Supplementary Information

Doping-induced structural phase transition in cobalt diselenide
enables enhanced hydrogen evolution catalysis

Zheng et al.



EHT = 5.00 kV Signal A = SE2 Date :30 Jul 2016
|_| WD = 6.3 mm Mag= 1963 KX Time :12:06:28

Supplementary Figure 1. Layered c-CoSe, nanobelts. SEM image shows the
morphology of c-CoSe, nanobelts with widths of 200-800 nm and lengths up to
several micrometers. Scale bar: 200 nm. Insets are TEM and HRTEM images that
show well-defined multilayered nanostructure along the thickness direction. Scale
bars: 200 nm (up) and 20 nm (down).
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Supplementary Figure 2. HAADF images of 0-CoSe;|P. a, b, False-color HAADF
images show the relative thickness of as-prepared o-CoSe;|P. Scale bar, 50 nm. c-e,
HAADF-STEM images of the 0-CoSe;|P catalyst with different magnifications, which
show its porous structure and high-crystalline feature. Scale bars: 50, 10, and 2 nm,
respectively.
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Supplementary Figure 3. The pore size distribution curves of 0-CoSe;,|P. It shows
that the 0-CoSe;|P catalyst possesses a hierarchically porous structure containing
multi micropores centered at 1.0 nm and mesopores centered between 6.5 and 15 nm.
Such mutiporous structure gives a high surface area, thus rich catalytic active sites for
HER catalysis.



Supplementary Figure 4. Comparison of SAED patterns between c-CoSe; and
0-CoSe;|P. a, The SAED pattern taken on a typical c-CoSe; nanobelt, which exhibits
a cubic structure with single-crystalline character. b, The SAED pattern of 0o-CoSe;|P.
Owing to the high porosity of 0-CoSe;|P nanobelt and the lattice mismatch from the
participation of P, the SAED pattern of 0-CoSe,|/P displays a quasi-single-crystal
feature with slightly stretched diffraction spots. Scale bars: 5 1/nm.
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Supplementary Figure 5. High-resolution TEM (HRTEM) images of 0-CoSe;|P.
a-¢, HRTEM images of 0-CoSe,|P shows defects around the pore edges. Scale bars, 2
nm. These defects were caused because of the thermal treatment and bonds rotation
during phase transition, which creates more active sites and benefits the HER
catalysis. d, e, HRTEM image of 0-CoSe|P shows a high-crystalline orthorhombic
structure. Scale bar, 2 nm. The orange and yellow curves denote the integrated pixel
intensities of spacings along (111) and (120) facets, respectively.
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Supplementary Figure 6. XRD patterns of 0-CoSe;|P and 0-CoSe;. a, TEM image
of the prepared o-CoSe; refer to the previously reported literature'. Scale bar, 200 nm;
b, XRD pattern of 0-CoSe, with the standard pattern of the orthorhombic CoSe;
(JCPDS: 53-0449) as reference. ¢, Selected XRD pattern insets of the (111) and (120)
diffraction peaks that compare o0-CoSe;P (red) and o0-CoSe; (black). The peak
position of 0-CoSe,|P shifts to a higher angle indicating smaller P atoms that replace
partial bigger Se atoms.
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Supplementary Figure 7. EELS spectra of the 0-CoSe;|P and c-CoSe;. 0-CoSe;|P
sample shows discernible P peaks that indicates the existence of P dopants. The
signals at 128.8/139.2 and 186.7 eV can be assigned L,3 and L, (ref. 2). The P L-edge
is less pronounced due to the low P content in the 0-CoSe;|P structure.



Supplementary Figure 8. Temperature-dependent experiments. TEM images of
the products obtained at various temperatures: a, 300 °C, b, 350 °C and ¢, 400 °C.
Scale bars, 200 nm, 100 nm and 100 nm, respectively.



