Supporting Information

Highly dispersed platinum on honeycomb-like NIO@Ni film as a

synergistic electrocatalyst for hydrogen evolution reaction

Zheng-Jun Chen,™ Guo-Xuan Cao,™* Li-Yong Gan,** Hao Dai,” Ning Xu," Ming-Jie Zang,"
Hong-Bin Dai," Hui Wu,* and Ping Wang*-

 School of Materials Science and Engineering, Key Laboratory of Advanced Energy Storage
Materials of Guangdong Province, South China University of Technology, Guangzhou 510641,

People’s Republic of China
Y NIST Center for Neutron Research, National Institute of Standards and Technology,

Gaithersburg, Maryland 20899-6102, United States

E-mail for L. Y. Gan: ganly@scut.edu.cn, E-mail for P. Wang: mspwang@scut.edu.cn

1/16



Experimental Section

Theoretical Calculations: Density functional theory calculations were performed using the
Vienna Ab-Initio Simulation Package with spin-polarized Perdew-Burke-Ernzerhof exchange
correlation functional including van der Waals corrections (optB88).! A cutoff energy of 500
eV was used for the plane-wave expansion.*> A 3x3 lateral supercell and a four-layer slab were
used to model Pt (111) surface. NiO/Pt interface was described by an inverse model,®’ in which a
(3x3) NiO (100) ribbon was deposited on a three-layer (5V3x3) Pt (111) slab. An effective U of
5.3 eV for Ni was used to describe on-site Coulomb interaction in the localized 3d orbitals and
magnetic interaction (antiferromagnetic) in NiO.8 In each case, a vacuum thickness of at least 20
A was applied to prevent unphysical interaction between periodic images. The adsorbed species
and the top two layers of Pt (111) and NiO/Pt were fully relaxed until all residual forces were
less than 0.02 eV/A, while the remaining layers were fixed. The Brillouin zone was sampled by a
(3x3x1) and (1x3x1) Gamma-centered k-mesh for Pt (111) and NiO/Pt, respectively. The
reaction barriers of water dissociation were determined by climbing-image nudged elastic band
method.® The adsorption energy (AE) of H was defined as

AE = Enisurface — 1/2EH2 — Esurface (l)

where Enysurface, EH2 and Esurface are the total energies of H adsorbed surfaces, H> in gas phase and
clean surfaces, respectively. The associated change of Gibbs free energy of H was calculated as

AG =AE + AZPE — TAS (2)
with AZPE and AS being the differences of zero-point energy and of entropy between the
adsorbed state and gas phase. The ZPE and entropies were calculated from the vibrational
frequencies.1®!

Chemicals and Materials: The nickel foam (NF, > 99%) with a thickness of 1.7 mm, an area
density of about 480 g-m~2 and an average pore size of 0.3 mm was purchased from Incoatm.
hydrochloric acid (HCI, 36~38 wt%), potassium hydroxide (KOH, 95%), nickel sulfate
hexahydrate (NiSO4-6H20, 98.5%), copper sulfate hexahydrate (CuSO4-6H20, 99.5%), boric
acid (HsBOs, 99%), chloroplatinic acid hexahydrate (H2PtCls-6H20, Pt > 37.5%), Pt/C (20 wt%
Pt on Vulcan XC-72R), nafion solution (5 wt% in mixture of lower aliphatic alcohols and water)
and other reagents of analytical grade were all obtained from commercial sources and used as
received. Deionized (DI) water was used throughout the experiments.

Synthesis of NIO@Ni/NF Sample: The NiO@Ni/NF sample was prepared by the
previous reported method with slight modification.'213 A Ni/Cu film was first deposited
on NF by a electrodeposition method in a three-electrode cell using the NF (1 cm x 2 cm)
as the working electrode, a nickle plate counter electrode and a saturated calomel
electrode (SCE) reference electrode. The electroplating solution consisted of 1 M
NiSO4:6H20, 0.5 M H3BOs and 0.01 M CuSO4-6H20. Prior to deposition, NF was
ultrasonically cleaned in ethanol for 10 min, followed by immersing in a 3.0 M HCI
solution for 10 min and washing with DI water. The electroplation was carried out at a
constant potential of —0.85 V vs. SCE for 20 min. Subsequently, selective dissolution of
Cu from the Ni/Cu film was conducted in the same solution by applying an anodic
potential of 0.2 V vs. SCE for 15 min. According to the weight change of the sample
before and after electroplation and electrochemical etching, the loading amount of NiIO@NI
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layer on the NF was determined to be ~2.0 mg-cm~2.

