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-Syntheses of materials

-Ni-Modified β-FeOOH Colloidal Solutions
All starting materials were used as-received. FeCl3･6H2O (99%), Ni(NO3)2･6H2O (99.9%), 

ethylenediamine and a 1 M aqueous KOH solution were purchased from Wako Pure Chemical 
Industries (Japan). Each Ni-doped β-FeOOH colloidal solution was prepared by combining 500mL 
of an aqueous solution containing FeCl3･6H2O (0.1 M as Fe3+) and the desired amount of 
Ni(NO3)2･6H2O along with ethylenediamine, followed by pH adjustment to the range of 2.0-2.4 and 
agitation with a magnetic stirrer at room temperature. After 30 min continuous stirring, the solution 
was aged overnight at room temperature.

-Preparation of the Ni-Modified β-FeOOH Nanorods on Carbon Paper (CP) 1

Ni-modified β-FeOOH nanorods on CP were prepared by depositing 1000 μL of a given colloidal 
solution together with a small amount of ethanol on the CP (TORAY, TGP-H-060, 1.8 x 2.2 cm), 
followed by drying at room temperature for 6 h and further drying under vacuum at 40 °C. The 
samples were subsequently washed with water and a 0.1 M aqueous KOH solution and then dried. In 
this manner, a 1.0 mg quantity of the nanorods was loaded on each 1 cm2 of the CP.
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-Experimental Methods
-Electrochemical Measurements of Water Oxidation.

The electrochemical characteristics of nanorod samples on CP electrodes were investigated in an 
aqueous 0.1 M KOH solution (pH 12.8) with a three-electrode configuration using a Ag/AgCl 
reference electrode and a Pt wire counter electrode. Electrochemical O2 and H2 evolution during water 
splitting by the same electrodes were examined using a Pyrex sealed glass reactor (total volume: 115.5 
ml) in an aqueous 0.1 M KOH solution (60 ml). A three-electrode configuration incorporating a 
Ag/AgCl reference electrode and a Pt wire counter electrode was employed with an applied potential 
of +1.56V (vs. RHE). The amounts of O2 and H2 generated with the above electrodes as the anode and 
a Pt cathode were determined using a gas chromatograph equipped with a thermal conductivity 
detector (GC-2014, Shimadzu). Potentials in all graphs are shown without subtraction of iR drop.

-Operando Hard X-ray XAS
Hard X-ray XAS (5−9 keV), X-ray absorption near edge structure (XANES) and extended X-ray 

absorption fine structure (EXAFS) analyses were conducted using fluorescence yield detection with a 
30 element Ge detector (Canberra). When acquiring in situ/operando XAS data, an H-shaped glass cell 
with a glass frit between the two compartments (Adams & Chittenden Scientific Glass, USA) was 
used, as reported previously.2,3 

The sample compartment of the cell contained a hole with a diameter of approximately 8.0 mm in its 
upper half and a -FeOOH:Ni/a-Ni(OH)2 sample on CP was glued on to this hole together with a 13 
μm thick Kapton film, which was placed on the outer side of the material facing the X-ray beam. The 
cell was mounted at an angle of 45° with respect to the X-ray beam and the fluorescence signal was 
detected orthogonally, as shown in Figure 2.
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Figure S1. The XRD patterns of β-FeOOH:Ni nanorods synthesized in a one-pot process with 
different total Ni concentrations, in the form of electrodes deposited on CP.



Figure S2　Current-potential curves acquired during OER in 0.1 M KOH over pure β-FeOOH 
(black), 1%-Ni (β-FeOOH:Ni) (blue), 22%-Ni (β-FeOOH:Ni/a-Ni(OH)2) (red), and amorphous 

Ni(OH)2 (yellow).



Figure S3 Fe EXAFS spectra acquired from (a) 1% Ni (β-FeOOH:Ni) and (b) 22% Ni (β-FeOOH:Ni 
surface-decorated with Ni(OH)2) under dry, OC potential and OER potential (+1.56 V) conditions.



Figure S4 XANES Ni k-edge data acquired from 1 and 22% Ni samples.



Figure S5 XANES Ni data acquired by cycling from the OC to OER potential and back to the OC 
potential, indicating reversible changes in the Ni species in a 22% Ni sample.



Figure S6 r-space EXAFS Fe k-edge data acquired from 1 and 22% Ni samples.



Fig. S7 r-space EXAFS data with fits for β-FeOOH:Ni (1 at.%) under (a) dry, (b) OC potential and (c) 
OER conditions (+1.56 V vs RHE), and (d) after 5 h of catalytic activity. The fast oscillation is the 
real part of the Fourier transform. 



Fig. S8 r-space data with fits for β-FeOOH:Ni/a-Ni(OH)2 (22 at.%) corresponding to dry sample (a) at 
open circuit potential (b) and under catalytic conditions at +1.56 V vs RHE (c). 



Table S1 Best fit parameters.


