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Supporting Information
Materials and Methods
Chemicals
Nickel (II) chloride dihydrate (NiCl2•2H2O), nickel (II) nitrate (Ni(NO3)2•6H2O),
sodium citrate dehydrate (C6H5Na3O7·2H2O), sodium borohydride (NaBH4), ethanol
(≥99.5%), acetone, propylene oxide (≥99%) and Nafion solution (5wt%) were
purchased from Sigma-Aldrich. Pt/C hydrogen evolution catalyst (20 wt% Pt) was
purchased from Johnson Matthey. All the chemicals were used without further
purification.
Synthesis of NiClOH and CoClOH catalysts
NiClOH catalysts were synthesized via a modified sol-gel technique.[1] NiCl26H2O
(1.2 mmol) was first dissolved in ethanol (2 mL) in a vial. Then the solution was
cooled in an ice bath for 2 h in order to prevent uncontrolled hydrolysis. Propylene
oxide (0.5 mL) was slowly dropwise added. The solution was aged for 1 day to
promote the formation of gel catalyst, which was immersed in acetone for 5 days
before the gel was collected through centrifugation and vacuum drying. CoClOH
catalysts were synthesized via the same procedure by replacing NiCl26H2O with
CoCl26H2O.
Synthesis of Ni(OH)2 and Co(OH)2 catalysts
Ni(OH)2 catalysts were synthesized according to the procedures reported elsewhere.[2]
Briefly, 0.172 mM of Ni(NO3)2·6H2O and 1.16 mM of C6H5Na3O7·2H2O were first
dissolved in deionized water (20 ml) in a vial. Then 10 mL of 0.1 M NaBH4 aqueous
solution was rapidly added into the vial under stirring. The mixture solution was
further stirred at 35 °C for 10 h. Subsequently, 5 mL of 4 M NaOH aqueous solution
was added into the vial before the mixture solution was transferred into an autoclave
and heated at 80 °C for 24 h. The resultant precipitate was collected through
centrifugation and vacuum drying. Co(OH)2 catalysts were synthesized via the same
procedure by replacing Ni(NO3)2·6H2O with Co(NO3)2·6H2O.
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Characterization
Transmission electron microscopy (TEM) were performed with a Tecnai G2 20
TWIN TEM under an acceleration voltage of 200 kV. The TEM samples were
prepared by dropping catalyst powder dispersed in ethanol onto carbon-coated copper
grids and were dried in vacuum for 6 h. X-ray diffraction (XRD) patterns were
collected from a MiniFlex600 X-ray diffractometer with Cu Kα radiation (λ = 0.1542
nm) under a voltage of 40 kV and a current of 40 mA. X-ray photoelectron
spectroscopy (XPS) were obtained using a VG ESCALAB 220I-XL device. All XPS
spectra were corrected using C1s line at 284.8 eV.
X-ray absorption fine spectroscopy (XAFS)
The Ni K-edge XAFS data were collected on 1W1B beamline at Beijing Synchrotron
Radiation Facility (BSRF). The scanning energy range was set from 8.140 to 9.130
keV in fluorescence mode with a step-size of 0.5 eV at the near edge. The in-situ Ni
K-edge XAFS were conducted in a triangular electrochemical cell and the working
electrodes were prepared by loading catalyst samples onto thin carbon paper. We
employed a chronoamperometry process at 1.6 V (vs. reversible hydrogen electrode,
RHE) for the in-situ measurements. For the reference samples, we conducted ex-situ
XAFS to obtain the Ni K-edge XAFS data of commercial Ni, NiO and Ni2O3 powers.
These power samples were prepared by uniformly placing powders on 3M tape.
Extended X-ray absorption fine structure (EXAFS) analysis
IFEFFIT software were used to calibrate the energy scale, to normalize the intensity
and to correct the background signal. The spectra were normalized with respect to the
edge height after subtracting the pre-edge and post-edge backgrounds using Athena
software. To extract EXAFS oscillations, background was removed in k-space using a
five-domain cubic spline. The corresponding k-space data, k2χ(k), was then Fourier
transformed. EXAFS curve fitting was carried out with Artemis and IFEFFIT
software using ab initio-calculated phases and amplitudes from the program FEFF 8.2.
The EXAFS fitting results of coordination number (CN), bond distance (R (Å)) and
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Debye-Waller factor (σ2) are given at Table S1.
Soft X-ray absorption spectroscopy (sXAS)
The s-XAS measurements at the Ni L-edges were performed at the spherical grating
monochromator (SGM) beamline 11ID-1 at the Canadian Light Source. The window
of the sample cells was mounted at an angle of roughly 45°with respect to both the
incident beam and the detectors. The quasi in-situ Ni L-edges were conducted at room
temperature in the fluorescence mode using Amptek silicon drift detectors (SDDs)
with 1024 emission channels (energy resolution ∼120 eV). Four SDDs were
employed simultaneously. The scanning energy ranges of Ni L-edges were set
between 840 and 900 eV, recording the total electron yield (TEY) intensity. For every
edge, the scanning time was 30 s and repeated for ten times, and the fluorescence of
every edge was collected at the same absorption edge.
Secondary ion mass spectroscopy (SIMS)
SIMS was conducted to determine the

