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S1. Detailed experimental section

S1.1. Preparation of substrate and precursors

Nickel foam (NF) was utilized as a substrate for the fabrication of CoFeBP micro-flower-branch
(MFB) electrodes due to the high 3-dimensional porosity.[1] The porous structure can lead to the
large surface area and improved electrocatalytic efficiency as compared with other flat substrates.[1]
Bare NF of 3 x 2 cm? was ultrasonicated in 6 M hydrochloric acid (HCI) for 15 min to remove the
surface oxides and contaminants. Then, the NF was washed in ethanol and DI water to eliminate the
chemical residuals and then dried in ambient. The surface morphology and elemental analyses on
bare NF are provided in Figs. Sl(a) — S1(c), which showed clean 3-D porous NF ready for the
CoFeBP fabrication. The electrochemical performance of bare NF is shown in Figs. S1(d) — S1(e), in
which the HER performance was 466 mV at 100 mA/cm? and that of OER was 861 mV at 100
mA/cm?,

The CoFeBP precursor solution was consisted of cobalt(Il) nitrate hexahydrate
(Co(NQO:)226H20) for Co, iron(III) nitrate nonahydrate (Fe(NOs):*9H20) for Fe, boric acid (H3BO3)
for B, and sodium hypophosphite (H2NaO,P+H-O) for P as precursors, which were dissolved in 30
mL DI water for a hydrothermal reaction as illustrated in Fig. S6. In addition, the urea (CH4N>0O) and
ammonium fluoride (NH4F) were adapted as surface active agents to boost the nucleation and 3D
structure formation by increasing solution conductivity. The precursor solution was magnetically
stirred for 10 min to get a homogeneous mixture. Specific precursor concentrations and molarities
are listed in the related figures and sections. All the chemicals were analytical grades and used as
received without further purification (Sigma Aldrich, USA). Potassium hydroxide (KOH), sulfuric
acid (H2SO4) and phosphate-buffered saline (PBS) tablets were dissolved into 30 mL DI water
respectively to make 1 M KOH (alkaline), 0.5 M H2SO4 and 1 M PBS (neutral) solutions for

electrochemical performance measurements in different pH waters. The river water was collected



from the Han River (Seoul, Korea) and the seawater was obtained from the Yellow Sea (Incheon,

Korea) respectively. Natural waters were used after the sedimentation and filtration.

S1.2. Electrochemical characterizations

Three-electrode (3-E) electrochemical performance was examined by an electrochemical workstation
(Wizmac, South Korea), which was consisted of the CoFeBP micro flower branch (MFB) electrode
as a working electrode, Ag/AgCl as a reference electrode and graphite as a contour electrode. The
applied LSV potential was from - 0.6 V to 0.2 V vs. RHE for the HER and from 1.2 V to 2.0 V vs.
RHE for the OER respectively. All the electrochemical measurements were performed with the fixed
cell position, indicating fixed electrode distance and measurement error was tried to be minimized
for consistency. The polarization curves were plotted as received without an iR correction. iR
correction can improve the LSV performance by removing the solution resistance. In the reaction
cell, both solution resistance and contact/intrinsic resistance exist, which is not avoidable during the
splitting process. [2] The reversible hydrogen electrode (RHE) potential was converted based on Eq.
(S1).
E [V vs RHE] = E(Ag/AgCl) + 0.1971 + 0.059 x pH (S1)
The polarization curve was collected by linear sweep voltammetry (LSV) measurement at the scan
rate of 5 mA/s. As an example, the scan rate varied between 2, 5, 8 and 10 mV/s for the HER and
OER LSV measurement in Fig. S2.
Current response, imp (A) = 0.446nFAC° (nFuDo/RT)"? (S2)

Where n is the number of electrons transferred in the redox event, A is the electrode surface area
(geometric surface area), Do is the diffusion coefficient of the oxidized analyte, and C° is the bulk
concentration of the analyte. Additionally, R (JK 'mol") is the gas constant and T (K) is the
temperature. As per the Randle-Saiki equation, the peak current i, (A) can increase linearly with the

square root of the scan rate (V/s). The higher scan rate can lead to a reduction in the diffusion layer



and thus can result in high current densities with lower potential [3]. The higher scan rate not only
reduces the diffusion layer but also alters the gas diffusion activity, which may affect the overall
catalytic activity.[4] At the same time, at higher scan rates, reaction kinetics decreases with the
degradation of performance.[5] The 5 mV/s scan rate is adapted for LSV in this experiment and other
previous works widely adapt the scan rates of ~5 mV/s.

Electrochemical impedance spectroscopy (EIS) was carried out at 50 mA/cm? corresponding
voltages between 100 kHz to 0.1 Hz with an amplitude of 5 mV. The EIS measurements presented
voltage-dependent Rt response around the turnover regions as seen in Fig. S4. For example, a lower
Ret values were obtained at a higher voltage due to reduction in the diffusion depth.[6] Thus, the
potential of EIS measurement was picked at the fixed current of 50 mA/cm? to properly reflect the
Ret trend in a set. The cyclic voltammetry (CV) was obtained at various scan rates between 40 and
180 mV/s in the non-faradic potential range of 0.2 ~ 0.3 V vs. RHE for the HER and 1.04 ~1.14 V vs.
RHE for OER. The electrochemical double-layer capacitance (Ca) plots are obtained from the anodic
and cathodic current density plots: AjHp25= (Ja- Jc)/2 and AjO;.09= (Ja- Jc)/2, where Jais the anodic
current and J. is cathodic current.[7] The Cy values are obtained by extracting the slope of Ca plots,
which represent the electro chemical surface area (ECSA) of an electrode. For HER, the CV curves
were taken in a non-faradic region where there are no charge-transfer reactions occur in between 0.2
and 0.3 V below 1.023 V based on Eq. (S3)