Supplementary Figure 9. Time-dependent experiments. TEM images of the
products obtained at 400 °C for different times with the same precursor ratio: a, 1 h, b,
2 h, ¢, 3 h, d, 4 h. Scale bar, 100 nm. It shows that longer heating time leads to the
disappearance of porous structure because of the Ostwald ripening process.
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Supplementary Figure 10. Doping content effect. TEM images of the products
obtained with different amount of P precursor: a, 100 mg; scale bar, 500 nm. b, 300
mg and ¢, 1 g. Scale bar, 100 nm. d, Diagram shows P-doping content of 0-CoSe;|P
samples prepared with different amount of P precursor. It seems no significant
changes in morphology of 0-CoSe;|P with various P dopants. Moreover, small amount
of P precursor such as 100 mg can not generate enough PHj; that enables the P doping
process.
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Supplementary Figure 11. Structural characterization of the product obtained at
600 °C, 30 min with 500 mg P precursor. a, TEM image of the sample. Scale bar:
200 nm. b, XRD pattern of the sample, which was assigned to Co(POs), (JCPDS:
27-1120). It shows that very high annealed temperature can not allow for the
P-doping-induced phase transition in CoSe; .
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Supplementary Figure 12. XRD and EDX characterizations. a, b, XRD and EDX
spectra of samples prepared with different amounts of P precursor, respectively. ¢, d,
XRD and EDX spectra of samples prepared at different reaction times, respectively. It
reveals that P can be doped in CoSe; structure only when the offered NaH,PO,-H,O is
larger than 100 mg. It also reveals that the phase transition emerges at ~5 min when
the temperature reaches 400 °C. The phase transition from c-CoSe, to 0-CoSe;|P
completed at ~30 min. Cu, Cr and O signals in EDX spectra were originated from the
sample holder.
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Supplementary Figure 13. TEM images of annealed c-CoSe; without P doping. a,
b, TEM images of c-CoSe; that has been annealed at 400 °C under Ar flow for 30 min.
Scale bars, 500 and 200 nm, respectively. It shows that the phase (see Fig. 2a in Main
Text) and morphology maintain if no P precursor was added during the reaction,
suggesting the important role of P that enables the structural phase transition from
c-CoSe; to 0-CoSe;,|P.
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Supplementary Figure 14. EPR spectra analyses. Comparison of EPR spectra of
c-CoSe; and annealed c-CoSe, without P doping at 400 °C under Ar flow. The
annealed c-CoSe, shows a clear EPR signal with a g value of 2.0015, accounting for

