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Experimental Section
Materials

Nickel nitrate hexahydrate (Ni(NO;),"6H,0, GR, >99%) was purchased from Aladdin.
Potassium hydroxide (KOH, 99.99% metals basis, except sodium) was purchased from Macklin.
Hydrochloric acid (HCl, 37%) was purchased from Sinopharm. Acetone (CH;COCHj;, AR,
>99.5%) was purchased from Aladdin. '80-labelled water (H,'%0, >98% !80) was purchased from
China isotope Co. Ltd. Nickel foam (1mm thick) was purchased from Lizhiyuan Co. Ltd.
Preparation of Ni(OH),/NF electrodes

Ni(OH),/NF electrodes were prepared using an electroplating method. Ni foam substrates
were cut into 1 cmx 1.5 cm pieces and thoroughly washed in acetone and 1M hydrochloric acid for
15 min by ultrasonication to remove impurities and the surface oxide layer, then washed with
deionized water. A deposition solution of 0.5M Ni(NOs), dissolved in deionized water was used
for the electroplating process. Each Ni foam substrate was dipped into the deposition solution with
a plating area of 1 cmx1 cm and the remaining part was used as the electrical contact. The
electrochemical deposition experiment was conducted via chronopotentiometry mode with a
cathodic current of 20 mA for 30 min. After deposition, the electrode was washed thoroughly with
deionized water, then aged in a 12 mol kg-! KOH aqueous solution at 120 °C for 1h.
Catalyst characterizations

Scanning electron microscopy (SEM) images were taken by a Zeiss microscope (MERLIN
VP Compact) operated at 15 kV. TEM and HR-TEM images were taken by a 2100F transmission
electron microscope operated at 200 kV. X-ray diffraction analysis was performed by a D/max
2500V diffractometer in reflection mode at 40 kV and 150 mA with a scanning speed of 8 © min-
I, Raman spectra were collected using a confocal Raman microscope (LabRAM HR Evolution,
HORIBA Jobin Yvon) with a wavelength of 532 nm and a power of 5 mW at the objective. X-ray
photoelectron spectra were collected using a Thermo Fisher spectrometer (Escalab 250Xi)
equipped with an Al Ka radiation source (1487.6 eV) and hemispherical analyzer with a pass
energy of 30.0 eV and energy step size of 0.05 eV. All the XPS spectra were corrected by C 1s
peak of 284.8 eV and fitted using XPSPEAK41 software with Shirley backgrounds and Gaussian-
Lorentzian functions. The Fe content was measured by an inductively coupled plasma optical
emission spectrometer (IRIS Intrepid IT XSP, Thermo Fisher).
RHE Calibration of reference electrode

A Hg/HgO/1M KOH reference electrode was used as reference electrode in all measurements
with three-electrode system. It was calibrated with respect to reversible hydrogen electrode (RHE)
using a three-electrode system with two cleaned Pt electrodes as the working and counter
electrodes. Before calibration, the Pt electrodes were cleaned by conducting CV between -2 V and
+2 V at 100 mV s! for 2 hours in 1 M H,SO,. The electrolyte was pre-purged and saturated with
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high-purity H,, and H, was constantly bubbled over the working electrode during the calibration.
Linear sweep voltammetry (LSV) was conducted at a scan rate of 0.1 mV s°!, and the potential at
zero current point was taken to be the thermodynamic potential (vs. Hg/HgO/1M KOH) for the
hydrogen electrode reactions, as shown in Fig. S9. For example, at 25 °C, the zero current point
was at -1.034 V, and therefore E (RHE) = E (Hg/HgO/1M KOH) + 1.034 V. The calibration was
conducted at temperatures ranging from 25 °C ~120 °C and the results were summarized in Table
S2.
Electrochemical measurement