Erue = E +0.059 * pH + 0.197 (Ag/AgCl) (S3)
The actual reverse sweeping voltage (E) was between - 0.72— and - 0.823 V. For OER, the CV
curves were taken in between 1.04 and 1.14V below 1.23 V based on the same equation. The actual
forward sweeping voltage (E) was between 0.017 and 0.117 V. The ECSA calculation formula is as
follows: ECSA = A x Cq / Cs, where A is geometrical area (0.5%0.5 cm?) and Cs is specific

capacitance of smooth electrode surface that generally is 0.04 mF cm™ in 1M KOH.[8]



The performance of CoFeBP was tested in both laboratory and industrial conditions. The laboratory
condition was at room temperature in 1M KOH. For the industrial condition, the electrolyte was
changed to 6M KOH, and the electrolysis was performed on the hotplate with the temperature at

60 °C. The measurement started when the electrolyte temperature stabilized the setting values.

S1.3. Morphological, elemental, and optical characterizations

Scanning electron microscope (SEM, Regulus 8230 Hitachi, Japan) and energy-dispersive X-ray
spectrometer (EDS, Ultimax, Oxford Instruments, UK) were utilized to analyze the surface
morphology and elemental phases of various CoFeBP micro flower branch (MFB) electrodes. SEM
scanning was conducted using the accelerating voltage of 20 keV, the beam size of 11 and working
distance of 10 mm. Regarding EDS analysis, the accelerating voltage was set as 10 keV. The beam
size of 16 and working distance of 15 mm were adapted respectively. Raman analysis was performed
by a NOST system (Nostoptiks, South Korea), equipped with 532 nm laser, spectrograph (ANDOR
SR-500, UK) and charge-coupled device (CCD). The laser power was 120 mW and the slit width
was set as 100 um. The exposure time of 0.8 s was used along with 10 times accumulations for the
Raman signal collection. X-ray diffraction (XRD, D8 Advance, Bruker, USA) was utilized to
analyze the crystalline phases and planes of MFB electrodes at a scanning rate of 2° /min by the Cu
Ka radiation (A = 1.5406 A). X-ray photoelectron spectroscopy (XPS) was adapted to understand the
chemical state and electronic structure of CoFeBP MFBs at 1486.6 eV under < 108 torr with the X-
ray spot size of 10 pm of Al K-Alpha X-ray source (FC-XP10, Thermo Fisher Scientific, USA). The

anode line was monochromatized and the spectrum was measured at 0.05 eV intervals.

S1.4. Reference electrode fabrication

In this work, the Pt/C reference electrode was adapted for the HER reference and the RuO, was used

as OER benchmark electrode. For the Pt/C HER reference electrode fabrication, 20 mg of Pt/C and
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60 uL of 5 wt% Nafion (117 solution, Aldrich) were dispersed into a mixed solution containing of 5
mL ethanol and 5 mL DI water [9]. The precursor solution was then ultrasonicated for 30 min for a
homogeneous dispersion. A clean NF was soaked into the solution to make Pt/C reference electrode
for 30 min and dried in ambient. The OER benchmark electrode of RuO> was fabricated analogously
by a soaking approach. 40 mg of RuO> and 60 pL of 5 wt% Nafion (117 solutions, Aldrich) were
dispersed in the 5 mL ethanol and 5 mL DI water solution [9] and then ultrasonically mixed for 30
min. The NF was then immersed in the dispersed solution for 30 min before being dried in ambient.
The surface morphology, EDS spectrum and electrochemical properties of Pt/C and RuO; reference

electrodes are provided in Figs. S4 — S5.

S1.5. Fabrication of CoFeBP micro flower branch (MFB)

The general fabrication process of CoFeBP micro flower branch (MFB) electrode on the NF by a
hydrothermal reaction is illustrated in Fig. S6, including the hydrothermal reaction and annealing
optimization. In short, a clean NF was dipped into the CoFeBP precursor solution in a Teflon-line
autoclave and then various hydrothermal reaction parameters, i.e., temperature, duration, and
precursor concentration, were thoroughly optimized by the systematic control on each parameter.
After the hydrothermal reaction, the temperature was cooled down to an ambient temperature and the
sample was rinsed in DI water. Post-annealing was performed to improve crystallinity in a rapid
thermal processing (RTP) system as illustrated in Fig. S6. Then, the sample was cut into 1 x 1 cm?
for various characterizations and analyses. The synthesis of CoFeBP MFB electrode can be described
as below.
Co(NO3)2*6H20 + Fe(NO3)s+*9H,0 + H;BOs + 2NaH,PO,+H.0 + CO(NH,), + NHLF + n.H,0 —  (S4)
Co*" + Fe¥* + 5(NO3)™ + [B(OH)4]” + H™+ PH; + 2Na*+HPO.> + 17H,O+ COx(g)+ 3NH;" + 20H+ F—

(85)

Co(NOs)2+6H:0 — Co?* + 2(NOs)™ + 6H,0 (S5-1)



Fe(NO3);*9H20 — Fe* + 3(NO3)™ + 9H,0 (85-2)
H;BO; + H,0 — [B(OH),]” + H* (S5-3)
2NaH,PO,*H:0 — PH; + Na;HPO, + 2H.0—PH; + 2Na*+HPO,>+2H.0 (S5-4)

CO(NH>); + HO — COx(g) + 2NHs(g)

2NH;(g) + 2H,0 — 2NH3*H,0(aq) — 2NH," + 20H" (S5-5)
NHJF — NH" + F- (S5-6)
CoFeBP + 5(NO3)™ + 2Na* + 21H,0 + COx(g)+ 3NH,* + 20H™ + F~ (S6)