the existence of positively charged Se vacancies, consistent with a previous report’.
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Supplementary Figure 15. Exchange current density calculation. a, Calculated
exchange current densities (jy) for different studied catalysts by using extrapolation
methods. The jo of 0.43 mA cm™ for 0-CoSe,|P catalyst surpasses recently reported
single-catalysts, and even many composite catalysts (Supplementary Tables 1-2),
demonstrating its remarkable HER kinetics in alkali. b, BET surface area analysis of
c-CoSe; and 0-CoSe;,|P catalysts, respectively. ¢, Comparison of BET surface area
normalized exchange current densities of ¢-CoSe; and 0-CoSe;|P, respectively. It
reveals that the new 0-CoSe,|P catalyst bears the BET-normalized j, of 2.89 x 10™
mA cm”, which is much larger than that of ¢-CoSe; catalyst.
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Supplementary Figure 16. Comparison of the TOF of 0-CoSe;|P with other
catalysts. TOF plots of the 0-CoSe;P catalyst together with other documented
alkaline HER catalysts (Supplementary Tables 1-2). We determined the active site
to be ~4.81x10'° sites per cm’, based on the hypothesis that one Co-X, dumbbell
offers one active site (details of the calculation are provided in Supplementary Note
1). In particular, 0-CoSe,|P catalyst gives TOF values of 0.65 and 14.95 H, s at
overpotentials of 104 (j = 10 mA cm™) and 200 mV (j = 230 mA cm™), respectively.
It shows clearly that 0-CoSe;|P catalyst outperforms recently developed non-noble
HER catalysts in alkali.
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Supplementary Figure 17. Hydrogen production efficiency. Gas chromatography
(GC)-measured H, quantity compared with theoretically calculated H, quantity
assuming a 100% Faradic efficiency for the hydrogen evolution catalyzed by the
0-CoSe,|P catalyst in 1 M KOH at a current density of 10 mA cm™. We measured the
H, production in a custom made two compartment cell, which is separated by a
Nafion membrane. Each compartment of the cell was filled with 25 mL 1.0 M KOH
solution. The headspace of the cathodic compartment was approximately 20 mL.
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Supplementary Figure 18. Structural characterizations and HER performance of
P-doped 0-CoSe;. a, TEM image, b, XRD pattern and ¢, EDX spectrum of the
P-doped 0-CoSe, that prepared by phosphorization of fresh 0-CoSe; via the same
method. d, HER polarization curves of pure 0-CoSe,, Ar-annealed o-CoSe,, P-doped
0-CoSe,, and 0-CoSe,|P in 1 M KOH. Catalyst loading: ~1.0 mg cm™. Sweep rate: 10
mV s”. These results reveal that, although P-doped o-CoSe, shows good activity
promotions as compared with pure 0-CoSe;, it is still inferior to the performance of
the new 0-CoSe;|P catalyst. We attribute this observation to the doping-induced bonds
rotation and structure reconstructions, which create additional surface sites that are
HER active, further highlighting the effectiveness of this doping-inducing
phase-transition method for accessing newly advanced electrocatalysts.
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Supplementary Figure 19. Capacitance measurement. a-c, CV in the region of
-0.1~0.0 V vs. RHE for various studied catalysts. The double layer capacitance (Cq)
is an alternative approach to estimate the effective surface area, thus offering a
relative comparison. CV responses in the region of -0.1~0.0 vs. RHE could be
resulted from the charging of double layer and the Cy value can be estimated by
plotting the Aj (ja- jc) at -0.05 V vs. RHE against the scan rate, where the slop is

double Cy (Fig. 3e in main text).
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Supplementary Figure 20. Influence of synthetic parameters on the HER
properties in 1 M KOH. a, d, g, HER polarization curves, and b, e, h, corresponding
EIS Nyquist plots of 0-CoSe;|P catalysts prepared at different synthetic parameters. c,
f, i, Plots showing the extraction of the Cg for 0-CoSe,|P catalysts prepared at
different synthetic parameters. It reveals that the optimized o-CoSe;P catalyst
obtained at 400 °C for 30 min with P-doping amount of 8 wt%.
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Supplementary Figure 21. HER properties in 0.5 M H,SOy. a, Polarization curves
of 0-CoSe;|P, c-CoSe,, annealed CoSe, and commercial Pt/C catalysts in 0.5 M
H,SO,; (pH = 0). Catalysts loading: ~1.0 mg cm™. Sweep rate: 10 mV s'. b,
Polarization curves recorded from o-CoSe;|P catalyst before and after 2,000 CV