Synthesis of Pt/NiIO@Ni/NF Electrocatalyst: The as-prepared NiO@Ni/NF sample was
immersed in 2 mL of 0.58 mM H2PtCles-6H20 solution for 4 h, followed by thorough
washing by the mixture of DI water and acetone. Thus-prepared sample was finally subjected
to an electrochemical reduction process that was conducted at a potential of —0.04 V vs. the
reversible hydrogen electrode (RHE) for 10 minutes in a three-electrode cell. The Pt
content of the targeted catalyst was measured by inductively coupled plasma-atomic
emission spectrometry (ICP-AES) technique. More exactly, the concentrations of [PtCls]*
before and after the electrostatic adsorption process were measured by ICP-AES, the difference
of which gave the loading amount of Pt on the targeted catalyst.

Synthesis of Pt@Ni/NF Electrocatalyst: The as-prepared NiO@NIi/NF sample was first
treated by 3 M hydrochloric acid (HCI) solution for 0.5 h to remove the NiO passivation film.
After being washed thoroughly with DI water, the sample was then immersed in 2 mL of
0.58 mM H:PtCls-6H,0 solution for 4 h. According to the concentration change of [PtCle]*
before and after the galvanic replacement process, as measured by ICP-AES, the Pt content of
the Pt@Ni/NF catalyst was determined to be ~0.113 mg-cm2.

Preparation of the Pt/C Electrode: In preparation of the Pt/C electrode, 5 mg of Pt/C
catalyst was first dispersed in 1 mL isopropanol and 50 pL of 5 wt% Nafion solution was
then added as the binding agent. The mixture was sonicated for at least 30 min, and 20 pL
of the resulting catalyst ink was drop-casted on a glass carbon electrode with a geometric
area of 0.07 cm?.

Characterization: The phase structure of the catalyst samples was analyzed by an X-ray
diffractometer (Rigaku RINT 2000) with Cu Ko radiation. The morphology and
microstructure of the catalyst samples were studied using field-emission scanning
electron microscope (FE-SEM, ZEISS MERLIN) and high-resolution transmission
electron microscopy (HRTEM, JEOL-2100F), both equipped with an energy dispersive
X-Ray spectroscopy analysis unit (Oxford). The chemical states of the constituent
elements of the catalyst samples were analyzed by X-ray photoelectron spectroscopy
(XPS, Thermo Scientific ESCALAB 250 xi) with Al Ka X-ray source. In the XPS
measurements, high-resolution scans of elemental lines were recorded at 50 eV pass
energy of the analyzer. All the binding energies (BEs) were calibrated using the C 1s peak
(at 284.8 eV) of the adventitious carbon as an internal standard. The curve fitting was
performed using XPS PEAK 4.1 software. In the XPS depth profile analysis, the Ar* ion
beam energy was adjusted to 2000 eV. The ion beam current density was around 1.0
pnA-mm~2, Under the applied etching conditions, the etch rate was estimated to be around 0.11
nm-s~1. Raman spectra were collected using a Thermo Fisher Micro DXR microscope with
a He-Ne laser (532 nm) excitation source at a resolution of 2 cm=. Before the
measurement session, the instrument calibration was performed using the
alignment/calibration tool supplied by the manufacturer. Temperature-programmed
reduction (TPR) measurements were carried out on a Micromeritics AutoChem Il 2920
automated catalyst characterization system. The Pt content of the catalyst samples was
measured by inductively coupled plasma-atomic emission spectrometry (ICP-AES, Iris
Intrepid) technique.
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Electrochemical Measurements: Electrochemical measurements were conducted in a
three-electrode setup using a CHI 660E electrochemical analyzer. The electrochemical
cell consists of a catalytic electrode as the working electrode, a graphite plate counter
electrode and a Hg/HgO (with 1 M KOH) reference electrode. The electrochemical
performance of the catalysts was investigated in 1 M KOH solution. Polarization curves
were measured at a sweep rate of 2 mV-s~ without iR compensation in a range of
+0.02~—0.45 V vs. RHE. Potentials, measured versus Hg/HgO, were referenced to RHE
by adding a value of (0.098 + 0.059%pH) V. The electrochemical impedance spectroscopy
(EIS) measurements were performed using above three-electrode system at —1.0 V vs.
Hg/HgO. The impedance spectra were collected in a frequency range of 100 kHz~0.1 Hz
with a 5 mV amplitude.

