d shows LSV curves of Pt/NiO/Ni/CNTs for the OER in
0.1 M KOH. As can be seen, both Pt/NiO/Ni/CNT-1 and Pt/NiO/
Ni/CNT-2 exhibited a lower E,ps¢ (1.55 V and 1.57 V, respect-
ively) than that of NiO/Ni/CNTSs (E,nsec Of 1.59 V). Furthermore,
Pt/NiO/Ni/CNT-1 exhibited an overpotential at 10 mA em™> (1730
= 350 mV) close to that of the benchmark RuO, (193.5 pggy

m~>, n10 = 340 mV), along with a low Tafel slope of 33 mV
dec™ (Fig. 4e) compared to RuO, (54 mV dec™') and NiO/Ni/
CNTs (53 mV dec™'). The high OER activity for Pt/NiO/Ni/

Nanoscale, 2020, 12, 14615-14625 | 14619
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CNT-1 is also evidenced by its high turnover frequency for Ni
(TOFy;) and Pt (TOFp,). As shown in Fig. S11 (ESI}), the TOFy;
value of 0.06 O, s~ for Pt/NiO/Ni/CNT-1 is superior to those of
Pt/NiO/Ni/CNT-2 (0.01 O, s~"), Pt/NiO/Ni/CNT-3 (0.002 O, s ')
and NiO/Ni/CNTs (0.004 O, s™'); while the TOFp, value of 0.02
0, s~ for Pt/NiO/Ni/CNT-1 is also higher than those of Pt/NiO/
Ni/CNT-2 (0.003 O, s™') and Pt/NiO/Ni/CNT-3 (2.7 x 10~*
0, s7"). These results indicate that a low content of Pt is ben-
eficial for improving OER kinetics for both Ni and Pt active
sites, due probably to more balanced energies for the adsorp-
tion/desorption of oxygen. Fig. 4f shows good durabilities for
Pt/NiO/Ni/CNTs with >95% current retentions after 10 h.

HER performance in acid and alkaline media

Using a graphite rod as the counter electrode (CE), we have
also evaluated the HER activities for the Pt/NiO/Ni/CNTs, NiO/
Ni/CNTs, and commercial Pt/C in acid (N,-saturated 0.5 M
H,SO,) and alkaline (N,-saturated 0.1 M KOH) media. As
shown in Fig. 5a, Pt/NiO/Ni/CNTs exhibited a similar or even
more positive E,nser compared to commercial Pt/C in the acid
medium. The Tafel slope of Pt/C (31 mV dec™", Fig. 5b) is in
good agreement with that previously reported.**> Pt/NiO/Ni/
CNTs showed Tafel slopes similar to that of Pt/C, indicating
that the Tafel step (2M — Haqs = 2 M + H,) is the rate-deter-
mining one for these catalysts.”">> Compared to Pt/C, Pt/NiO/
Ni/CNT-1 and Pt/NiO/Ni/CNT-3 showed a factor of 3.95 and
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1.08, respectively, improved Jass at the overpotential of 50 mV
(Jy=s0) (Fig. 5c). However, Fig. S12a (ESIf) shows a better
charge transfer capability for Pt/C than Pt/NiO/Ni/CNTs. Thus,
the high J.ss Observed for Pt/NiO/Ni/CNTs with a low Pt
loading is mainly attributable to the ultrasmall size and well
dispersion of the Pt NPs to provide numerous active sites for
hydrogen intermediate adsorption.