All electrochemical tests were carried out on an electrochemical workstation (PGSTAT204,
Autolab). Except otherwise noted, the electrolyte used in electrochemical tests was 12 mol kg-!
KOH. In the three-electrode system, Ni(OH),/NF electrode was used as the working electrode,
along with a Ni foam counter electrode and a Hg/HgO/1M KOH reference electrode. To keep the
KOH concentration and the temperature of the Hg/HgO/1M KOH reference electrode stable during
the test, two salt bridges were used and the solution in the outer salt bridge was replaced with fresh
IM KOH every 30 min. A hot stage with a thermocouple was used to maintain the electrolyte at
set temperatures. Cyclic voltammetry (CV) was conducted with a scan rate of 1 mV s™'. The
steady-state water oxidation current was collected by recording the stable current at the end of the
5-min chronoamperometry program. IR corrected by 90% of the solution resistance was employed
to eliminate the effect of solution resistance. The resistance was measured by electrochemical
impedance spectroscopy (EIS) with high frequency of 100 kHz and low frequency of 0.01 Hz at
0.3 V vs Hg/HgO. The electrochemically active surface area (ECSA) was fitted by cyclic
voltammetry curves in the potential range of -0.3 ~ -0.2 V vs Hg/HgO at 1 ~ 100 mV s™!. For the
stability test, chronopotentiometry was applied at the current of 10 mA cm for 15h. To make a
commercial Ir/C catalyst sample, 5 mg 20% Ir/C (Premetek) was dispersed into a mixture solution
(800 pL of ethanol, 150 puL of ultrapure water, and 50 pL of 5wt% Nafion solution). The mixture
was sonicated for 10 min to make a uniform catalyst ink. Subsequently, 50 pL of catalyst ink was
uniformly loaded onto carbon paper (1 cm x 0.5 cm), maintaining the loading of Ir element at 100
ug cm2,
Faradaic efficiency calculation

To determine the Faradaic efficiency of water splitting, an H-type cell was used to collect the
generated oxygen and hydrogen separately via drainage gas gathering method. As the gases were
generated at high temperatures, the volume of the generated gases was recorded after they cooled
down to 25 °C and the partial pressure of water vapor (3.167 KPa at 25 °C) was subtracted when
calculating the amount of generated gases. The Faradaic efficiency can be calculated as:
‘nF

Vgas

FE(%) = x 100%

it



Investigation on the isotope behavior of oxygen

The 80-labeled KOH electrolyte was prepared with KOH and H,'30 (>98% !80). To prepare
a labeled Ni(OH),/NF electrode, a Ni(NOs), solution prepared with H,'80 was used for the
electroplating process. Prior to the thermal decomposition experiment, the labeled Ni(OH),/NF
electrode was charged to the NiOOH state in the '80-labeled KOH electrolyte and then washed
with unlabeled water to remove the '30-labeled KOH electrolyte. In contrast, the unlabeled
Ni(OH),/NF electrode was charged in unlabeled KOH electrolyte. The oxygen generated from the
thermal decomposition process was analyzed using an on-line mass spectrometer system (PM-
QMS, Shanghai Pro-tech Co. Ltd.). It is noted that the on-line acquisition mode requires a
relatively large amount of gas sample, so actually the gas sample for detection is a mixture of the
generated O, and air.
Evaluation of the thermal decomposition rate of NiOOH

The thermal decomposition rate of NIOOH was evaluated using an electrochemical method
proposed by Dotan et al. First, the Ni(OH),/NF electrode was discharged at 10 mA cm to a cutoff
potential of 0 V vs Hg/HgO, then charged at 10 mA cm™ to a cutoff potential of 0.4 V vs Hg/HgO
under room temperature. It is noted that OER would not occur under 0.4 V vs Hg/HgO, as shown
in Fig. 2c, so the charge entirely came from the formation of NiIOOH from Ni(OH),. After the
charge to 0.4 V vs Hg/HgO was finished, the Ni(OH),/NF electrode was immersed into a hot 12
mol kg'! KOH solution for a certain amount of time. The electrode was then charged again at 10
mA cm to the same cutoff potential of 0.4 V vs Hg/HgO to recover the previous state. The charge
quantity corresponds to the amount of Ni(OH), generated from the thermal decomposition of
NiOOH during the hot solution treatment, so the thermal decomposition density of NiOOH is given
by Q=jcharge * t. This procedure was repeated five times at each data point in Fig. 4a, and the error
bars represent the standard deviation.
Computational methods

The density functional theory (DFT) calculations were performed by using the Vienna ab-
initio simulation package (VASP)! 2. The electron exchange-correlation potential was conducted
by Perdew-Burke-Ernzerhof (PBE) functional of generalized gradient approximation (GGA)?. The
applied energy cutoff was 400 eV for the plane-wave basis set. The Gamma-center Monkhorst-
Pack k-point mesh* with a distance of 0.03/A was used for the structural relaxations. All the
calculated results were considered to achieve a good convergence until the force on each atom is
less than 0.05 eV/A. The electron energy convergence value between two consecutive steps was
set to be 1 x 10~ eV. The dispersion correction was realized by DFT + D3 method> ¢. The PBE +
U method was used to accurately describe the Ni 3d electron states with Ug= 5.5 eV7”-8. A vacuum

space larger than 15 A is applied to each slab.