cycles.
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Supplementary Figure 22. HER properties in PBS solution (pH 7.02). a, HER
polarization curves of 0-CoSe;|P, c-CoSe,, annealed c-CoSe, and commercial Pt/C
catalysts. Catalyst loading: ~1.0 mg cm™. Sweep rate: 10 mV s b, EIS Nyquist plots
of 0-CoSe,|P, c-CoSe,, and annealed c-CoSe,. ¢, Chronoamperometric responses (j ~ t)
recorded on 0-CoSe;|P at a constant overpotential of 250 mV in 1 M PBS.
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Supplementary Figure 23. HER properties in seawater (Gulf Stream in the Gulf
of Mexico. pH 7.84). a, HER polarization curves of 0-CoSe;|P, c-CoSe,, annealed
CoSe, and commercial Pt/C catalysts. Catalysts loading: ~1.0 mg cm™. Sweep rate:
10 mV s™. b, EIS Nyquist plots of 0-CoSe,|P, ¢-CoSe,, and annealed ¢-CoSe,. ¢, Plot
showing the extraction of the Cgy for the different studied catalysts. d-f, CV in the
region of -0.1 ~ 0.0 V vs. RHE for different studied catalysts. g, Chronoamperometric
responses (17 ~ £) recorded on 0-CoSe;|P at a constant current density of 10 mA c¢m™ in
seawater.
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Supplementary Figure 24. Comparison of the HER property of 0-CoSe,|P with
other reported composite catalysts in alkaline solutions. 7onset VErsus #1o ma/em
electrocatalytic property map for 0-CoSe,|P with various reported composite HER
electrocatalysts in alkali (also see Supplementary Table 2). We note that some
catalysts take very high catalyst loadings for comparison. For example, MoN1/MoO,
NF catalyst with a very high loading of 43.4 mg cm™.
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Supplementary Figure 25. Stability study of 0-CoSe;|P catalyst. a, b, TEM images
with different magnification (Scale bar, 100 amd 20 nm, respectively) and ¢, HRTEM
image (scale bar, 2 nm) of 0-CoSe;|P after a 20 h chronoamperometry measurement at
a constant 250 mV overpotential. d, XRD pattern of 0-CoSe,|P-modified carbon fiber
paper electrode after the stability test. e, EDX spectrum of 0-CoSe,|P after the
stability test. f, ICP results show the concentration of P and Co in the electrolyte at
different time intervals during the HER stability test. Only trace amount of Co and P
were detected, which might be attributed to the catalyst fell off from the carbon paper
substrate. The error bars represent the s.d. of three replicate measurements. g, Co 2p,
and h, P 2p XPS spectra of the 0-CoSe;|P catalyst before and after stability test. These
results demonstrate the remarkable catalytic robustness of 0-CoSe,|P catalyst in
alkaline electrolyte.
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Supplementary Figure 26. Storage stability. Polarization curves (with iR-corrected)
recorded from 0-CoSe;|P before and after 2 months of storage under lab environment
(stored in an airtight sample tube), revealing that no obvious degradation of HER
activity was detected and thereby demonstrating the good storage stability.
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Supplementary Figure 27. XAFS spectra of c-CoSe; and 0-CoSe;|P. a, Co K-edge
XANES spectra. The Inset shows the enlarged spectra at the Co K-edge. The edge
position of 0-CoSe,|P shifted to higher energy indicates that the electron-deficient on
Co sites. b, EXAFS Fourier transformed k*-weighted y(k) function spectra of c-CoSes ,
0-CoSe;|P and Co foil. ¢, d, The EXAFS fitting results of the Co edge for c-CoSe;
and 0-CoSe,|P, respectively. The peak at 2.04 A of c-CoSe,, corresponding to Co-Se
scattering paths. In contrast, for the 0-CoSe;|P, the peak intensity is increased and
shifts to lower R by 0.02 A. The increased peak intensity can be attributed to the
modified surface structural disorder of 0-CoSe,|P after thermal treatment. The low-R
shift of Co-Se peak is due to the partial replacement of Se atoms by smaller P.e, f, The
EXAFS fitting results of the Se edge for c-CoSe, and 0-CoSe;|P, respectively.
Quantitative structural fitting parameters were given in Supplementary Table 3.
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Supplementary Figure 28. Co L-edge EELS spectra of c-CoSe; and 0-CoSe;|P.
Background-subtracted EELS spectra of the Co L,3 edges obtained for the c-CoSe;
and 0-CoSe;|P, which could reveal the excitation of the Co 2p;; or Co 2p;3., electrons
from inner shell into the first available unoccupied states above the Fermi-level. And
the L,/L; ratio would be increased when the d-band occupancy decreases, which
means the increased oxidation state of the atoms®. Clearly, the 0-CoSe,|P has a
increased intensity of L, edge, suggesting the formal oxidation of Co due to the
electron transfer from Co to P.
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Supplementary Figure 29. Se L-edge EELS spectra of CoSe; and 0-CoSe;|P. The
large background below the Se L-edge arises from the inelastic scattering events at
lower energies, such as generation of secondary electrons, Plasmon losses and
ionization of the Se M shell’. EELS shift to higher energy indicates that the 0-CoSe,|P
with higher oxidation states because of the electron transfer from Se to P.
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Supplementary Figure 30. P K-edge XANES of 0-CoSe;|P prepared at different
annealing times. The samples exhibit two major features that were centered at 2145.0
and 2153.1 eV. The feature at 2145.0 eV is attributed to P in a phosphide form,
consistent with the presence of Co-P (ref. 6). It suggests that the optimized o-CoSe;|P
sample has more Co-P bonds than others. The intense white line centred at 2153.1 eV
is assigned to a transition of the P ls electron into an unoccupied valence electronic
state’. The depressed intensity and the shifted pre-edge of optimized o-CoSe,|P are
attributed to the electrons transfer form neighboring Co or Se atoms to P.
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Supplementary Figure 31. High-resolution XPS spectra. High-resolution Se 3d
XPS spectra for c-CoSe; and 0-CoSe;|P. The disappeared oxidation state feature of
the Se species for 0-CoSe;|P catalyst indicates that the participation of P can mitigate
the surface oxidation process.
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Supplementary Figure 32. H adsorption on different atom sites. a-c, The
adsorption sites of H atom on top of Co, P and Se atoms on the (111) facet of
0-CoSe|P. The 0-CoSe;|P surface was built by replacing Se atoms with P in the
0-CoSe; (111) and the ratio of P atoms is ~8%. Different P distributed structures have
been tested, and the most stable surface was used to calculate the hydrogen adsorption.
Based on the calculation, replacing Se by P atoms is able to switch the pristine Co-Se
and Se-Se bonds to shorter Co-P and Se-P bonds. The altered structures are able to
modulate the surface states and charge distribution, thus optimizing the Gibbs
free-energy (AGu+). The corresponding AGy+ are shown in Table S4.
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Supplementary Figure 33. H adsorption on selected facets of studied catalysts. a,
b, The adsorption site of H atom on the 0-CoSe, (111) and c-CoSe, (210) facets,
respectively. The calculated lattice parameters of orthorhombic and cubic CoSe, are
a=3.636 A, b=4.894 A, ¢=5.875 A and a=b=c=5.860A, respectively, in accordance
with previous experimental and theoretical studies™. (2x1) orthorhombic CoSe, (111)
and cubic CoSe, (210) surfaces are adopted in the calculations, both with
Co-terminated surfaces. 9 and 11 layers (here the distance between the neighboring
layer is larger than 0.9 A) in the orthorhombic CoSe; (111) and cubic CoSe, (210)
surfaces, respectively, both with the bottom three layers fixed.
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Supplementary Figure 34. H,O adsorption. a-¢, The adsorption site of H,O