Fig. 5d shows the LSV curves measured in the alkaline
medium, in which 7, for Pt/NiO/Ni/CNT-1, Pt/NiO/Ni/CNT-2,
Pt/NiO/Ni/CNT-3, and commercial Pt/C are 125 mV, 129 mV,
117 mV, and 97 mV, respectively. The good HER Kkinetics are
also indicated by the low Tafel slopes for Pt/NiO/Ni/CNTS. Jiass
at the overpotential of J,-s, for Pt/NiO/Ni/CNTs and Pt/C are
given in Fig. 5f, which shows about 8.8-, 11.5- and 5.4-fold
enhancements for Pt/NiO/Ni/CNT-1, Pt/NiO/Ni/CNT-2 and Pt/
NiO/Ni/CNT-3, respectively, compared with that of Pt/C.
However, Fig. S12b (ESI}) shows a weaker electron transfer
capability for Pt/NiO/Ni/CNTs than that of Pt/C. Even in the
alkaline medium, the excellent HER activities of Pt/NiO/Ni/
CNTs with a low content of Pt can be attributed, once again, to
the unique electronic structure and balanced adsorption/de-
sorption energies. Specifically, the homogeneous dispersion of
Pt NPs on Ni nanospheres created numerous active sites to
effectively adsorb the hydrogen intermediate while the large-
scale exposure of the NiO/Ni surface facilitated the capture of
OH™ from H,O to accelerate the dissociation of H,O.
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Fig. 5 (a) LSV curves and (b) the corresponding Tafel plots of Pt/NiO/Ni/CNTs, NiO/Ni/CNTs and commercial Pt/C for the HER with iR-compen-
sation in N>-saturated 0.5 M H,SO4 at 1600 rpm. () Jmass at J,=s0 in Nx-saturated 0.5 M H,SO4. (d) LSV curves and (e) Tafel plots of Pt/NiO/Ni/CNTs,
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The above results indicate that Pt/NiO/Ni/CNTs are highly
active electrocatalysts for the HER in both acid and alkaline
media. Table S6 (ESIf) summarizes the ORR, OER and HER
performance for Pt/NiO/Ni/CNTs with a low Pt loading in com-
parison with various trifunctional electrocatalysts previously
reported. Unlike single active sites in other electrocatalysts,
multiple active sites (Pt, NiO and Ni) are efficiently exposed
and utilized in Pt/NiO/Ni/CNTs. Moreover, these active sites
have synergistic effects to further promote electrocatalytic per-
formance. Also, the use of CNTs as the substrate can ensure
efficient electron transport. The electrocatalytic performance
indicates that the Pt/NiO/Ni/CNTs are a class of highly efficient
trifunctional electrocatalysts of practical significance.

Zn-air batteries and water splitting performance

To demonstrate potential applications of Pt/NiO/Ni/CNTs as
ORR/OER/HER trifunctional electrocatalysts, we devised an
integrated water splitting system with the Pt/NiO/Ni/CNT as a
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bifunctional electrocatalyst for the OER and HER self-powered
by Zn-air batteries based on the same Pt/NiO/Ni/CNT as the
air cathode for the ORR and OER. Fig. 6a shows the cell struc-
ture of a primary Zn-air battery with 6 M KOH as the electro-
Iyte. As can be seen in Fig. 6b, all the Zn-air batteries com-
posed of the Pt/NiO/Ni/CNT cathode exhibited a higher peak
power density than that of its counterpart with the Pt/C +
RuO, (mass ratio of 1:3, 90 mW cm™?) mixture cathode.
Specifically, Zn-air batteries based on the Pt/NiO/Ni/CNT-1, Pt/
NiO/Ni/CNT-2 and Pt/NiO/Ni/CNT-3 air cathodes showed
power densities of 128.3, 158.6 and 166.9 mW cm™?, respect-
ively, with an open circuit voltage (OCV) of 1.52 V (Fig. 6b
and c). After normalizing to the weight of the consumed zinc
electrode (ESI, Fig. S13t), the Pt/NiO/Ni/CNT-3 based Zn-air
battery showed specific capacities of 708.2 mA h g™* at 10 mA
cm™2, even higher than that of its counterpart based on the Pt/
C + RuO, cathode. Furthermore, no obvious voltage drop was
observed over 40 h continuous operation (Fig. 6d), indicating a
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Fig. 6 (a) Schematic illustration of a primary Zn-air battery. (b) Discharge polarization curves and power density curves from the primary Zn-air
batteries with Pt/NiO/Ni/CNTs or Pt/C + RuO; as the air catalyst. (c) The photograph for the OCV of the primary Zn-air battery measured using a

multimeter. (d) Discharge curves of the primary Zn—air battery with Pt/NiO/Ni/CNTs as the air electrode at 10 mA cm

~2. The pulse-like voltage

changes correspond to the replacement of the Zn plate. (e) Galvanostatic discharge—charge cycling performance of the rechargeable Zn-air bat-
teries using Pt/NiO/Ni/CNTs or Pt/C + RuO, as the air electrode at 10 mA cm™2. (f) A typical photograph for a blue LED light (~1.8 V) being lighted
up by two Zn-air batteries in series. (g) Schematic illustration of an electrochemical cell for overall water splitting. (h) The LSV curve and corres-
ponding stability profile at 1.61 V for 10 h (inset) for overall water splitting catalyzed by Pt/NiO/Ni/CNT-3 in 1 M KOH. (i) A typical photograph of the
Pt/NiO/Ni/CNT-3||Pt/NiO/Ni/CNT-3 water-splitting cell powered by two Zn-air batteries in series using Pt/NiO/Ni/CNT-3 as the air electrode (the
insets show H, and O, generated on the Pt/NiO/Ni/CNT-3 cathode and anode, respectively).
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remarkable durability for Pt/NiO/Ni/CNTs toward the ORR in
the primary Zn-air battery.