The precursors and surface agents utilized for the fabrication of CoFeBP micro flower branch (MFB)
electrode are shown in Eq. (S4) above and the ionized precursors are shown in Eq. (S5). The ionized
precursors are formed by the ionic dissolution and reactions of each element as seen in Egs. (S5-1) -
(5-6). For example, the Co*" and Fe*" ions are dissolved from the Co and Fe precursors of
Co(NOs)2#6H20 and Fe(NO:);*9H20 as seen in Egs. (S5-1) and (5-2). The [B(OH)4]™ as the B precursor
is generated from the H3BO;3; as seen in Eq. (S5-3). Sodium hypophosphite (NaH2POz) can
decompose and form the PH3; and NaH>PO; as seen in Eq. (S5-4). Na;HPO, further continue to
ionize and leave 2Na" + HPO4* in the solution [10]. Urea (CO(NH),) and ammonium fluoride
(NH4F) served as surface agents to modulate the nucleation rate in Egs. (S5-5) - (5-6). Both surface
agents led to a high-speed homogeneous deposition by raising conductivity [11][12]. The urea
decompose into NH; and CO2, where the NH3 group can accept a proton and generate hydroxyl
(OH") ions, a common hydrophilic group, as seen in Eq. (S5-5) [11]. The generation of OH™ can
increase the number of precursors binding to the nickel foam (NF) and improve the electrodes' ability
to absorb water molecules.[11] The presence of F ions (F) (NH4&F — NH4" + F) can readily
chemisorb elements with dangling bonds and promote the nucleation process with strong
electronegativity[13]. Finally, various 3-D CoFeBP micro flower branch (MFB) structures can be

gradually developed during the hydrothermal reaction as seen in Eq. (S6).

S1.6. Raman analysis on CoFeBP MFBs after post-annealing
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Generally, Raman spectroscopy is a powerful tool in the field of vibrational spectroscopy in a
molecular system and the obtained Raman peaks can define the unique phonon scattering of lattice
vibrations.[7] It also yields useful results in the analysis of surface crystallinity and crystal quality of
nano- and micro-structures.[7] The Raman peaks of chemically synthesized CoFeBP electrode before
annealing treatment is shown as black line in Fig. S29. Several strong characteristic Raman bands
were observed at 596, 962, 1029 and 1102 cm™ and other smaller peaks appeared at 261, 360 and
478 cm™!. In previous work, the Fe-P bond exhibited strong vibration peak at 476 cm™' [14] and CoPs3
possess several sharp peaks between 200 and 600 cm™'.[15] Three peaks of 513, 605 and 660 cm!
were found in CoOOH.[16] The Co304 showed the strong E, and E's, vibration modes at 478 and
569 cm™! and Fe-O showed a characteristic peak around 261 cm™.[17-19] After comparison, the
Raman peaks of CoFeBP at 261, 478 and 596 cm™' can be assigned to the Fe-O bond, E, vibration
mode of Co304 and CoOOH respectively. As for the stretching vibration peaks in 950 ~ 1100 cm™, it
is possibly due to active oxygen bond (O-O). The OH species initially adsorbed on Co and Fe
surface and it can be converted into M-O* (M=Co and Fe).[20,21] In this regard, Co-O* and nearby
Co-O* or Fe-O* can directly form O-O bonds without consuming much energy.[20,21] The peak can
split into two shoulder peaks which can be related to the symmetric stretching O-O vibration.[20,21]
The Raman spectrum after the post-annealing is provided as blue line in Fig. S32 and intensified
peaks or increased peak intensities were obtained after the vacuum annealing process. The moderate
annealing treatment can effectively improve the crystalline. Initially, crystal atomic arrangement was
randomly grown on the surface of Ni foam and various defects may exist.[22,23] Surface atomic
diffusion initiated by thermal treatment can effectively alter the spatial atomic arrangement and
hence can reduce the atomic dislocation density as well as the surface defects.[22,23]. Ramana
analysis on the samples at higher annealing temperature are seen in Fig. 2(g). The peak intensity
gradually decreased from 200 to 500 °C. Especially at 500 °C, the main peaks were nearly not visible.

Higher annealing temperature can result in lattice distortion and even undesirable crystal sintering[24]



as revealed from the SEM images. As a result, lower intensity peaks were obtained, and the trend of
electrochemical properties was consistent with the Raman analysis as seen in Fig. 3.

Figure S44 shows the Raman analysis on the CoFeBP MFBs after the 12-hr stability test. As
the stability test was done in the 2-electrode configuration, both anode and cathode are examined.
Overall, the intensity of characteristic peaks became lower in both anode and cathode and cathode
exhibited further reduced peak intensity after a long-time redox reaction as compared with the
electrode before the stability test. It mainly can be due to the amorphous surface oxidation process
leading to the decreased quality of surface crystals and the loss of local crystallinity.[25] The peaks
at 478 and 569 cm™! possibly can be assigned to the E, and E's, vibration modes of Co304 due to the
stronger oxidation during the HER/OER.[17] The sharper peak ranging from 880 to 1190 cm™ in the
anode side might be explained by more O-O couples formation during oxygen and hydrogen

generation process.[20,21]

S1.7. XRD analysis on CoFeBP MFBs

Generally, XRD patten provides the crystalline phase and the elemental composition can be referred
to the diffraction pattern. Figures S33(a) — S33(d) show the X-ray diffraction (XRD) patterns of
CoFeB, CoBP, CoFeP and CoFeBP electrodes. The CoFeB, CoBP and CoFeP were additionally
fabricated for a comparison with the CoFeBP. Here, the CoFeBP electrode exhibited strong peaks
between 27 and 35 such as 27.0, 27.9, 30.0, 34.0, 35.2 ° as well as other secondary small peaks in the
scan range in Fig. S33(a). Several small peaks were observed at 27.7, 28.2, 32.8 and 33.9 ° for the
Co-Fe-P electrode, and a series of multiple secondary peaks were also observed throughout the scan
range in Fig. S33(b). Co-Fe-B exhibited multiple strong peaks such as 26.7, 30.1, 33.2, 35.5, 38.7,
59.2 and 63.0 ° in Fig. S33(c). In the case of CoBP, more peaks were obtained such as 24.0, 27.9,

32.2, 34.3, 36.1, 37.2, 38.7, 39.9, 49.3 and 57.7 ° in Fig. S33(d). The two main strong diffraction



peaks at ~ 43 and 52° in all XRD patterns can be indexed to the (111) and (200) planes of Ni foam
substrate [26].