Supplementary Note 1: Calculations of standard OER potentials E° vs RHE at
arbitrary temperature
According to the definition of RHE, the standard OER potential is equal to the standard
potential for water splitting (E?), which is 1.229 V at T=298.15 K. This well-known figure is
widely used in water electrolysis research when calculating overpotentials, even if the
experiment was performed at another temperature®!!. However, E® changes with temperature,
and this effect is not negligible when the reaction proceeds at a much higher temperature. The
standard potentials for water splitting at arbitrary temperatures E%(T) are described by equations
as follows:
AGr,Hzg split(T)
E)(T)= ———
zF (1)

0
AGT,HZO split(T)

where denotes the standard Gibbs free energy of water splitting reaction (H,O(l) —

Hy(g) + 1/2 O5(g)) at temperature T, which can be obtained by:

1
0 0 0 0
AGr,HZO splie(T) = = GHZO(I)(T) + GHZ(g)(T) + EGOZ(g) (M)

2)
According to the model developed by Carter et al.'2, the standard Gibbs free energies of

molecular species can be described as follows:

Gy = EPFT + ZPEPET + [HY(T) - HO(0 K) - TS(T)] 3)
DFT DFT
where i denotes H,O(1), Hy(g) or O,(g), E”i is the species’ DFT total energy at 0 K, ZPE" s the

0 0
species’ zero-point vibrational energy from DFT, Hi(T) and i) are the species’ standard
enthalpy and entropy at T, respectively. Especially, for T=T,= 298.15 K:
GY(t,) = EPT + ZPEPET + [HY(T,) - HO(0 K) - T,S%(T,)] 4)

From eq. (3)- eq. (4), we have:
GY(T) = Gy(T,) + Hy(T) - H{(T,) - TSy(T) + T, 5y(T,) (5)

0 0
where #i(T) and 5i(T) can be obtained through Shomate equations:
0 0 B; 2 G 3 D, 4 E;
H;(T) - H{(T,) =Ait+?t +§t +Zt —7+ F,-H,

(6)
and

C,. D,. E
STy =Alnt+Bt+—t*+—t2-—+G,
2 3 2¢2 (7)



T[K]

t=—
where 1000 and 4, B;, C;, D;, E;, F;, G, and H; are experimentally derived constants for each
molecular species i which are obtained from the National Institute of Standards and Technology

(NIST) database and listed in Table S3.

0
For Gi(Tr), we have:

1
AG f,H;O(l)(Tr) = GHZg(l)(Tr) - GHZO(g)(Tr) - EGOZ(()g) (Tr)

(8)

0
where AG}‘,HZO(Z)(Tr)

denotes the standard free energy of the formation of HO(1) at T=T,= 298.15
K and it is directly obtained from the NIST database.
Combine eq. (1) ~ eq. (8) and the parameters from NIST database, we can obtain the

relationship between E? and T:

9
- 532.488t + 772.386t% - 539.463t> + 207.957t* - 252.333tIn t + +242.115

EO(T) = -
2 X 96485.33 X 10~

)
T[K]

t=——

where 1000
The standard potential for water splitting reaction was plotted as a function of temperature

in Fig. S22 according to eq. (9). It is very close to a linear relationship (R?>=0.9998) with a slope
of -0.8104 mV K-! in the range of 273 K ~ 473 K.