To evaluate the feasibility of Pt/NiO/Ni/CNTs as an ORR/
OER bifunctional air-electrode, a rechargeable Zn-air battery
based on the Pt/NiO/Ni/CNT-3 cathode was cycled at 10 mA
em ™2 for 72 h, which showed an initial charge potential of 1.86
V and a discharge potential of 1.21 V with a smaller voltage
gap of 0.65 V and a higher round-trip efficiency of 73.3% than
those of its counterpart based on the Pt/C + RuO, cathode
(Fig. 6e). As can also be seen in Fig. 6e, Zn-air batteries based
on all the Pt/NiO/Ni/CNT cathodes showed an increase in the
charge potential with increasing cycle number due, most prob-
ably, to the formation of Ni(OH), or NiOOH during prolonged
cycling.>®**** Compared with the Pt/C + RuO, cathode, the
discharge potential for the Pt/NiO/Ni/CNTs was relatively
stable and remained to be 1.10 V over 72 h cycling, indicating
a good cycling stability. As shown in Fig. 6f, a blue light emit-
ting diode (LED, ~1.8 V) was lighted up by two rechargeable
Zn-air batteries based on the Pt/NiO/Ni/CNT-3 cathode con-
nected in series, demonstrating its potential for practical
applications.

Fig. 6g schematically shows a water splitting system with
both the cathode and anode based on Pt/NiO/Ni/CNT-3 as an
OER/HER bifunctional electrocatalyst. As can be seen in
Fig. 6h, the Pt/NiO/Ni/CNT-3||Pt/NiO/Ni/CNT-3 water splitting
cell displayed a potential of 1.61 V at 10 mA cm?, which is
more active than most other water-splitting electrocatalysts
recently reported (ESI, Table S71). The inset of Fig. 6h shows
the chronoamperometric curve at 1.61 V, indicating a good
stability with a current retention of 97.98% after 10 h continu-
ous operation. Finally, Fig. 6i shows a photograph of an inte-
grated overall water splitting system self-powered by two Zn-air
batteries in series, in which Pt/NiO/Ni/CNT-3 was used as a tri-
functional electrocatalyst for the ORR and OER in the Zn-air
batteries as well as the OER and HER for water splitting. As
shown in the inset of Fig. 6i and Movie S1 (ESIf), H, and O,
bubbles are obviously generated on the two electrodes, indicat-
ing the successful operation of this integrated and self-
powered overall water splitting system.

Conclusions

In summary, we have used the SEED method to successfully
synthesize the first hierarchically structured Pt/NiO/Ni/CNTs
with a low loading of ultrasmall Pt NPs (~2 nm) and preferen-
tially exposed (111) facets for the efficient ORR, OER and HER.
The resulting catalysts also exhibited a higher ORR activity
(half-wave potential at 0.942 V) than that of the benchmark
commercial Pt/C (20 wt%) and a similar OER activity (overpo-
tential of 350 mV at 10 mA cm™?) to that of RuO, in alkaline
media. Moreover, the newly-developed Pt/NiO/Ni/CNT catalysts
also showed a high mass activity superior to Pt/C towards the
HER in both acid and alkaline electrolytes. A rechargeable Zn-
air battery composed of the Pt/NiO/Ni/CNT-3 air cathode deli-
vered a high OCV of 1.52 V. The overall water splitting unit
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with a Pt/NiO/Ni/CNT-3||Pt/NiO/Ni/CNT-3 cell structure exhibi-
ted a potential of 1.61 V at 10 mA cm™> and good stability,
which could be powered by two Zn-air batteries in series using
the same Pt/NiO/Ni/CNT-3 as a bifunctional electrocatalyst for
the ORR and OER. This work provides a facile approach to
high-performance low-cost trifunctional catalysts from Earth-
abundant materials for efficient energy conversion and
storage.