18

O and

16

O isotopes in catalysts using a

TOF.SIMS 5 device. First, the NiClOH and Ni(OH)2 catalysts were dispersed on
commercial carbon-paper electrodes, and activated using cyclic voltammetry (CV)
from 1.2 to 1.6 V (vs. RHE) with a scan rate of 100 mV s-1 for 100 cycles in
N2-saturated 1 M KOH aqueous solution. For simplicity, the as-formed samples after
electro-oxidation of NiClOH and Ni(OH)2 are denoted as NiClO-D and NiOH-D,
respectively. Then, the resulting NiClO-D and NiOH-D catalyst on carbon-paper
electrodes were held for galvanostatic reaction at 1.4 V (vs. RHE) for 6 h in the
18

O-labeled aqueous electrolyte with 1 M KOH and 0.33 M urea. After rinsing with

16

O water, the catalysts were finally heated at 100 ℃ in vacuum for 6 h to remove

adsorbed H218O. It is worth noting that the

18

O/16O intensity ratio of NiClO-D and

NiOH-D samples both drop a little in the sputter time of first 50 s (Fig. 4b), since
there are still adsorbed H218O left on the surface of samples. Nevertheless, the 18O/16O
intensity ratio of NiClO-D catalyst is about 92% after the sputter time of 50 s, which
is appreciably higher than that (7%) of NiOH-D catalyst.
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In situ Fourier transform infrared (FTIR) spectroscopy
Electrochemical in situ FTIR spectroscopic studies were carried out on a Nexus 870
FTIR spectrometer (Nicolet), which is equipped with a liquid-nitrogen-cooled
MCT-A detector, an EverGlo IR source at a spectral resolution of 8 cm-1. In this
configuration, infrared radiation sequentially passed through a CaF2 window and a
thin-layer solution (about 10 μm), and then it was reflected by the electrode surface.
The resulting spectra were reported as relative change in reflectivity:
∆𝑅
𝑅

=

𝑅(𝐸𝑠 ) − 𝑅(𝐸𝑅 )
𝑅(𝐸𝑅 )

(1)

where R(ES) and R(ER) are the single-beam spectra collected at sample potential ES
and reference potential ER, respectively.

To obtain the best spectroscopic results, we slightly modified the formulation of the
catalyst ink. 10 mg of catalyst powders was dispersed in a mixture of 1 mL water and
0.25 mL ethanol, and then 80 μL of Nafion solution (5 wt% aqueous solution) was
added. The suspension was immersed in an ultrasonic bath for 30 min to get a
homogeneous ink. Afterwards, 30 μL of the catalyst ink was drop-casted onto the
glassy carbon electrode (GCE). The reference and counter electrodes were saturated
calomel electrode (SCE) reference electrode and Pt foil, respectively. The electrolyte
was 1 M KOH with 0.33 M urea.