molecule on the top of Co, P and Se atoms in the optimized (111) facet of 0-CoSe;|P,

respectively.
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Supplementary Figure 35. Adsorption and dissociation of H,O molecule on
0-CoSe;|P surface. a, Adsorption energy of H,O molecule. Comparison of the
adsorption energy of H,O on different atoms on the (111) facet of 0-CoSe;|P. The data
of c-CoSe; and 0-CoSe; are derived from ref. 10. It shows that HO molecule on the
Co atom sites of 0-CoSe;|P exhibits the lowest water adsorption energy of -0.52 eV as
compared to that of P sites (-0.068 eV) and Se sites (-0.0127 eV), which suggests that
the initial H,O molecules can readily adsorbed on the Co sites of 0-CoSe,|P. b, H,O
dissociation in vacuum and on o0-CoSe;|P surface. Because the weak adsorption
energy of H,O molecular on Se and P sites, there is almost no H,O molecular on these
sites, thus the dissociated energy of H,O on these sites are similar in vacuum. As to
Co sites, the energy barrier of H,O dissociation could be largely reduced from 4.40
eV (in vacuum) to 0.50 eV, suggesting that Co sites not only bear a strong water
affinity, but also easily activate H,O to generate intermediate H and OH species.
Hence, these results evidence the synergistic interplay between Co (water adsorption
and dissociation) and P (water reduction) that gives rise to the remarkable HER
energetics.
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Supplementary Table 1: Comparison of catalytic parameters of 0-CoSe;|P and
other non-noble-metal HER single-catalysts in alkaline media.