The CoFeBP is a new material composition and thus there was no exactly matching PDF card
in the database (http://icsd.kisti.re.kr) and literature. The XRD patterns of related compounds are
discussed in Figs. S34(a) — S34(d). In Fig. S34(a), the Co2B (ICSD ID:14499) exhibits one strong
peak at 59.6° and other secondary peaks in between 41 ~ 65 °. Similarly, the strongest peak is located
at 21.6 ° and more secondary peaks appear the pattern of Co3;B (ICSD ID:53388). For CoB (ICSD
ID:14502), stronger diffraction peaks can be witnessed at 34.2, 35.4, 39.5,41.4,44.1,49.3 and 55.7 °
and fewer secondary peaks appear. In Fig. S34(b), CoP3 (ICSD ID:8621) demonstrates several strong
peaks located at 23.1, 32.8, 37.5 and 42.3° whereas the diffraction peaks of Co,P (ICSD ID:9911) are
primarily ranging in between 40 and 65 °. The strong peaks of CoP (ICSD ID:52318) can be
observed from 23 to 36 ° and from 47 to 62 °. Figure S34(c) shows the FeB and BP-related XRD
patterns. Here, the Fe:B (ICSD ID:5145) presents two strong peaks located at 27.5 and 58.7 ° while
the FeB (ICSD ID:14501) shows multiple intense peaks located at 32.6, 37.9, 41.3, 45.2, 47.8 and
63.2 °. In BP (ICSD 1D:54947) spectrum, two main peaks appear at 39.9 and 57.6 °. The Fe-P-related
XRD patterns are shown in Fig. S34(d). FeP» (ICSD ID:3866) demonstrates one main peak at 23.9 °©
and other peaks are located from 31.7 to 63 °. In FeP4 (ICSD ID:1485) spectrum, a series of small
peaks can be found from 46.1 to 65 ° as well as a few strong peaks at 25.6, 31.8, 32.4 and 38.7 °. In
FeP (ICSD ID:3890), the peak at 23.1° shows the highest intensity and other secondary peaks can be
seen from 30.9 to 65°. Overall, there was not exactly matching XRD card with the CoFeBP XRD
pattern from the closely related materials. Thus the unique XRD pattern of CoFeBP can indicate the
formation of CoFeBP and a series of small secondary peaks may indicate the formation of a
polycrystalline phase.[27] The polycrystalline phases can expose more active sites and the long-

range disordered structure can be related to the higher structural flexibility in the modulation of



surface electronic structure as compared to the signal crystal phase.[25] Thus, the polycrystalline
CoFeBP may demonstrate a rapid water splitting performance.

Figure S30 shows the XRD comparison before and after the post-annealing treatment. Before
the thermal treatment, the whole XRD pattern is shown in Fig. S30(a): main peaks are shown in Fig.
S30(a-1) and secondary peaks from 50 to 70 ° can be found in the zoom-in image in Fig. S30(a-2).
After annealing, several stronger peaks can be found at 22.8, 26.7, 27.6, 29.5, 33.7 and 35.1 ° and
additional secondary peaks were observed at 38.4, 41.0, 42.5° as seen in Figs. S30(b) — S30(b-1). In
the zoom-in spectrum in Fig. S30(b-2), a series of small peaks appeared such as 55.7, 56.9, 57.4,
60.8, 61.7 and 66.5 °. The peaks between 26 and 42 ° exhibited increased intensity without shifting,
meaning improved crystallinity.[25] The annealing process can effectively reduce atomic dislocation
and remove surface point defects and hence can improve the crystallinity.[25] The appearance of
new peaks such as 22.8 ° and others between 55 and 67 ° may be mainly due to the changed local
atomic arrangement via atomic diffusion initiated by the heat process.[25] It was concluded that
hydrothermal synthesized CoFeBP electrodes indicated the polycrystal phase and the annealing can

effectively improve the crystallinity.

S1.8. Turnover frequency (TOF) calculation for CoFeBP MFBs

The HER and OER turnover frequency (TOF) is defined as the number of hydrogen and oxygen
generated during the turnover per unit time [28]. TOF can be used to compare the intrinsic active site
efficiency of different catalysts and electrode’s intrinsic capability of H2 and O generation [29]. The

HER/OER TOF was calculated based on Eq. (S7) [30]:

Total number of H? or 02
Geometric area (cm)2

X Current density

Turnover frequency (TOF) = (87)

Number of active sites

Total Hs turnover can be calculated by Eq. (S8):
C mol
_ (; mA 13 1—— 1mol H, | (6.022 x 1023 mol H,
B ( cmz) (1000 mA) <96485 c> ( zmT"l > ( 1mol H, ) (S8)
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=3.12 x 10 ( /S) per (o3

Total Oz turnover can be calculated by Eq. (S9):
C mol
_ (;mA 13 1— 1mol 0, \ /6.022 x 1023mol O,
B (] cmz) <1000 mA> <96485 c) < 4“1_01 > ( 1mol 0, ) (89)

~1.56 x 1015< /S) er (24

cm2

Active sites of CoFeBP MFBs:

EDS weight% . Avogadro Number
= 2 WEET® « amonut of loading per area X Molecular mass X ( g : ) (S10)
100 Per concentration (mM)
_ 56.08 % 1. 9 1mmol 341 % 1. 9 1 mmol (6.022 X 1023 mM )
~ 100 cm2 58.93 mg 100 cm2 55.84 mg 1 mM~*3

= 1.2634 x 10'° active sites.cm™?