Electrochemical Measurements
Electrochemical measurements were conducted using a three-electrode configuration
connected to an electrochemical workstation (MULTI Autolab M204). Ag/AgCl (with
saturated KCl as the filling solution) and platinum foil were used as reference and
counter electrodes, respectively. All the electrochemical tests were conducted at room
temperature.

Typically, 10 mg of catalyst powders was dispersed in a 1.25 ml mixture of water and
ethanol (4:1, v/v), and then 80 μL of Nafion solution (5 wt% aqueous solution) was
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added. The suspension was immersed in an ultrasonic bath for 30 min to prepare a
homogeneous ink. Then, working electrode was prepared by depositing 5 μL of the
catalyst ink onto GCE (diameter: 3 mm).

To load the catalyst on Au-coated Ni foam (thickness: 1.6 mm), 20 mg of catalyst
powders was dispersed in a 4 mL mixture of water and ethanol (1:1, v/v), followed by
the addition of 100 μL Nafion solution. The suspension was sonicated for 30 min to
prepare a homogeneous ink. Au-coated Ni foam with a fixed area of 0.5  0.5 cm2
coated with water resistant silicone glue was drop-casted with 300 μL of the catalyst
ink.

Each electrode was first activated using CV method with a scan rate of 100 mV s-1 for
50 cycles in N2-saturated 1 M KOH aqueous solution. Then, in the electrolyte of 1 M
KOH aqueous solution with 0.33 M urea, CV measurements were performed until the
signals were stabilized, prior to recording linear sweep voltammetry at a scan rate of
50 mV s-1. The galvanostatic measurement with NiClO-D catalysts loaded onto
Au-coated Ni foam was conducted at a constant current density of 10 mA cm-2. A flow
of N2 gas (99.99% purity) into the electrolyte was maintained during the
electrochemical test. During the galvanostatic measurement, the electrolyte (1 M
KOH aqueous electrolyte with 0.33 M urea) was circulated slowly and continuously
via a circulating pump, enabling the pH of electrolyte and the concentration of urea
constantly stable.

Two-electrode electrolysers were assembled to demonstrate the potential of urea
oxidation reaction (UOR) as alternative to oxygen evolution reaction (OER) for more
efficient production of hydrogen. To pair UOR and OER in an overall electrolytic cell,
two-electrode electrolyser with NiClO-D catalyst as UOR anode and commercial Pt/C
catalyst as hydrogen evolution reaction (HER) cathode was assembled. In contrast,
the electrolyser with commercial IrO2/C catalyst as OER anode and Pt/C catalyst as
HER cathode was also assembled. Linear sweep voltammetry of these two-electrode
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electrolysers were performed with catalysts loaded onto Au-coated Ni foam at a scan
rate of 5 mV s-1. The cell voltages of two-electrode electrolysers were recorded during
the galvanostatic measurement at a constant current density of 100 mA cm-2.

Electrochemical active surface area (ECSA) calculation
The ECSA of catalysts were calculated based on their electrical double layer capacitor
(Cdl), which were obtained from CV plots in a narrow non-Faradaic potential window
from 0.15 to 0.25 V (vs. Ag/AgCl). The measured capacitive current densities at the
average potential in the potential window were plotted as a function of scan rate and
the slope of the linear fit was calculated as Cdl. The specific capacitance was found to
be 60 μF cm-2, and the ECSA of the catalyst is calculated from equation 2.[3]
𝐸𝐶𝑆𝐴 =

𝐶𝑑𝑙
𝑐𝑚2𝐸𝐶𝑆𝐴
60 𝜇𝐹∙𝑐𝑚−2

(2)

The intrinsic activity was revealed by normalizing the current to the ECSA to exclude
the effect of surface area on catalytic performance. The ECSA values of the catalysts
are listed at Table S3.
Turnover frequencies (TOFs) calculation
The TOF value was calculated from equation:
𝑇𝑂𝐹 =

𝐽 ∗ 𝐴
6 ∗ 𝐹 ∗ 𝑛

(3)

J is obtained at 1.6 V (vs. RHE), normalized by geometric area, A is the geometric
area, F is the Faraday constant and n is the mole number of nickel atoms on the
electrode, calculated via two methods.