Loading Onset potential 70 ma eme Tafel slope h TOF
Catalyst Electrolyte @ 1 mA cm? » Ref.
(mg cm?) {mV vs. RHE) (mV) (mV dec') (mA cm?) (H, s per site)
CoMoS 0.84 1M KOH 42 98 82 0.74 N/A 1
Co(Sy7:5€4.20)2 ~1 1M KOH ca. 70 145 857 N/A N/A 12
0-Co,P 0.2 1 MKOH 110 160 61.1 NIA N/A 13
N,S-graphitic sheets 0.643 0.1 MKOH 230 310 112 N/A N/A 14
PrysBSCF 0.232 1 MKOH 179 237 45 N/A N/A 15
NiCo,0, =] 1M NaOH 50 110 49.7 N/A N/A 16
NiMa,S, 0.3 0.1 M KOH 59 257 98 0.039 N/A 17
VOOH 0.8 1M KOH 100 164 104 N/A NiA 18
MoB 0.9 1MKOH 140 220 59 2.0x103 N/A 19
Mo,C 11 1 MKOH 140 170 54 3.8x103 NIA 19
Ni,P 0.14 1M KOH 120 220 N/A N/A NiA 20
MaC, 0.8 1M KOH 80 151 59 0.029 N/A 21
Ni-Co-P 0.286 1M KOH 133 150 60.6 N/A N/A 22
Nip 75AG0 25 NiA 0.1 M KOH 110 300 NiA N/A NIA 23
MoP 0.86 1 MKCH 75 128 48 4.6x102 N/A 24
NiSe, NCs ~1 1MKCH 310 544 139 5.0 x 108 NFA 25
c-CoSe, NCs il 1 MKCH 300 520 126 8.6x 102 NIA 25
a-Mo,C 0.102 1M KOH 100 176 58 N/A 08.00my 26
y-MoN 0.102 1 MKOH 240 353 158 N/A 0 Fuse 26
Nig soF€q 16PS3 0.51 1M KOH N/A 72 73 N/A N/A 27
o-CoSe,|P 1.02 1M KOH 31 104 69 043 14.95 oy This work

Pry sBSCF = Pr¢ s(Bag 5S10.5)0.5C00.3Fe0203.5; NCs = Nanocrystals; NBs = Nanobelts
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Supplementary Table 2: Comparison of catalytic parameters of 0-CoSe;|P and
other non-noble-metal HER composite-catalysts in alkaline media.