Supplementary Note 2: Detailed information for DFT calculation
The traditional OER mechanism is developed by Nerskov!? '* including four one-electron

Processes:
OH +* — *OH + ¢
OH" + *OH — *O + Hy0 (I) + &
OH- + *O — *OOH + ¢
OH- + *OOH — O, (g) + * + H,0 (I) + &

Here, * denotes the active site on the surface, (1) and (g) refer to liquid and gas phases,

respectively. The free energy change (AG) of the reactions was calculated as follows:

AG = AE + AEzpg - TAS - eU
where AF is the total energy change of the reaction, AEzpg is the zero-point energy change, and
AS is the entropy change.
The SET-OER consists of two parts: the thermal decomposition (2H,0 — O, + 4*H) and
proton-coupled electron transfer for H desorption (4*H + 40H- — 4H,0 + 4¢°). On NiOOH

(100), the elementary reactions involved in thermal decomposition are depicted in the following:
H,O (1) + *! — *IH,0
*IH,0 + *2 — *I0H + *2H
*1OH + *3 — *10 + *3
H,0 (1) + ** — *4H,0
*4H,0 + *5 — *40OH + *SH
#4OH + *10 + *6 s *4Q, + *6] + *1
0, — 0, (g) + *
All the elementary reactions involved in H desorption can be expressed as follows:
OH- + *H — H,0 (1) + *3

OH" + *SH — H,0 (I) + *3



OH- + *?H — H,0 (1) + *2
OH- + *6H — H,0 (1) + *

On NiOOH (001), the barrier of **OH + *10 + *¢ — *4Q, + *6H + *I (1,59 eV) indicates
that the reaction is unfavorable. Therefore, the assistance of the lattice O atom (O'2%) is required

during the thermal decomposition. The elementary reactions are as follows:
H,O (1) + *! — *IH,0
*1H,0 + *2Qlatt + *3 _, ¥2QlatQH + *3H
#20att Q] + *4 5 *¥2Q)lati() 4+ *4[]
¥20MtQ — O, (g) + *2
H,O (1) + *?2 — *2H,0
*2H,0 + *5 > *20laiH + *SH
And the ones of H desorption are as follows:
*20lat + OH- — *20't + H,0 (1)
*H+ OH- — H,0 (1) + *3
*H+ OH- — H,O (1) + *°

*H+ OH- — H,0 (1) + *4
where */ denotes the ith site on the surface.

To compare the reaction rates of each of the above elementary reactions, their reaction
barriers were calculated. For the thermal decomposition, the climbing image nudged elastic band
(CI-NEB) method was employed to identify the saddle points and minimum energy paths
between the stable states. For the H desorption and traditional OER mechanism which both
involve the proton-coupled electron transfer, the standard Gibbs free energy of activation (AG?)
is estimated using Marcus theory of electron transfer!>:

b B (T, 0) - €U + Aw)

I _ 1
AGH (T, U) = —{1+
(O =7 A,

1




where 4; and Aw; are the reorganization free energy and the net (product minus reactant) work

term, respectively. Ered,i,ORHE(T -0) is the standard reduction potential of the ith step at and U is
applied potential referenced to the reverse hydrogen electrode (RHE). In our work, the Marcus
theory parameters 4; and Aw; are adopted from the study by Carter et al.!? 16, These parameters
were fitted from the microkinetic model to obtain a good agreement with the experimental
polarization curves of B-NiOOH including the K* and KOH concentrations. From the reaction
barriers, the reaction rate £ is calculated as:

ke, T

k = —ex
7 p

AG*H
kg T

where kg and 4 are the Boltzmann constant and Planck’s constant, respectively.



Supplementary Note 3: Calculations on the overall energy efficiency
When water electrolysis is performed at high temperatures, both electricity and heat are

input to produce hydrogen. The energy required for hydrogen production equals the enthalpy
change (AH) of water splitting reaction, while the minimum electricity required for hydrogen
production equals the Gibbs free energy change (AG) of water splitting reaction.
When T =298.15 K,
AH? = 285.83 kJ mol"! (E,’=AHnF=1.482 V), AG’= 237.14 kJ mol! (E’>=AGnF=1.229 V).
When T =393.15 K,
AH? = 282.81 kJ mol! (E,’=AHnF=1.466 V), AG’= 222.06 kJ mol-! ((E>=AG%nF=1.151 V).
At a current density of 100 mA cm2, the potential needed for Ni(OH),/NF is 1.326 V
(without ir-corrected). The overpotential for HER at 100 mA cm is estimated at around 100
mV, so the V =1.426 V is used in the calculation of energy efficiency. The Faradaic efficiency
calculated from hydrogen is 97.8%. In this situation, electricity input is calculated as:

_MFViy 296485 -1.426
" FE(%) 97.8%

q, J/mol H, = 281.4kJ/molH, = 39.15 kWh/Kg H,

When the voltage of water splitting is lower than Ey, the reaction is endothermic so extra
heat is needed to maintain the operating temperature:
Gy =nF - (Ef, = Vo) = 2+ 96485 - (1.466 - 1.426)) /mol H,
= 7.72kJ/molH, = 1.07 kWh/Kg H,

Heating water from 25°C to 120°C also requires heat input, which can be calculated as:

39315 K

q, = n(mol) - CpwaterdT = 7.186k]/molH, = 1.00 kWh/Kg H,

298.15 K

The water splitting system operating at high temperatures requires an insulation design to
reduce heat loss from heat conduction between the system and the external environment. Such
insulation design is quite mature in industry so here we assume the heat loss from heat
conduction is negligible with proper heat management. The heat from the cooling process of
generated gases (4.169 kJ/mol H,) is considered as low-grade heat and is not included in the
recoverable energy.

In summary, with the boosting of the SET-OER, when operating at 120°C with a current
density of 100 mA c¢m2, the required heat input = 1.07+1.00 kWh/kg H,=2.07 kWh/kg H, and
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the required electricity input = 39.15 kWh/kg H,. The overall energy efficiency=39.7/(2.07+
39.15)*100%=96.3%.

Supplementary Figures

Fig. S1. SEM images of pristine Ni(OH),/NF at different magnifications.
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Fig. S2. Optical micrographs of the Ni(OH),/NF electrode (a-b) before SEM imaging and (c-d)
after SEM imaging. No cracks were observed before the SEM imaging while cracks were distinctly
observed after the SEM imaging, indicating that the cracks shown in SEM images were formed
due to drying of the electrode under the high vacuum conditions inside the SEM.
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Fig. S3. Raman spectra of Ni foam, pristine Ni(OH),/NF, aged Ni(OH),/NF, and Ni(OH),/NF after
OER stability test for 15h.
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Fig. S4. XRD pattern of Ni foam, pristine Ni(OH),/NF, aged Ni(OH),/NF, and Ni(OH),/NF after
OER stability test for 15h.
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Fig. S6. images of N(OH)Q/NF after aging in 1 Mol kg‘ O at 120°C for 1h. a) Low-
magnification TEM image. (b) HR-TEM image. The inset shows a SAED pattern. The lattice
fringes of 0.270 nm correspond to the (100) plane of B-Ni(OH),.
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Fig. S7. Fe 2p XPS spectrum of aged Ni(OH),/NF electrode.
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Fig. S8. Boiling point of KOH solution as a function of molality.
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Fig. S9. RHE calibration of Hg/HgO/1M KOH reference electrode. (a-f) The LSV curves collected
at (a) 25 °C, (b) 40 °C, (c) 60 °C, (d) 80 °C, (e) 100 °C, (f) 120 °C, respectively. The potential of
zero current point is taken to be the thermodynamic potential (vs. Hg/HgO/1M KOH) for the
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electrode reactions.
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Fig. S10. (a) LSV curves at 5 mV/s and (b) corresponding Tafel slopes for commercial Ir/C from

25°Cto 120 °C.
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Fig. S11. (a) Cyclic voltammetry polarization curves collected in the non-faradaic potential (-0.3
~-0.2 V vs Hg/HgO) at various scan rates (1, 5, 10, 25, 50, and 100 mV s). (b) The half currents

difference at -0.25 V vs Hg/HgO plotted as a function of scan rate.
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Fig. S13. Time-dependent yield of (a) O, and (b) H, measured at a current density of 10 mA cm™
via drainage gas gathering method.
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Fig. S14. SEM images of Ni(OH),/NF after stability test (chronopotentiometry at 10 mA cm2) at
different magnifications.
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Fig. S15. EIS of Ni(OH),/NF at 120 °C after the long-term stability test (10 mA cm for 15h).
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Fig. S16. TEM iages of Ni(OH),/NF after stability test. (a) Low-magnification TEM image. (b)
HR-TEM image. The lattice fringes of 0.272 nm and 0.238nm correspond to the (100) plane of -
Ni(OH), and the (102) plane of NiOOH.
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Fig. S17. The atomic structures of intermediates involved in the thermal decomposition (blue), H