To calculate the TOF, the number of active sites should be calculated first. The loading material of
1.9 mg for the CoFeBP electrode is measured by weighing the bare Ni foam (0.0457 g) and CoFeBP
MFB sample after the synthesis (0.0438 g). The molecular masses of Co (58.93 mg) and Fe (55.84
mg) were used for the calculation for the Co and Fe active sites. Further, the Wt.% of Co and Fe
were evaluated from the EDS spectra for the annealing temperature variation set of CoFeBP

electrodes.

3.12x10%°x 785

TOF(HER) - 1.2634 x101°

TOF(HER) =0.193 site’! 5!
Then, the HER TOF of CoFeBP MFB electrode (100 °C) can be calculated as above. In the annealing
temperature variation set, the 100, 200, 300 and 500 °C electrodes demonstrated the HER current

density of 785, 567, 520 and 500 mA/cm? at the fixed 400 mV.

1.56 x 1015x 821
1.2634 x1019

TOFoEr) =

TOForr) = 0.101 site s



Similarly, the OER TOF CoFeBP electrode (100 °C) can be calculated as above. The OER current
densities of 821, 572, 526 and 407 mA/cm?at 2.03 V were utilized for the calculations. The

HER/OER TOFs are plotted in Figs. 3(j) and 3(k).

S1.9. Faradaic efficiency calculation

The faradaic efficiency is the ratio of experimentally generated H> or O; to theoretically calculated

quantities [31] which can be calculated by Eq. (S11). [30]

experimental mol of 0O, and H, gas

Faradaic efficiecy = x 100 (S11)

theoretica mol of 0, and H, gas

The theoretical value of O2 or H» can be calculated by Faraday’s law based on Eq. (S12).

n=2>t (S12)

ZXF

Where n the number of mol, I is the current in ampere, t is the time in seconds, z is the transfer of
electrodes (z = 2 for H and z = 4 for Oy). F presents the Faraday constant (96,485 C mol™).
Theoretical Hz or Oz quantities
The theoretical quantities of O, and H> were calculated at the current of 50 mA for 20 min as
examples.

The theoretical value of O2: n = 0.1555 mM.

The theoretical value of Hz: n = 0.3109 mM.

Experimentally measured H: or Oz quantities
The generated gas was collected by the water-gas displacement method as seen in Fig. S36 and the
O, or H» quantities were calculated by Eq. (S13):

PV =nRT (S13)
Where V is the volume of the collected gas. T is the temperature in kelvin, R is the ideal gas constant
(0.0821 atm/mol K) and P is atmospheric pressure (~ 1 atm).

The H> amount in water-gas displacement:



atm
(1 atm) (0.0069L) =n (0.0821 m) (298K)

n =0.2814 mM

n . 1 l 9

n =0.1402 mM
The faradaic efficiencies of Hz and O; were determined to be 90.5% and 90.2% respectively as seen

in Fig. S37.

S1.10. XPS analysis on CoFeBP MFBs

X-ray photoelectron spectroscopy (XPS) was conducted to probe the surface electronic states of Co,
Fe, B and P. The full scan spectrum of the best sample after annealing is shown in Fig. 2(i) with the
Co 2p, Fe 2p, B 1s and P 2p peaks and the high-resolution spectra of corresponding elements are
presented in Figs. 2(i-1) — 2(i-4). In the Co 2p spectrum, peaks were observed at 778.5,780.8, 789.6,
793.6, 795.9 and 804.7 eV in Fig. 2(i-1). First, the binding energy (BE) of 793.6 and 778.5 eV can be
assigned to Co 2p1/2 and 2p3.2. The standard BE of Co 2p1.2 is located at 793.3 eV and Co 2p3» was
found at 778.3 eV according to the XPS handbook.[32] A positive shift of 0.3 and 0.2 eV for Co
2p12 and 2p32 was observed as compared with the pristine peak, indicating an electron donation and
strong interaction with other atoms for the formation of CoFeBP. The peaks located at 795.9 and
781.4 eV indicate the existence of CoO on the surfac and BEs at 789.6 and 804.7 eV can be assigned
to satellite peaks[19][33] In previous study, a positive shift of Co 2p3,» was also observed with the N-
FeCoNiS/SVG and Co-NiO@N-rich carbon nanofiber electrodes and a strong interaction with other
constituent atoms were indicated.[34][35] The metallic Co’, Co*>" and Co*" were found at the BEs of

777.73, 797.06/780.91 eV and 799.51/782.82 eV respectively in the Co-Mo-B-P matrix.[33]



Similarly, the appearance of high Co-oxidation states was ascribed to the inevitable natural oxidation.
The vibrational satellite peaks were also located at 789.8 and 804.5 eV for the ZnCo204@C0304.[36]

The Fe spectrum in Fig. 2(i-2) exhibited the characteristic peaks at 707.2, 708.6, 712.3, 715.1,
720.7, 723.6, 727.2 and 731.8 eV. The peaks at 707.2 and 720.7 eV can be assigned to Fe 2p3 and
2p12 respectively. The standard BEs of Fe 2ps3;» and 2pi» are found at 707.0 and 720.1 eV. As
compared to the pristine Fe peak, a positive shift of 0.2 eV was observed for Fe 2p3/» and similarly,
Fe 2pi12 peak also shifted towards higher BE with the shift of 0.6 eV, indicating electron donation
process.[19,37] Electron donation can alert the charge distribution and can tune the electronic
structure in the compound as indicated in the previous studies such as Fe-Ni-P, Ir doped-FeNiP and
Ni-Co-Fe-Se@NiCo-LDH.[38-41].The peaks at 708.6 and 723.6 eV can be related to the FeOOH
and the peaks at 712.3 and 727.2 eV can indicate the formation of Fe304.[42] The satellite peaks
were found at 731.8 and 715.1 eV[19,37].

