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Experimental Section

Materials: Potassium hydroxide (KOH), anhydrous ethanol [C,HsOH;=99.5%], iron

nitrate  nonahydrate [Fe(NO;);-9H,0, 98%], nickel nitrate hexahydrate
[Ni(NO;),-6H,0; 98%], sodium tungstate dehydrate [Na,WO4-2H,0, 99.5%], and

Nafion solution [C;oHgO; 5 wt.%] were purchased from Aladdin Chemical Reagent Co.

Ltd. Ruthenium dioxide [RuO,; =99.99%] catalyst was provided by Alfa Aesar

(China) Chemical Co. Ltd. All chemicals were used directly without additional
purification.

Synthesis of Ni-Fe Tungstate: NiFeWQy-3 was synthesized using a co-precipitation
process in MISR (its geometrical structure can be seen in Ref.! Typically, 0.5 mol L-!
of NiCl, and FeCl; mixed solution (molar ratio Ni**/Fe3*=3) and 0.5 mol L-! Na,WO,
were simultaneously pumped into MISR at the volumetric flow rates of 100 mL min-!
for high-speed impact. The precipitates were formed immediately and flowed into a
beaker for vigorously stirring for 1h. Subsequently, the precipitates were quickly placed
in liquid nitrogen to freeze completely. Then, the precipitates were washed in a
centrifuge six times, alternately using deionized water and absolute ethanol to remove
the residual NaCl. Finally, the moist product was dried at 60°C for 12h and ground to
a yellow powder, which was then annealed at 260°C for 2h to obtain NiFeWQO,-3.

The effects of Ni2*/Fe3" ratio, reactant concentration and flow rate on the structure and
properties of the NiFeWQ, materials were also studied. All the NiFeWO, materials
were synthesized in MISR with the same procedure of NiFeWO,-3, with only a single
variable being altered. Firstly, NiFeWQ, materials with different Ni?>*/Fe3* ratios were
synthesized in MISR, the obtained samples with Ni**/Fe3" ratios of 2:1 and 10:1 were
denoted as “NiFeWO,4-2” and “NiFeWO,-107, respectively. Secondly, NiFeWO,
materials were synthesized with different concentrations of metal chlorides solutions
(i.e., Cn = 0.1, 0.5 and 1.0 mol L!), while the molar concentration ratio of metal
chlorides to Na,WO, solution was kept at 1. Finally, NiFeWO, materials were
synthesized at different volumetric flow rates. The volumetric flow ratio of the two

streams was kept at 1, with varying volumetric flow rates (V4) ranging from 50 to 150



mL min.

For comparison, NiWO, and FeWO, were also synthesized in MISR with the same
procedure of NiFeWO,-3, except that Ni>*/Fe** mixed solution was replaced by 0.5 mol
L' NiCl, and 0.5 mol L-! FeCls, respectively.

Synthesis of NiFeO-3:0.5 mol L' NiCl,/FeCl; solution (Ni?*/Fe3*=3:1) was also
precipitated with 1 mol L' NaOH solution in MISR by the same strategy as the
NiFeWO,-3. Afterwards, the precursor was annealed at 260°C for 2h to obtain

NiFeO-3.
Characterization

The morphological characteristics of the synthesized catalysts were observed with
scanning electron microscopy (SEM; Hitachi, S-4800, 15 kV) and transmission electron
microscopy (TEM; JEOL, JEM-2100F, 200 kV). High-resolution transmission electron
microscopy analysis, X-ray energy dispersive spectrometer (EDS), and selected area
electron diffraction (SAED) were also performed on the JEM-2100F microscopy. The
physical phases of the catalysts were measured by X-ray diffractometer (XRD, Bruker
D8) with Cu Ka radiation (A=1.5418 A), and the patterns were recorded within 20
ranging from 20° to 80° at a scan rate of 2° min!. X-ray photoelectron spectroscopy
(XPS) was analyzed using a Thermo Scientific EscalLab 250Xi equipped with an Ar*
sputter ion gun. The chemical states and molecular structures of elements were
measured by bombarding the sample on Ti foil with Ar* (accelerated to 1 keV) as the
exciting source. The spectral data were analyzed and fitted with Avantage software.
The N, adsorption/desorption isotherms of catalysts were conducted on a Micromeritics
apparatus (ASAP 2020M), while their specific surface areas (SSAs) and pore size
distributions were calculated with the Brunauer-Emmett-Teller method. The contents
of Ni, Fe, W, and O were analyzed on inductively coupled plasma optical emission
spectrometry (ICP-OES) with PE Optima 8000. Fourier transform infrared (FTIR)
spectra were recorded in the range of 4000-400 cm™' using a TRENSOR 27
spectrometer. Raman spectra were measured by a laser micro-Raman spectrometer