The first method is calculating based on all Ni atoms, from the following equation:
n=

𝑚 ∗ 𝑟 ∗ 𝑁𝐴
𝑀𝑤

(4)

where m is the loading mass of catalyst on GCE, r is the molar ratio of Ni atoms in
NiOH-D and NiClO-D catalysts, NA is Avogadro's constant and Mw is the molecular
weight of catalyst. In this work, Ni3+ and Ni3+/ Ni4+ (with a molar ratio of 2/3, results
from XAFS measurement and EXAFS analysis) are determined in NiOH-D and
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NiClO-D catalysts. Accordingly, Mw is calculated as NiOOH and NiOOH/NiO2
mixture (molar ratio, 2/3) for NiOH-D and NiClO-D catalysts, respectively.

The second method is calculating based on the Ni active sites, from the following
equation (5):
n=

𝑚 ∗ 𝑅𝑁𝑖 ∗ 𝑁𝐴
𝑀𝑤

(5)

where m is the loading mass of catalyst on GCE, RNi is the molar ratio of Ni active
sites in NiOH-D and NiClO-D catalysts, NA is Avogadro's constant and Mw is the
molecular weight of catalyst. In this work, Ni3+ and Ni4+ are the active sites in
NiOH-D and NiClO-D catalysts for urea oxidation. Thus, the mole number of nickel
active atoms on the electrode is based on the mole number of Ni3+ active atoms for
NiOH-D catalyst and Ni4+ active atoms for NiClO-D catalyst, respectively.

DFT calculations
The first-principle Density Functional Theory (DFT) calculations were carried out by
the Vienna Ab-initio Simulation Package (VASP).[4,5] The exchange-correlation
functional was represented by generalized gradient approximation (GGA) method in
the form of the Perdew-Burke-Ernzerhof (PBE) functional.[6] The van der Waals
interactions between UOR intermediates and these electrocatalysts were described by
using DFT-D3 method with Becke-Jonson damping.[7] Energy cut-off was set to 400
eV. The Ni(OH)2 surfaces were modeled using (4 × 2) slabs containing five Ni(OH)2
layers. The size of the supercell was (11.822  9.678  26.664) Å. A vacuum space of
15 Å in the z-direction was set to minimize interactions among neighboring substrate
images. The bottom three Ni(OH)2 layers of atoms were fixed at their optimized bulk
positions. All other atoms were fully relaxed in three dimensions until the atomic
forces were smaller than 0.01 eV/Å. A 1 × 1 × 1 Gamma-centered Monkhorst-Pack
sampling was used to sample the Brillouin zone for geometric optimization. The
on-site Coulomb interactions were described with LDA+U method (U-J = 5.0 eV)
reported by Dudarev et al. for evaluating the free energy evolution in Figure 1.[8] The
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free energy of the intermediate species should be evaluated using the computational
hydrogen electrode method reported by Norskov et al.[9] In this method, the free
energy of H+ (aq) + e- at the standard state was calculated with the free energy of 1/2
H2 (g) according to the definition of reversible hydrogen electrode. The free energy of
O2 (g) was calculated according to the formation energy of water 1/2 O2 (g) + H2 (g)
→ H2O (l). The free energy OH- (aq) was obtained from the reaction H2O (l) = H+ (aq)
+ OH- (aq). The ΔG value can be determined as follows: ΔG = ΔE + ΔZPE - TΔS +
ΔGpH + eU, where ΔE is the electronic energy difference directly obtained from DFT
calculations, ΔZPE is the change in zero-point energies, T is the temperature (T =
298.15 K), and ΔS is the entropy change. ΔGpH is the correction of the OH- free
energy by the concentration, which can be determined as ΔGpH = 2.303 × kBT × pH
(or 0.059 × pH), where kB is the Boltzmann constant and the value of pH was
assumed to be 13, , the terms e and U are the number of electrons transferred and the
applied electrode potential, respectively. In the energy profile shown in Figure 1, the
Gibbs free energy for each elementary step was calculated at the standard conditions
(U = 0 V).
The formation energy of an oxygen vacancy on the NiOOH and NiOO surfaces were
calculated by equation (5):
𝐸𝑓−𝑉𝑜 = 𝐸𝑉𝑜 + 0.5 ∗ 𝐸𝑂2 − 𝐸𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 .