Loading Onset potential Mg macm:  Tafel slope A TOF
Catalyst Electrolyte @ 1 mAcm? ef.
(mg cm'?) (mV vs. RHE) (mV) (mV dec') (mA cm?)  (H, s per site)
CoP/CC 0.92 1M KOH 115 209 129 N/A N/A 28
NiP/CFP 258 1M KOH 55 100 854 N/A NIA 29
Ni,P/NF NFA 1MKOH 80 150 86 N/A N/A 30
c¢CoSe,/CC N/A 1M KOH 100 190 85 N/A N/A 31
0-CoSe,/CC N/A 1 M KOH 110 270 120 N/A N/A 31
FeP NAs/CC 1.5 1 MKOH 100 218 146 N/A N/A 32
CoP-MNA/CFP N/A 1M KOH N/A 54 51 0.857 N/A 33
NiCo,P,/CF N/A 1M KOH 1 58 343 N/A 0.056 pory 34
EG/H-Coy g5Se|P 2.1 1M KOH ca. 80 170 86 N/A N/A 35
EG/Cay gs3e/NiFe-LDH 4.0 1M KOH 100 260 160 0.22 N/A 36
Nig 65C0g 115€, MNSN/NF 262 1M KOH N/A 85 52 N/A N/A 37
NiMoS,/Ti mesh 1.71 1M KOH N/A 138 97 N/A 0.725 gy 38
NiyS,/NF 16 1M KOH 90 223 N/A N/A N/A 39
NiC0,S, NWs/NF N/A 1 MKOH 125 210 58.9 N/A N/A 40
MoS,/NizSo/NF 97 1 MKOH 50 110 83.1 N/A N/A M
Cu@CoS,/CF ~3.9 1M KOH ca. 80 134 N/A N/A N/A 42
NigP, pellet 77 1M KOH N/A 49 98 N/A 29 00me 43
Ni,P pellet 77 1M KOH NiA 69 118 N/A 0014 00y 43
NiFe LDH-NS/DG 2 1 MKOH 190 290 110 N/A N/A a4
NiFe LDH/NE N/A 1 M NaCH 75 210 58.9 N/A N/A 45
Co0,@CN 0.42 1M KOH 85 235 15 N/A N/A 46
Mn;0, MTA/NF NIA 1MKOH 100 i 98 N/A N/A a7
Ni/NiO-CNT 0.28 1 M KOH N/A 80 82 N/A N/A 48
NiFeQ,/CFP ~1.6 1M KOH 40 100 84.6 N/A NIA 49
Co@BCN N/A 1 M KOH 75 195 67.3 0.013 N/A 50
Co-NRCNT 0.28 1 M KOH 160 370 N/A N/A N/A 51
Co-N,|P-GCIFEG 0.12 1M KOH 230 260 N/A 0.05 N/A 52
GO-PANi31-FP 05 0.1 M KOH ca. 400 520 N/A N/A N/A 53
Ni-Mo,C-PC 0.5 1 MKOH 60 169 101 0.2 N/A 54
Ni-Mo nanopowder 1 1M NaOH N/A ~ 80 N/A N/A N/A 55
MoNiiy/MoO, NF 43.4 1M KOH -0 15 30 1.24 N/A 56
o-CoSe,|P 1.02 1M KOH 31 104 69 0.43 14.95 40,y This work

CC = Carbon cloth; CFP = Carbon fiber paper; NF = Ni foam; NAs = Nanowire
arrays, CF = Carbon felt; EG = Exfoliated graphene; LDH = Layered double
hydroxide; MNSN = Mesoporous nanosheet networks; NWs = Nanowires; DG =
Defective graphene; NS= Nanosheet; CN = N-doped carbon; MTA = Microtube
arrays; CNT = Carbon nanotube; BCN = N, B codoped carbon cages; NRCNT =
N-riched CNT; GC = Carbon electrode; FEG = Flexible EG; PANi = polyaniline; FP
=N, P, F-doped; PC = Porous carbon.
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Supplementary Table 3: EXAFS data fitting results for the studied catalysts.

Sample Shell N R; (A) 6’ (x10°4A%)  E,(eV)
c-CoSe, Co-Se 61+0.4 2.4240.2 6.0 2.3
Co-Se 52+04 2.4240.2 5.0 1.2
0-CoSe;|P
Co-P 0.8+0.4 2.3840.2 5.2 1.2
Se-Co 3.1+0.1 2.43+0.1 5.8 -3
c-CoSe;
Se-Se 1.1£0.1 2.4440.1 4.8 -4
Se-Co 2.8+0.2 2.39+0.2 3.5 6
0-CoSe,|P Se-Se 0.9+£0.1 2.501+0.2 4.3 6.8
Se-P 0.2+0.1 2.41%0.1 5.7 5.2

N, coordination number; R, distance between centre and backscatter atoms; 02, the
Debye-Waller factor value; AE® (eV), inner potential correction to account for the
difference in inner potential between the sample and the reference compound. Sy
fitting from Co, Se foil defined as 0.68. Because of the low P-doping content in the
0-CoSe,|P structure, the Co-P or Se-P scattering paths could not be well fitted. It is
also unlikely to fit the Se-Se scattering path, owing to the similar R values of Co-Se

and Se-Se.
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Supplementary Table 4: The AE,q45, Ezpe(H*), AEzpr and AG(H*) values of the H
adsorbed on the various catalysts surfaces.