(invia) equipped with an excitation wavelength of 532 nm.


http://dxyq.wzu.edu.cn/lims/!equipments/equipment/index.194

The electrocatalytic measurements were conducted on CHI760E (Shanghai Chenhua
Instruments Co., Ltd., China) in a conventional three-electrode configuration using 1.0
M KOH as the electrolyte. The as-prepared catalysts attached to glassy carbon (GC, 5
mm diameter, 0.196 cm™?) were served as working electrodes, Pt plate and Hg/HgO (1.0
M KOH) were employed as the counter electrode and reference electrode, respectively.
The catalyst ink was prepared by dispersing 5 mg catalyst into 960 pL ethanol and 40
pL Nafion (5 wt %) solution, which was then ultrasonic treated for 30 minutes to obtain
homogeneous ink. Subsequently, 10 pL dispersion was dipped and dried onto the GC
disk at room temperature for 10 min. All electrode potentials were converted with
respect to the reversible hydrogen electrode (RHE) according to the equation
(Erue=E(11g/10)70.098+0.0591 pH). The current density was calculated from the ratio
of the current value at the catalyst surface to the geometric area of electrolyte contact.
Prior to the electrochemical measurements, the working electrode was polished with
alumina powder to ensure the accuracy of subsequent measurements. The cyclic
voltammograms (CV) curves were recorded at the scan rate of 100 mVs! within the
potential range of 0-1 V. The polarization curves towards the catalyst electrode were
measured by linear sweep voltammetry (LSV) with a sweep rate of 5 mV s-! and 90%
automatic compensation within 0-0.7 V. The overpotential (1) was obtained from the
LSV curve and calculated using the relationship: n=Eggug)-1.23. In addition, the Tafel
slope (b) was calculated from LSV results according to the Tafel equation: (n= b
logj+a), where 1, j, and a represented the overpotential, current density, and constant
value, respectively. Electrochemical impedance spectroscopy (EIS) measurements
were conducted within the 0.01-100 kHz frequency range. The electrochemical active
surface area (ECSA) of electrode materials was determined with CV curves in 0.326-
0.426 V at scan rates of 40-120 mV s!, which could be calculated from the double-
layer capacitance based on the equation (ECSA=C,/Cs), where the specific capacitance
(Cs=0.040 mF cm) is acquired according to typical reported values. The stability test
was assessed by CV measurements for 2000 cycles and the i-t curve for 160h. The
overall water-splitting performances were measured using NiFeWO,-3 as the cathode

and commercial Pt/C as the anode in a typical two-electrode configuration (1.0 M



KOH). The CV profiles were recorded in 1.2-2 V at a scan rate of 50 mV s’!, while a
scan rate of 5 mV s and a potential window of 1.2-2 V were chosen for the polarisation
curve. The stability was assessed by the i-t curve for 110h. The polarization curves of
cataysts evaluated at 25°C to 55°C are depicted to calculate the activation energy
required for OER. The activation energies (E£,) of NiFeWO,-3 and NiFeO-3 catalysts

are calculated by plotting a geometric function of In(j) versus 1/T.
DFT Calculations

All simulations were conducted on the Vienna Ab initio Simulation Package (VASP)
based on the periodic spin-polarized density functional theory (DFT).2* The ion-core
interactions were described using the Projected Augmented Wave (PAW) method,® and
the exchange-correlation effects were accounted for using the Perdew-Burke-Ernzerh
(PBE) functional within the generalized gradient approximation (GGA).¢ The Brillouin
zone of the NiFeWO,-3 (NiFeO-3) surface was sampled using a 2x1x1 (2x2x1)
Monkhorst-Pack K-point mesh, and the plane wave basis set had a cutoff energy of 450
(550) eV. Convergence criterions of 105 eV and 0.02 eV/A2 were set to electronic
iterations and atomic forces, respectively. The calculation parameters had been shown
an accurate description of the geometry structures of bulk NiWO, (lattice constants:
a=4.6 A, a=5.69 A, c=4.95 A) and bulk NiO (lattice constants: a=b=c=4.15 A), which
consisted well with experimental values (NiWOy4: a=4.6 A, a=5.66 A, c=4.91 A; NiO:
a=b=c=4.15 A).”- 8 The surface of NiFeWO,-3 catalyst was constructed by averagely
replacing the bottom and top Ni atoms with Fe atoms in a 2x1x1 NiWOy (010) supercell
(contains 8 oxygen layers), resulting in Fe;NigWgOs,. Similarly, NiFeO-3 was built by
replacing the bottom and top Ni atoms with Fe atoms in a 2x2x1 NiO (001) supercell
(contains 4 atomic layers), which could be expressed as Fe;Ni3Os;,. The central 2
oxygen layers of NiFeWO,-3 and central 2 atomic layers of NiFeO-3 were fixed during
simulations. A vacuum region of 20 A was included between slabs to prevent
interactions between periodic cells. The surface energy of clean NiWQO, (010) was
calculated to be 0.48 J/m?, which was close to the reported 0.62 J/m?2. ° The predicted

surface energy of clean NiO (001) was 1.27 J/m?, agreed well with other predictions