On the other hand, the B 1s peak was negatively shifted by 2.4 eV from 189.4 to 187.0 eV in
Fig. 2(i-3), indicating an orbital hybridization by electron acceptance in the formation of CoFeBP.
The 192.5 eV peak can be assigned to the B2O3 oxidation states.[43] In the B-MnFe;O4, the B-O and
B-M bonds were observed at 191.74 and 187.65 eV.[44] Three peaks of 128.7, 129.5 and 133.4 eV
were observed in the P 2P spectrum in Fig. 2(i-4). The BE of P 2P3» and 2Pi, was also negatively
shifted by 1.2/1.24 eV toward lower BE from the standard 129.9/130.74, implying electron
acceptance to the p-orbital. [33] The strong electronegativity and electron affinity can be beneficial
for the strong bond formation in CoFeBP.[33] The 133.4 eV peak can belong to the oxidized P
species (P-O) due to the atmospheric exposure.[33] The P oxidation states such as PO4>" and P,Os are
located at 133.2 and 134.6 eV and the obtained P-oxidation peak in CoFeBP is close to PO4* species.
The PO4*" was observed at a closed BE of 133.3 and 133.4 eV in other electrode such as Co-Mo-B-

P/CF and Fe-doped NiCo-Mo0O3[33][45]. Overall, the positive and negative shifts of elemental states



by the electron transfers from the Co and Fe to B and P can imply a strong ionic interaction of Co, Fe,

B and P and also the oxidation states were identified.

S1.11. EIS & LSV analysis before/after annealing

Overall, the 100 °C CoFeBP MFBs demonstrated the best electrochemical actives in the post-
annealing temperature variation set, which can be mainly due to the improved crystallinity and
effectively boosted carrier transport under the annealing condition.[46] The defect density can be
altered by atomic diffusion and thermal treatment is crucial in the modulation of surface active
sites.[9] As seen in the Nyquist plots in Fig. S31, lowered EIS values clearly revealed the reduced
charge transfer resistance via the thermal treatment, which could be related to the faster HER/OER
kinetics process. Improved HER/OER water splitting activities were observed after the annealing
treatment in the polarization curves in Fig. S32, especially the HER and high current part of OER.
The reduced oxidation peaks in OER might be due to the removal of oxygen vacancies after the
annealing treatment.[47] While the oxidation peak might indicate additional active site for OER, the
oxidation peak reduction might be beneficial for the improved interface kinetic transfer process. The
oxygen removal can reduce the charge carrier trapping and recombination, allowing more carriers to

attend in the water splitting process.[47]
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S2.1.1. Bare Ni foam characterization
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Figure S1: (a) — (a-1) Scanning electron microscope (SEM) images of porous nickel foam (NF). (b)
— (b-2) SEM image and corresponding EDS phase maps of porous NF. (¢) EDS spectrum with the
atomic percentage. (d) & (e) hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) activities of porous NF in 1M KOH. More details on the preparation of substrate and

precursors can be found in the supplementary text S1.1.

S-21



S2.1.2. LSV at different scan rates for the best CoFeBP
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Figure S2: (a) & (b) hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)
activities of the best CoFeBP MFB at different scan rates between 2 ~ 10 mV/s. (a-1) & (b-1)
Corresponding Tafel slopes. 5 mV/s demonstrated the optimized scan rate and thus it was adapted for

further LSV measurements. More details can be found in the supplementary text S1.2.



S2.1.3. EIS voltage variation of the best CoFeBP MFBs

(a) EIS for HER
6
CoFeBP HER
4_
g
Q2
0_
0 5 10
7' ()
(b) EIS for OER
6| CoFeBP OER
g 4
N,
0_
0 10 20
7' ()

Figure S3: Electrochemical impedance spectroscopy (EIS) measurements for the optimized CoFeBP
MFB electrode at different voltages. (a) HER EIS. (b) OER EIS. Voltage variation at fixed current

was adapted for further EIS measurements. More details can be found in the supplementary text S1.2.



S2.1.4. Pt/C (HER) reference electrode
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Figure S4: (a) — (a-1) SEM images of Pt/C reference electrode. (b) EDS spectrum. (c) — (c-1) HER

activity of Pt/C electrode and corresponding overpotential values at different current densities. More

details can be found in the supplementary text S1.4.



S2.1.5. RuO2 (OER) reference electrode
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Figure S5: (a) — (a-1) SEM images of RuO; reference electrode. (b) EDS spectrum. (¢) — (c-1) OER

activity of RuO» electrode and corresponding overpotent

More details can be found in the supplementary text S1.4.
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S2.1.1. Fabrication steps of CoFeBP MFB electrode
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Figure S6: Fabrication setps of CoFeBP micro flower branch (MFB) electrode on the porous nickel
foam (NF) via the hydrothermal reaction. The best sample from the hydrothermal reaction was
treated with post-annealing. More details on the fabrication of CoFeBP MFB can be found in the
supplementary text S1.5.



S2.2.2. Hydrothermal reaction duration optimization: morpholgy




Figure S7: (a) — (d) SEM images of CoFeBP electrodes at different reaction duration . (a-1) — (a-3),
(b-1) — (b-3), (c-1) — (c-3), and (d-1) — (d-3) Corresponding zoom-in images.



S2.2.2. Hydrothermal reaction duration optimization: LSV
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Figure S8: HER/OER performances of CoFeBP electrodes with hydrothermal deposition time
variation. (a) & (b) HER/OER LSV results. (a-1) & (b-1) Corresponding overpotential values at 200
mA/cm?. (a-2) & (b-2) HER/OER overpotential values of the best electrode at 200 mA/cm?.