desorption (green), and traditional OER steps (gray) on NiOOH(100).
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Fig. S18. The atomic structures of intermediates involved in the thermal decomposition (blue), H
desorption (green), and traditional OER steps (gray) on NiOOH(001).
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Fig. S19. The free energy diagram of the oxygen defect mobility on (a) NiIOOH (100) and (b)
NiOOH (001) at T = 298.15 (solid line) and 393.15 K (dashed line), respectively. VO represents
the oxygen vacancy.”
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Fig. S20. (a) On-line mass spectrometry data during the thermal decomposition step with unlabeled
NiOOH in 80-labeled KOH electrolyte. (b) 30/'O ratio calculated from (a). (¢) On-line mass
spectrometry data during the thermal decomposition step with 80-labeled NiOOH in unlabeled

KOH electrolyte. (d) '30/'°0 ratio calculated from (c).
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Fig. S21. Chronoamperometric curve at 0 V vs Hg/HgO under room temperature. The Ni(OH),/NF
electrode was fully charged to NiOOH state beforehand. The current integral is used to estimate
the effective Ni(OH), loading of the Ni(OH),/NF electrode.
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Fig. S22. The calculated standard potential for water splitting reaction as a function of temperature.
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Fig. S23. In situ Raman spectra of Ni(OH),/NF electrode as a function of time when applied with
a potential of 0.6 V vs Hg/HgO at (a) 25°C and (b) 120 °C.
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Supplementary Tables
Table S1. Fe content of 12 mol kg-! KOH and aged Ni(OH),/NF electrode measured by ICP-OES.

sample Fe content (ppm)
12 mol kg'! KOH < 0.5 (lower than the detection limit)
aged Ni(OH),/NF <20 (lower than the detection limit)
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Table S2. Thermodynamic potential vs Hg/HgO for the hydrogen electrode reactions as a function
of temperature.

T/°C thermodynamic potential vs Hg/HgO for the hydrogen electrode reactions/ V
25 -1.034
40 -1.014
60 -0.996
80 -0.981
100 -0.968
120 -0.956
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Table S3. Shomate equation parameters for O,(g), H,(g) and H,O(1)!".

Parameter O,(g) Hax(g) H,0(1)
A 31.32234 33.066178 -203.606
B -20.23531 -11.363417 1523.29
C 57.86644 11.432816 -3196.413
D -36.50624 -2.772874 2474.455
E -0.007374 -0.158558 3.855326
F -8.903471 -9.980797 -256.5478
G 246.7945 172.707974 -488.7163
H 0 0 -285.8304
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Table S4. Optimum fit parameters of the EIS data in Fig. 2e to the equivalent circuit.

Temperature (°C) R, (Q) R: (Q) Ry (Q)
25 0.770 0.350 2.02
120 0.258 0.035 0.756
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Table S5. Comparison of the Ni(OH),/NF with other reported OER catalysts in the performance
towards water oxidation.

Catalyst teOrrll);Earletlltllll%e electrolyte 112) %Xlgz reference
°C)

Ni(OH),/NF 120 12 m kg'! KOH 100 This work
NiFe LDH/NiS RT IM KOH 230 18
Ir1g we 0,-N1O RT IM KOH 215 19
Ir;@Co/NC RT IM KOH 260 20
Ir/Ni(OH), RT IM KOH 224 21
MoNiFe-27% RT IM KOH 242 22
Ir;/CoOOHgy, RT IM KOH 210 2
Ni/Ni(OH), RT IM KOH 270 24
Fenors-SO3 50 IM KOH 195 %
CoN 65 IM KOH 242 26
NiFeO,/NF 72.85 IM NaOH 230 ?
NiO4(OH), 90 IM KOH 184 27
DR-NiOOH 52.8 IM KOH 289 23
Fe,P-Co,P/CF 65 IM KOH 254 29
Fe-BHT 80 IM KOH 282 1
FeCo(OH) « 75 IM KOH 209 30
IrO, 75 IM KOH 253 30
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