(1.15 J/m?).'0 Implicit solvent of water was considered using Polarizable Continuum

Model (PCM) as implemented in VASPsol due to the significant impact of dispersion

on adsorption predictions.!! For the solvent parameters, the dielectric constant &,

surface tension of cavity z and the cutoff charge density 7, were set to 78.4, 0 meV/A2

and 2.5 x10* A3, respectively. The free energy was estimated by correcting the ground-
state DFT energies with zero-point energies and entropies at pH=0, U=0 V/NHE and
T=300K.

Fig. S1. (a)-(c) SEM images of the NiFeWO, materials synthesized at the volumetric
flow rates of 50, 100 and 150 mL min!, respectively.

When the volumetric flow rate is increased from 50 to 100 mL min’!, the aggregated
NiFeWO, particles become smaller and more uniform with sizes range from 30-40 nm
(Fig. Sla-b). Our previous studies have found that in the range of low volumetric flow
rate, the impinging of two reactant streams may not be developed completely and the
micromixing efficiency in MISR is relatively low.!> The turbulent kinetic energy in
MISR will be intensified with the increasing flow rate to enhance the micromixing
performance between the two fluid flows, hence the co-precipitation of NiFeWO,
particles can be conducted in the homogeneous supersaturation environment. As a
consequence, the generated NiFeWO, particles become smaller and the aggregation
phenomenon is greatly weakened. In addition, the micromixing efficiency of MISR will
reach a constant platform after the impinging zone gets fully developed with further
increasing volumetric flow rates, hence no noticeable changes to the morphology of
NiFeWO, materials are observed when the volumetric flow rate is further increased

from 100 to 150 mL min!' (Fig. S1c). It is well known that reducing the particle size



results in more exposed active sites and the enhanced electroactivity, hence the
NiFeWO, materials synthesized at high volumetric flow rates (100 and 150 mL min‘!)

are expected to display higher OER performances than that synthesized at 50 mL min-

1

Fig. S2. TEM, HRTEM and SAED images of (a-c) NiWO,. (d-f) FeWO,.
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Fig. S3. BET specific surface area and pore size distribution of (a) NiFeWO,-3. (b) NiFeO4-3. (¢)

NiWO;,. (d) FeWO,



The specific surface area (SSA) and pore size distribution (PSD) are key factors in
determining OER performance. As shown in Fig. S3, the SSA of NiFeWO;-3 (48.6 m?
g!) is much larger than those of NiFeO-3 (30.2 m? g!), NiWO, (20.2 m? g!) and
FeWO, (8.6 m? g'!). Apart from FeWOQy, other catalysts display microporous structures
with PSD range of 1~5 nm, which are derived from the internal pores within the
nanoparticles or loose aggregates. Higher SSA and suitable microstructure can provide
more active sites and unhindered diffusion pathways for electrolyte ions to participate

in OER process, thereby greatly contributing to their catalytic activities.

Fig. S4. (a, b) TEM images; (c) HRTEM image of NiFeO-3.
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Fig. S5. (a) XRD patterns of NiWO, and FeWO,. (b) Raman spectra of NIWO, and FeWO,.
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The Raman spectra of NiFe-based tungstates and oxide are shown in Fig. 2b and Fig.
S5b. NiFe-based tungstates show a peak of 771 cm!' that can be assigned to the
asymmetric stretching of W=0, while the main peak at 950 cm™! is derived from the
valence vibration of surface W=0.!3 In contrast, NiFeO-3 shows two main peaks at 557

and 675 cm™!, which can be ascribed to the one-phonon LO modes and two-phonon



2TO modes of NiO, respectively.!4 13
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Fig. S6. (a) XRD patterns of NiFeWO, materials synthesized with different reactant concentrations;
(b) XRD patterns of NiFeWO, materials synthesized at different volumetric flow rates.
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Fig. S7. Fourier-transform infrared spectra of NiFeWO,-3, NiWO,, FeWO,. and NiFeO-3.