(6)

The formation energy of NiOO surfaces from the Ni(OH)2 and NiClOH were
calculated with the following equations:
𝐸f(NiOO) =
1

1
16

∗ (𝐸𝑁𝑖𝑂𝑂 + 8 ∗ 𝐸𝐻2 − 𝐸𝑁𝑖(𝑂𝐻)2 )

𝐸f(NiOO) = ∗ (𝐸𝑁𝑖𝑂𝑂 + 4 ∗ 𝐸𝐻2 + 4 ∗ 𝐸𝐶𝑙2 − 4 ∗ 𝐸𝑂2 − 𝐸𝑁𝑖𝐶𝑙𝑂𝐻 )
8

(7)
(8)
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Figure S1. Bader charge analysis showing that the surface Ni atoms in the NiOO are
more positively charged (+1.25 |e|) than those in NiOOH (+1.21 |e|).
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Figure S2. Projected Densities of States (PDOS) of the chemically bonded surface Ni
and O atoms in (a) NiOOH and (b) NiOO models. The hybridization between the Ni
states and O states is more profound in the NiOO surface than that in the NiOOH
surface, suggesting an increased covalency in the Ni-O bonds of NiOO surface.

S10

Figure S3. The formation energies of the oxygen vacancies are calculated by
removing one of the surface O atoms (indicated with the blue circle) from (a) NiOOH
surface and (c) NiOO surface. The corresponding defective NiOOH and NiOO
surfaces are shown in (b) and (d), respectively.
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Figure S4. XRD patterns of as-prepared (a) NiClOH and (b) Ni(OH)2 samples.

The diffraction peaks of the NiClOH sample are in accordance with those of nickel
hydroxychloride.[10] For the as-prepared Ni(OH)2 samples, all XRD diffraction peaks
can be indexed as β-Ni(OH)2 (JCPDS No. 14-0117). Both samples do not show any
impurity phase.
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Figure S5. TEM and corresponding EDS mapping images of NiClOH sample.
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Figure S6. High-resolution Cl 1s XPS spectra of the NiClOH sample before and after
the electrochemical oxidation.
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Figure S7. TEM image of NiClO-D catalyst.
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Figure S8. TEM image of NiOH-D catalyst.
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Figure S9. The k2-weighted XAFS χ(k) of NiClO-D and NiOH-D samples.
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Figure S10. Three independent UOR polarization curves of (a) NiClO-D and (b)
NiOH-D catalysts on GCEs in three-electrode configuration in 1 M KOH electrolyte
with 0.33 M urea.
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Figure S11. XRD patterns of as-prepared (a) CoClOH and (b) Co(OH)2 samples.
Three independent UOR polarization curves of (c) CoClO-D and (d) CoOH-D on
GCEs in three-electrode configuration in 1 M KOH electrolyte with 0.33 M urea.

The diffraction peaks of the CoClOH sample are in accordance with those of cobalt
hydroxychloride.[11] For the as-prepared Co(OH)2 samples, all XRD diffraction peaks
can be indexed as β-Co(OH)2 (JCPDS No. 30-0443). Both samples do not show any
impurity phase.