Determination of Faradaic Efficiency (FE): The amount of generated O2 and H> during
overall water splitting process was measured using a classic water drainage method. The
FE was calculated by comparing the experimentally measured gas amount with
theoretically calculated value.

Figure S1. Structural model of NiO/Pt interface. The large dark blue, small light blue, and red
balls represent Pt, Ni, and O atoms, respectively.
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Figure S2. The FE-SEM of the NIO@NIi/NF sample.
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Figure S3. XPS spectra of Ni 2p region of the NiO@NIi/NF sample etched by Ar* for 0-200 s.

The etching rate was calculated following the Equation®: Etching rate=10-2-1Yw/(pA) nm-s,
where | is the ion beam current in pA, Y is sputter yield, w is atomic weight, o is density and A is
the sputter area in mm?. Based on the published sputter yield data and the applied experimental
parameters, the etching rate upon Ar* sputtering was calculated to be around 0.11 nm-s—t. The
XPS depth profile analysis showed that the signal intensities of Ni** and Ni® became largely
stable after Ar* etching for 100 s. According to these measured and calculated results, the
thickness of NiO film was estimated to be around 11 nm.
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Figure S4. FE-SEM images at different magnifications of the as-prepared Pt/NiO@Ni/NF
catalyst (a, b) and those after 24 h durability test (c, d).
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Figure S5. The HRTEM image of Pt/NiO@NIi/NF and the corresponding fast Fourier transform
(FFT) images of the selected regions 1, 2, 3, and 4.
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Figure S6. The HAADF-STEM image of P/NIO@NIi/NF, and the EDX line-scanning profiles
along the direction indicated by the red line. The inset show high magnification STEM image.
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Figure S7. The TEM image of Pt/C catalyst.
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Figure S8. The turnover frequency (TOF) value of Pt/NIO@NIi/NF, Pt@Ni/NF, and Pt/C
catalysts at different overpotentials.
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Figure S9. The TPR profiles (upward peaks indicate H> consumption) of Pt/NiO@Ni/NF and
NiO@NIi/NF samples.
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Table S1. A comparison of the HER activities of various electrocatalysts.

Electrocatalyst O(x%pfger?ia.lcg;)/ ) ;rr?]f\(jl_ jgﬂ? Electrolyte Reference

PUNIO@NI/NF 34 40 1 M KOH This work
Ni(OH)2/MoS; 80 60 1 M KOH [11]
FeSz 96 78 1 M KOH [15]
CoMoP@C 81 55.53 1 M KOH [16]
M0,C@2D-NPCs ~45 46 1 M KOH [17]
N-doped MozC 110 49.7 1 M KOH [18]
Ni—Mo nitride 89 79 1 M KOH [19]
Nio.33C00 6752 106 60 1 M KOH [20]
FeB, 61 87.5 1 M KOH [21]
Pt NWs/SL-Ni(OH) oA / 1 M KOH [22]
PtCoFe@CN 45 36 0.5 M H,SO4 [23]
ALD 50 Pt/NGNs 40 29 0.5 M H,S04 [24]
Pd/Cu-Pt NRs 22.8 25 0.5 M H,S04 [25]
Pt@PCM 105 65.3 0.5 M H,SO4 [26]
PtSA-NT-NF 24 30 Phosphate buffer [27]

(pH 7.2)
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