Experimental
Chemicals and materials

NiCl,-6H,0 was purchased from Shanghai Macklin
Biochemical Co., Ltd. Zinc acetate and K,PtCls (Pt content
40.1 wt%) were purchased from Tianjin Heowns Biochemical
Technology Co., Ltd. Multiwalled carbon nanotubes (CNTSs)
were purchased from Nanjing XFNANO Materials Technology
Co., Ltd. HCIO, (70-72%) and KOH (>99.99%) were purchased
from Aladdin Reagent Co., Ltd. H,SO, (95-98%), HCI
(36-38%), HNO; (65-68%), acetone (>99.5%) and anhydrous
ethanol (EtOH, >99.7%) were purchased from Beijing
Chemical Reagent Company. Nafion solution (5 wt%), Zn plate
(thickness of 0.25 mm, diameter <8 nm, length of 10-30 pm)
and Pt/C (20 wt% on carbon black) were purchased from Alfa
Aesar Co., Ltd. RuO, was purchased from Beijing Innochem
Technology Co., Ltd. The polytetrafluoroethylene (PTFE) emul-
sion (60 wt%) was purchased from Beijing J&K Scientific Co.,
Ltd. Ni foam was purchased from Shenzhen Yongxingye Co.,
Ltd. All reagents, except CNTs, were used as received.

Materials synthesis

Pretreatment of CNTs. 1 g CNTs were sonicated in 300 mL
HNO; for 8 h and stirred in another 300 mL HNO; for one day
to remove residue metallic impurities. Then, the acid-treated
CNTs were filtered and washed with deionized water until the
pH of the filtered liquid became neutral. Subsequent air-
drying at 70 °C produced the purified CNTs for further
analyses.

Preparation of NiO/Ni/CNTs. Ni was deposited on CNTs via a
galvanic displacement reaction according to the SEED method
previously reported.**?" In a typical experiment, a polished Zn
plate (5 x 5 cm) was ultrasonically treated with acetone and
ethanol (EtOH), respectively, for 15 min. The CNT dispersion
was prepared by dispersing 6 mg CNTs in 15 mL EtOH under
ultrasonication. The resulting CNT dispersion was then homo-
geneously dropped on the pre-cleaned Zn plate under infrared
light to evaporate EtOH and hold CNTs onto the Zn plate.
After cooling down, the Zn plate was immersed in 100 mL
10 mM NiCl, for 15 min to deposit Ni, taken out and rinsed
with deionized water and EtOH. Then, the Zn plate was soni-
cated in EtOH to release the Ni-deposited CNTs. After air-
drying at 70 °C, the Ni(OH),/Ni/CNT precursor was obtained,
which was calcined under an Ar/H, atmosphere (Ar: H, (v/v) =
50:10) at 950 °C for 2 h with the ramp rate of 5 °C min™" to
obtain NiO/Ni/CNTs.
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Preparation of hierarchically structured Pt/NiO/Ni/CNTs. Pt
was decorated on NiO/Ni/CNTs according to a galvanic displa-
cement reaction by performing SEED again. Typically, 6 mg
NiO/Ni/CNTs was stirred in 100 mL K,PtCls solution (15.4,
30.8, or 61.5 pmol L") for 24 h. Then the solution was centri-
fuged at 8000 rpm and washed with water and EtOH for
several times. After air-drying at 70 °C, the Pt/NiO/Ni/CNTs
were obtained, which were named Pt/NiO/Ni/CNT-1, Pt/NiO/Ni/
CNT-2 and Pt/NiO/Ni/CNT-3, depending on the K,PtCls con-
centrations of 15.4, 30.8 and 61.5 pumol L™, respectively.

Materials characterization

SEM images were recorded using a Hitachi S-4700 scanning
electron microscope operated at 20 kv. TEM imaging was con-
ducted on a Hitachi 7700 transmission electron microscope
operated at 100 kV. HRTEM, HAADF-STEM and EDS were per-
formed using a JEM-2200FS microscope with an accelerating
voltage of 200 kV. STEM-elemental mapping was performed on
an Oxford X-Max 80T microscope. Compositions of the NiO/
Ni/CNTs and Pt/NiO/Ni/CNTs were quantified using ICP-OES on
an Agilent 725-ES instrument. The XRD patterns were obtained
using a Bruker D2 Phaser with a Cu Ko radiation source (4 =
1.54 A) at a scan rate of 5° min~'. XPS measurements were
carried out on an ESCALAB 250 spectrometer (ThermoFisher)
using 150 W Al Ka radiation (1486.6 eV) with the binding ener-
gies calibrated by the C 1s line at 284.8 eV. Raman spectra were
recorded at a wavelength of 532 nm on a Raman spectrometer
(Horiba Lab RAM HR Evolution). The pH values of a blank NiCl,
solution and the NiCl, solution near the Zn plate were measured
using a pH meter (Five Easy Plus, METTLER TOLEDO).