S2.2.3. Hydrothermal reaction temperature optimization: morpholgy
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Figure S9: (a) — (d) SEM images of CoFeBP electrodes with hydrothermal reaction temperature
variation. (a-1) — (a-3), (b-1) — (b-3), (c-1) — (c-3), and (d-1) — (d-3) Corresponding zoom-in images.



S2.2.3. Hydrothermal reaction temperature optimization: LSV
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Figure S10: HER/OER performances of CoFeBP electrodes with hydrothermal reaction temperature
variation. The duration of hydrothermal process was fixed for 8 h. (a) & (b) HER/OER LSV results.
(a-1) & (b-1) Corresponding overpotential values at 200 mA/cm?. (a-2) & (b-2) HER/OER

overpotential values of the best electrode at 200 mA/cm?.



S2.2.4. B-P concentration optimization: morpholgy




Figure S11: (a) — (g) SEM images of CoFeBP MFB electrodes with the B-P concentration variation.

(a-1) — (g-1) Corresponding zoom-in images.



S2.2.4. B-P concentration optimization: EDS
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Figure S12: (a) — (g) EDS spectra of CoFeBP electrodes in the B-P concentration variation. (h)

Summary plot of atomic percentage.



S2.2.4. B-P concentration optimization: LSV
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Figure S13: (a) & (b) HER/OER LSV summary of B-P concentration variation set. (a-1) & (b-1)
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S2.2.5. Co-Fe concentration optimization: morpholgy




Figure S14: (a) — (f) SEM images of CoFeBP MFB electrodes with the Co-Fe concentration

variation. (a-1) — (f-1) Corresponding zoom-in images.



S2.2.5. Co-Fe concentration optimization: EDS
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Figure S15: (a) — (f) EDS spectra of CoFeBP eclectrodes in the Co-Fe concentration variation. (g)

Atomic percentage summary plot.



S2.2.5. Co-Fe concentration optimization: LSV
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Figure S16: (a) & (b) HER/OER LSV results. (a-1) & (b-1) Corresponding overpotential values at
200 mA/cm?. (a-2) & (b-2) HER/OER overpotential values of the best electrode at 200 mA/cm?.



S2.2.6. Urea concentration optimization: morpholgy




Figure S17: (a) — (d) SEM images of CoFeBP electrodes at different urea concentration. (a-1) — (a-
3), (b-1) — (b-3), (c-1) — (c-3), and (d-1) — (d-3) Corresponding zoom-in images. Different urea

concentration resulted in altered morphologies of CoFeBP.



S2.2.6. Urea concentration optimization: LSV
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Figure S18: HER/OER performances of CoFeBP eclectrodes with urea concentration variation.
Hydrothermal reaction parameter was fixed at 4 h at 140 °C. (a) & (b) HER/OER LSV results. (a-1)
& (b-1) Corresponding overpotential values at 200 mA/cm?. (a-2) & (b-2) HER/OER overpotential

values of the best electrode at 200 mA/cm?.



S2.2.7. Urea-Ammonium fluoride optimization: morpholgy




Figure S19: (a) — (f) SEM images of Urea-Ammonium fluoride concentration variation. (a-1) — (f-1)

Corresponding zoom-in images.



S2.2.7. Urea-Ammonium fluoride optimization: LSV
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Figure S20: Electrochemical performance of CoFeBP electrodes with Urea-Ammonium fluoride
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S2.3.1. Post-annealing duration optimization: morpholgy

Figure S21: (a) — (d) SEM images of CoFeBP electrodes with post-annealing duration variation.

Annealing temperature was fixed at 100 °C. (a-1) — (d-1) Corresponding zoom-in images.



S2.3.1. Post-annealing duration optimization: LSV
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Figure S22: HER/OER performance of CoFeBP electrodes with post-annealing time variation. (a) &
(b) HER/OER LSV results. (a-1) & (b-1) Corresponding overpotential values at 200 mA/cm?. (a-2)
& (b-2) HER/OER overpotential values of the best electrode at 200 mA/cm?.



S2.3.2. Post-annealing temperature optimization

(a-1) 100

Figure S23: (a) — (d) SEM images of hybrid CoFeBP electrodes with post-annealing temperature

variation. Annealing duration was fixed at 30 min. (a-1) — (d-1) Corresponding zoom-in images.



S2.3.2. Post-annealing temperature optimization: EDS
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(e) Atomic percentage
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Figure S24: (a) — (d) EDS spectra of post-annealing temperature variation set. (¢) Summary plot of
atomic percentage changes. Generally, they showed similar atomic percentage with minor changes

with post-annealing temperature variation.



S2.3.2. Post-annealing temperature optimization: LSV
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Figure S25: HER/OER performance of CoFeBP electrodes with post-annealing time variation. (a) &
(b) HER/OER LSV results. (a-1) & (b-1) Corresponding overpotential values at 200 mA/cm?. (a-2)
& (b-2) HER/OER overpotential values of the best electrode at 200 mA/cm?,



S2.3.2. Post-annealing temperature optimization: HER CV
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Figure S26: (a) — (d) HER CV curves of CoFeBP electrodes in the post-annealing temperature

variation set. The scan rate changes from 40 mV/s to 180 mW/s. More details can be found in S1.2.



S2.3.2. Post-annealing temperature optimization: OER CV
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Figure S27: (a) — (d) OER CV curves of CoFeBP electrodes in the post-annealing temperature

variation set. The scan rate changes from 40 mV/s to 180 mW/s. More details can be found in S1.2.