The CoClO-D electrode requires a potential of 1.55 V (vs. RHE) to drive a current
density of 50 mA cm-2, which is 120 mV lower than that of CoOH-D electrode.
Moreover, the CoClO-D electrode exhibits a greatly enhanced current density (185
mA cm-2) than NiOH-D electrode (76 mA cm-2) at 1.7 V (vs. RHE).
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Figure S12. CV curves recorded at different scan rates for (a) NiClO-D and (b)
NiOH-D catalysts in a potential window (0.15 to 0.25 V vs. Ag/AgCl) without
faradaic processes. (c) Current density as a function of the scan rate to give the
double-layer capacitance for NiClO-D and NiOH-D catalysts.
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Figure S13. Comparison of the specific activities (left axis) and mass activities (right
axis) of NiClO-D and NiOH-D catalysts on GCEs at 1.6 V (vs. RHE).
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Figure S14. Three independent polarization curves of (a) HER//UOR and (b)
HER//OER electrolysers in two-electrode configuration at a scan rate of 5 mV s-1.
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Table S1. Parameters from XAS analysis of samples.

Sample

NiClO-D

NiOH-D

CN

R(Å)

(Coordination

(Bond

number)

distance)

Ni-O (Ⅳ)

3.295

1.92

0.00626

Ni-Ni (Ⅳ)

3.156

2.89

0.00589

Ni-O (Ⅲ)

1.457

2.10

0.00626

Ni-Ni (Ⅲ)

2.136

3.15

0.00589

Ni-O

5.867

2.04

0.00634

Ni-Ni

4.869

3.12

0.00646

First shell

σ2(Å-2)
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Table S2. Peak Intensity Ratios (B/A) of the Ni L3 White Line for NiClO-D and
NiOH-D samples.

Intensity ratio

Sample

Spectra

NiClO-D

TEY

1.17

NiOH-D

TEY

0.78

(B/A)
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Table S3. Comparison of UOR performance for NiClO-D and recent reported
electrocatalysts. All electrochemical performances are collected on GCEs.

Potential
Catalyst

@ 10 mA cm-2
(V vs. RHE)

Current density
@ 1.6 V (vs.
RHE)

Substrate

Electrolyte a

Reference (ref.)

(mA cm-2)

NiClO-D

1.341

264

GCE

0.33 M

This work

NiOH-D

1.382

81

GCE

0.33 M

This work

Metallic Ni(OH)2

1.38

37 (peak current)

GCE

0.33 M

ref. 12

Ni-MOF

1.36

120

GCE

0.33 M

ref. 13

NiCr/C

1.38

90

GCE

0.33 M

ref. 14

Ni-Co

1.53

20

GCE

0.33 M

ref. 15

NiO nanosheet

1.38

GCE

0.33 M

ref. 16

LaNiO3

1.39

GCE

0.33 M

ref. 17

Exfoliated Ni(OH)2

1.52

GCE

0.33 M

ref. 18

ERGO-Ni

1.43

31

GCE

0.33 M

ref. 19

Ni/C-1

1.39

22

GCE

0.33 M

ref. 20

Ni2P-C

1.39

GCE

0.33 M

ref. 21

VNi-α-Ni(OH)2-4

1.37

118

GCE

0.33 M

ref. 22

NiMn/C

1.40

42

GCE

0.33 M

ref. 23

Ni/Sn dendrites

1.41

GCE

0.33 M

ref. 24

a: Electrochemical performances are obtained in 1 M KOH aqueous electrolyte with 0.33 M urea.
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Table S4. Parameters for each catalyst investigated on glass carbon electrode in 1 M
KOH electrolyte with 0.33 M urea.

Geometric
Sample

Potentiala

Potentialb

area

(V, vs.

(V, vs.

2

(cm )

RHE)

RHE)

NiClO-D

0.072

1.341

1.386

NiOH-D

0.072

1.382

1.496

ECSA
(cm2)

Specific
activity

Mass

c

activity

c

TOFd TOFe
(S-1)

(S-1)

(mA cm )

(A g )

26.75

0.71

505.5

0.12

0.21

19.40

0.30

155.1

0.04

0.04

-2

-1

a: obtained at the current density of 10 mA cm-2 (based on projected geometric area).
b: obtained at the current density of 50 mA cm-2 (based on projected geometric area).
c: obtained at the potential of 1.6 V (vs. RHE).
d: based on all Ni atoms, calculated via equation (4).
e: based on Ni active sites, calculated via equation (5).
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