Electrochemical measurements

All electrochemical measurements were conducted on a 760E
electrochemical workstation (Shanghai CH Instruments). The
trifunctional electrocatalyses for the ORR, OER and HER were
measured in three-electrode cells. A glassy carbon rotating
disk electrode (RDE, PINE Research Instrumentation, USA)
with a diameter of 5 mm was used as the substrate of the
working electrode (WE). A Pt wire was used for the ORR and
OER and a graphite rod was used for the HER as a CE. Ag/AgCl
was used as a reference electrode (RE) for all the electro-
chemical measurements.

The catalyst ink was typically prepared by dispersing 5 mg
catalyst in 490 pL EtOH and 10 pL Nafion (5 wt%) under ultra-
sonication for 30 min. 5 pL catalyst ink was dropped onto a
freshly polished RDE and dried (catalyst loading of 0.255 mg
cm™?). The benchmark commercial Pt/C and RuO, were prepared
into catalyst ink in the same way as for the Pt/NiO/Ni/CNTs.

ORR activity testing was performed in O,-saturated 0.1 M
KOH. The CV curves were firstly recorded at a scan rate of
50 mV s~ for 20 cycles. The ORR activity was then evaluated
with the LSV technique on a RDE at 1600 rpm. The calculation
details for the transferred electron number, H,0, yield
(HO,™ %), ECSA, Jarea and Jinass are shown in the ESLT

The OER was measured in O,-saturated 0.1 M KOH and the
polarization curves were conducted by the LSV technique to
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determine the OER activity. The CV technique was firstly used
to activate the catalysts for 20 cycles until the curves were
stabilized. Then, the LSV curves were collected at 10 mV s~
For the durability test, the chronoamperometric technique was
performed at the potential, where the initial current density
was 10 mA ecm ™~ for 10 h without iR-compensation. The calcu-
lation details for TOFy; and TOFp, are shown in the ESI. ¥

HER activity was measured in N,-saturated 0.5 M H,SO, or
0.1 M KOH. At first, CV testing was conducted 15 times to acti-
vate the electrocatalysts. Then, LSV curves were obtained at the
scan rate of 10 mV s~'. EIS was measured with frequencies
from 10° to 0.1 Hz, and the J,.¢ of Pt was calculated from the
following equation:

J

Jmass = ——
Mmpy

where, J represents the current density and mp, is the Pt
loading on the RDE.

All the potentials were converted to a reversible hydrogen
electrode (RHE) according to the equation: Eys rug = Evs. ag/agcl
+ Epgiagal T 0.05915 pH. Exg/apci Was calibrated vs. RHE accord-
ing to the CV curve measured in H,-saturated 0.5 M H,SO,
with the Pt wire as both the WE and CE, and the Ag/AgCl elec-
trode as the RE. As shown in Fig. S14 (ESIT), the average value
of the two potentials, where the currents are zero, is deter-
mined to be Exg/agci (0.213 V).

Liquid Zn-air battery assembly

The air electrodes in liquid Zn-air batteries were prepared
according to a previous report®® using Ni foam as a current col-
lector of the air electrodes. The resulting catalyst loading was
2 mg cm™~> with an efficient circle area (0.785 cm?) exposed to
the electrolyte. In the control experiment, the catalyst ink con-
taining commercial Pt/C and RuO, with a mass ratio of 1:3
was used. A polished Zn plate was used as the anode. 6 M KOH
served as the electrolyte for primary Zn-air batteries, while 6
M KOH containing 0.2 M zinc acetate served as the electrolyte
for rechargeable Zn-air batteries.

Liquid Zn-air battery testing

All the Zn-air batteries were tested under an ambient atmo-
sphere with the reactor volume of 80 mL electrolyte. The polar-
ization curves were measured with the LSV technique at a scan
rate of 5 mV s ' in a primary Zn-air battery. The current
density and power density of all the catalysts were normalized
to the effective surface area of the air electrode. The power
density and specific capacity density were calculated as
follows:

current x potential
weight of consumed zinc

Power density =

current x service time
weight of consumed zinc

Specific capacity density =

For a primary Zn-air battery, the discharge durability was
also measured for 40 h, during which the Zn plate was
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replaced several times. The charge-discharge cycling stability
for a rechargeable Zn-air battery with a cycling interval of
40 min (20 min for charge and 20 min for discharge) at
10 mA em™> was carried out using a LAND-CT2001A testing
system.

Overall water splitting measurements

For water splitting measurements, the catalyst ink of Pt/NiO/
Ni/CNT-3 was dropped onto 1 cm? carbon paper with a catalyst
loading of 2 mg cm™2. Then, this carbon paper was dried at
60 °C for 4 h and used as both the cathode and anode for
water splitting. The polarization curve and durability were
tested in N,-saturated 1 M KOH without {R-compensation.
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