S2.3.2. Post-annealing temperature optimization: Ca
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Figure S28: (a) — (b) HER/OER anodic and cathodic current density as a function of scan rate. (a-1)
— (b-1) HER/OER Cgq plots. More details can be found in S1.2.
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S2.4.1. Before and after post-annealing: Raman
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Figure S29: (a) Raman analysis of the best CoFeBP electrodes before and after post-annealing.

More details can be found in S1.6.



S2.4.2. Before and after post-annealing: XRD
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Figure S30: (a) & (b) XRD analysis of the best CoFeBP electrodes before and after post-annealing.
(a-1) — (a-2), (b-1) — (b-2) Corresponding zoom-in spectra. More details can be found in S1.7.



S2.4.3. Before and after post-annealing: EIS
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Figure S31: (a) & (b) HER/OER EIS of the best CoFeBP electrodes before and after post-annealing.



S2.4.4. Before and after post-annealing: HER/OER LSV
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Figure S32: (a) & (b) HER and OER LSV activities of the best CoFeBP electrodes before and after

post-annealing.
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S3.1. XRD spectra of CoFeBP and related compounds

(a) XRD pattern of CoFeBP (b) XRD pattern of CoFeP
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Figure S33: (a) — (d) XRD spectra of CoFeBP, CoFeP, CoBP and CoFeB electrodes.



S3.2. XRD PDF cards of related compounds
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Figure S34: (a) — (d) Related PDF cards. (http://icsd.kisti.re.kr/icsd/icsd_chemistry.jsp)



S3.3. CV measurement in the same range of OER
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Figure S35: (a) Cyclic voltammetry (CV) measurement of Cogo-Fe19-Bso-Pso MFB electrode in the

same scanning range as OER. (a-1) Zoom-in plot of oxidation and reduction peaks.
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S3.4. Water-gas displacement for Faradaic efficiency

(a) Water-gas displacement

Figure S36: (a) Water-gas displacement to collect the generated H> and O> by 3-E HER/OER

operations. More details can be found in S1.9.



S3.5. Faradaic efficiency of the best CoFeBP MFBs
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Figure S37: (a) — (b) Comparison of theoretical values and measured H> and O in different reaction

time. More details can be found in S1.9.



S3.6. 3-E CA and LSV comparison

(a) CA and LSV comparison (b) CA and LSV comparison
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Figure S38: (a) — (b) HER/OER 3-E current density comparisons of CA and LSV. (a-1) — (b-1)

Difference in percentage.



S3.7. 2-E CA and LSV comparison

(a) 2-E CA response
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Figure S39: (a) CA response of the best CoFeBP MFBs in 1M KOH. (b) Comparison of 2-E current
density of CA and LSV.



S3.8. 2-E stabiltiy testin 1 M and 6 M KOH
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Figure S40: (a) 2-E stability test of CoFeBP || CoFeBP MFBs. The 1.0 M KOH stability was
performed at room temperature at 1,000 mA/cm? for 12 hrs. The 6.0 M KOH stability was performed
at 60 °C at 1,000 mA/cm? for 12 hrs.



S3.9. 2-E LSV in sea and river waters
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Figure S41: (a) LSV results of CoFeBP || CoFeBP MFBs in sea and river waters. While naggable
water splitting (WS) was observed in river water (RW), higher WS was observed in the sea water
(SW) by the CoFeBP MFBs. General conductivity of RW is ~ 1 milli-siemens per centimeter
(mS/cm) and it reaches ~ 50 mS/cm in SW. Notably, in SW, due to the existence of Cl™ ions, the
chlorine evolution reaction (CER) is inevitable since the required energy for the formation of
hypochlorite is comparable to OER, (CI” + 20H™ = CIO™ + H20 + 2¢"), which will compete with
oxygen generation reaction and corrode the electrode.[48] The obtained results were comparable to

the reference system, meaning that the MBF CoFeBP catalyst presented superior OER and chloride

corrosion resistance, which can effectively suppress the CER.



S3.10. 2-E CA and LSV comparison in seawater + 1M KOH
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Figure S42: (a) CA response in seawater + 1M KOH of the best CoFeBP electrode. (b) Comparison
of the current density of LSV and CA.
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S4.1. After stability test: SEM
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Figure S43: (a) — (b) SEM images of CoFeBP MFBs after 2-E stability test at 1,000 mA/cm? in 1.0
M KOH for 12-hrs.



S4.2. After stability test: Raman
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Figure S44: (a) Raman spectra of anode and cathode CoFeBP MFBs after 12-hr stability test. More

details can be found in S1.6.



S4.3. After stability test: LSV
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Figure S45: (a) — (b) HER and OER activities of CoFeBP MFBs after 12-hr stability test



High-resolution XPS spectrum of O 1s
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Figure S46: XPS spectrum of O 1s (a) before and (b) after stability test.



Table S1: TOF comparison of electrocatalysts for HER and OER.

Electrocatalyst

HER TOF (site! s)

OER TOF (site! s)

References

Cu1.96S/Coossg

Fe-Co1.11 Te2@NCNTF

CoMnBP/CF

CO—Ni3N

Ni2V-MOFs@NF

CoFeBP

CoPx/CNTs

C0304/CoFe;04@NF

HP-Ru/C

Ru@Cr-FeMOF

CoFe-LDH/T”

0.014 @n=99 mV

0.02 @n=100 mV

0.059 @n=200 mV

0.1459 @n= 290 mV

0.186 @n=300 mV

0.1932 @n=400 mV

0.420 @n=80 mV

5.33 @n= 100 mV

0.124 @n=200 mV

0.035 @n=300 mV

0.001 @n=200 mV

0.0134@n=300 mV

1.58 @n=300 mV

0.101 @ =800 mV

0.11 @n=300 mV

0.090 @n=300 mV

0.218 @n=250 mV

0.2327 @n=310 mV

[49]

[50]

[33]

[51]

[52]

This work

[53]

[54]
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