Models AdSOl‘ptiOﬂ AEads EZPE(H*) AEZPE AG(H*)
site (eV) (eV) (eV) (eV)
P-site -0.36 0.22 0.078 -0.08

0-CoSey|P  Se-site 0.88 0.195 0.053 1.14
Co-site -0.03 0.176 0.034 0.21
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Supplementary Note 1: Calculation of the active site density and TOF. To
calculate the active surface site density and per-site TOF for o-CoSe;|P catalyst, we
adopt the method applied by Jin ez al.”’. We used CV to measure the Cy and further
calculated the active surface area of 0-CoSe,|P on GC electrode. The polished GC
with a Cg ~ 0.1 mF cm™ was used as a control. The roughness factors (Rf) of

0-CoSe;|P and c-CoSe; can be calculated by using the following formular:

-2
R:(0 — CoSe,|P) = 22000~ — 128 (1)

0.1 mF cm™2

The number of surface catalytic sites on the surface of flat 0-CoSe;|P catalys can be
calculated based on the crystal structure of orthorhombic CoSe;|P, using its lattic
parameter (a=4.85 A, b=5.827 A, ¢=3.628 A) and assuming one active site per Co-X,
dumbbell (which translates into two active sites per square (111) face of one unit as

shown below).

|6.408 A’

12.064 A

Therefore, the density of surface active sites of 0-CoSe;|P on geometric area is:

2 —— x 128 = 4.81 x 106 site cm™2 (2)
12.064X107° cmXx6.408%X107° cm

And the TOF per site at an overpotential of 104 mV (j = 10 mA c¢m™) is determined as

follows:
0.01 4 1¢C 1 mol 6.02x10%3 e % 1 % 1 cm? _ Hy/s 3)
1cm?2  1s+x1A  96485C 1 mol 2e  4.81x1016 atom ) surface site

Therefore, the TOF value of 0-CoSes[P at # = 200 mV (j = 230 mA cm™) is

determined as follows:

42



Hz/s

230 mA cm™?
surface site

— % 0.65 = 14.95 (4)

10 mAcm~™

Similarly, the TOF of c-CoSe; could also be calculated by using the lattic
parameter of cubic CoSe, (a=b=c=5.860 A) and assuming active site is Co atom
(which translates into three active sites per square 210 face of one unit as shown

below):

_—

5.860 A
L\. Y
11.720 A
1.1 mF cm ™2
Rf(C - COSGZ) = m =10 (5)

So the density of surface active sites of c-CoSe, on geometric area is:

3 .
— ——— X% 10 = 4.37 x 107 site cm™2 (6)
11.720X107° cmX5.86X107° cm

Therefore, the TOF per site at an overpotential of 330 mV (j = 10 mA cm?) is

determined as follows:

0.01 A 1C 1 mol 6.02x10%3 e 1 1 cm? Hy/s
X—X——  =0.071 2/

1cm?2  1sx1A  96485C 1 mol 2e  437x1017 atom surface site ( )

Note that because the nature of the active sites and the real surface area of the
0-CoSey|P and c-CoSe; electrocatalysts are difficult to determine accurately, the

results provided here is just an indirect estimation.

Supplementary Note 2: Computational methods. The Gibbs free-energy (AGu+) is
expressed as: AGy+ = AEp+ + AEzpp — TAS. Where AEy+, AEzpg and AS are the

adsorption energy of atomic hydrogen on the given surface, zero point energy
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correction and entropy change of H* adsorption, respectively. The zero point energy
correction can be estimated by the equation AEzpg = Ezpe(H*)-1/2Ezpr(H2), where the
Ezpe(Hy) is calculated to be 0.284 eV, in good agreement to the previous reports’™. AS
can be calculated by the equation AS = S(H*)-1/2S(H;) = -1/258(H;), due to the
negligible of the entropy of hydrogen in adsorbed state. At 1 bar and 300 K, 7AS is
about -0.205 eV. AEy+1s calculated as AEy+=FE -Esup -1/2Ew, where Eyand Egyp are
energies of H absorbed system and the clean given surface, and Ey; is the energy of

H; molecular in gas phase.
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