The FT-IR spectra of NiFe-based tungstates and oxide are shown in Fig. S7. the
characteristic peak at 921 cm! is classified as the valence vibration of surface W=0,
while the peaks at 813 cm™! and 683 cm! are derived from the stretching vibration mode
of W-O-W. In addition, the absorption bands at 1600 cm™' and 567 cm™! are associated
with the bending modes of the -OH group and the bending vibration of Fe-O,
respectively.'® 17 Meanwhile, the FT-IR spectrum of NiFeO-3 exhibits the adsorption



bands at 490 cm™!, 625 cm!, and 1600 cm™! that can be assigned to the Ni-O, Fe-O

stretching mode, ! and adsorbed water, respectively.
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Fig. S8. (a) XPS survey of NiFeWQO,-3, NiWOy, and FeWO,. (b) Ni 2p XPS of NiWO,. (¢) Fe 2p
XPS of FeWO,. (d) W 4f XPS of NiWO,4 and FeWO,.
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Fig. S9. The polarization curves of NiFeWO,-3, NiFeWO,-2, and NiFeWO,-10 loaded on glassy
carbon in 1M KOH with iR-corrected. Scan rate: 5 mV s!
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Fig. S10. (a) LSV curves of NiFeWO, materials synthesized with different reactant concentrations;
(b) LSV curves of NiFeWO, materials synthesized at different volumetric flow rates.
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Fig. S11. OER polarisation curves tested at different temperatures (25°C, 35°C, 45°C, and 55°C)
in 1.0 M KOH. Scan rate: 5 mV s'! (a) NiFeWQy-;. (b) NiFeO-3.
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Fig. S12. CV curves in the range 1.25~1.35 V (RHE) for various samples. (a) NiFeWOQO,-3. (b)
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Fig. S14. LSV curves of NiFeWO,-3 catalyst before and after 2000 CV cycles.
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Fig. S18. (a) TEM of NiFeWO,-3 catalyst after 110 h of continuous OER in three-electrode
configuration. (b) HRTEM image. (c) SAED pattern. (d) EDS elemental mapping images of Ni (e),
Fe (f), O (), and W (h).
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Fig. S19. XPS spectra before and after OER process of W 4f in three-electrode configuration.
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Fig. S21. Bader charge analysis for OER process over NiFeWQO,-3—Fe sites, NiIFeWO4-3—Ni
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Table S1. Comparison of catalytic performances of previously reported OER catalysts attached glassy carbon.

Catalysts n(mV) @ (mA cm?) Tafel slope (mV dec™) Durability References
NiFeW 248 @ 20 68.0 6 h at 50 mA cm 19
Ni,Fe,@PANI 240 @ 20 82 60000 s at 1.47 V 20
NigoFe40-S/NSC 239@ 10 30.9 30000 s at 10 mA cm 21
FeCoMo-Se 264@ 10 33.0 100 h at 10 mA cm™ 22
Co@NiFe-LDH 253 @ 20 44.0 50 h at 10 mA cm™ 23
CoyFe P 277 @ 10 37.0 40000 s at 10 mA cm™ 24
FeCoNiPB 235 @ 10 53 41 h at 10 mA cm? 25
NiFe-ANR 228 @ 10 37 10 h at 10 mA cm™ 26
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Table S2. Comparison of overall water splitting performances at 10 mA cm™2 with recently-reported catalysts.

Electrocatalyst Overpotentail / mV@ (10 mA cm2) References

. 34

Pt/C I M05()N141F69 1.56
. ) 35

Dz-Nl3Sz//D2-N13Sz 1.52
NiWC-2/CNFs|[NiWC-2/CNFs 1.55 36
. . 37

NiSe,—CoSe, Il NiSe,—CoSe, 1.63
CoFel0%-P/NF || CoFel0%-P/NF 1.63 38
. 39

Pt/C Il a/c-NiFeMoO, 1.52
40

Fe,Cos@NDC/NF Il PtC/NF 1.57
. 41

Fe-MoS Il NiS@NF 1.60
42

IL-Fe-SAC-8 Il IL-Fe-SAC-8 1.58

CoCuFeNiMnMo 5 Il CoCuFeNiMnMo g 5 1.76 V 43



Fe-MoS/NiS@NF Il Fe-MoS/NiS@NF
FeCoNi Il FeCoNi

NF@G-5@Ni;S, || NF@G-5@Ni;S,
Cro.0sNi.95Ses || Cro.05Nig9sSe2

Ru/Mo,C || Ru/Mo,C
CoCuFeNiMnMo; 5 || CoCuFeNiMnMo; 5

Pt/C Il RuO,

Pt/C Il NiIFeWO,-3

1.60

1.62

1.62

1.58

1.51

1.76

1.56

1.48

44

45

40

46

47
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This work

This work
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