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Figure S1. Reconstruction of BP edges (E-Z, E-A) with different hydrogen coverages.
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Figure S2. The Gibbs free energies (AGy+) for E-Z and E-A edges at different hydrogen

coverage.
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Figure S3. Atomic structures of the phosphorene defects (D-SW1, D-SW2, D-SV1, D-SV2, D-

DV1, D-DV2) with the adsorption sites labeled in the front side (upper) and back side (lower).

Note that the adsorption sites of front and back side is equal for two defects (D-SW1 and

D-DV2).
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Figure S4. Four optimized structures of D-SV1 models after H adsorption.
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Figure S5. Optimized structures of strained BP after H adsorption. (a) Straining along

Armchair (E-A) direction; (b) Straining along Zigzag (E-Z) direction;

Note: E-Z (-15%) model is unstable when H adsorbed and this result is ignored in this

work.
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Figure S6. Typical adsorption sites of H atom at Metal-doped BP.
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Table S1. The AGy- values of the H* adsorbed on all the possible sites of different

models.

Models Site AE/leV  AGy/eV Models Site AEleV  AGyleV

(Coverage) (Coverage)
B 1 0.95 1.24 14 -0.71 -0.42
E-A 0.125 ML -0.74 -0.45 15 -0.13 0.16
0.25 ML -0.49 -0.20 16 0.34 0.63
0.375 ML -0.59 -0.30 17 0.24 0.53
0.5 ML -0.64 -0.35 D-SV2 1 -0.64 -0.35
0.625 ML -0.64 -0.35 2 0.07 0.36
0.75 ML -0.52 -0.23 3 -1.02 -0.73
0.875 ML -0.23 0.06 4 0.02 0.31
1 ML -0.99 -0.70 5 -0.11 0.18
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E-Z 0.25 ML -0.56 -0.27 6 -0.43 -0.14
0.5 ML -0.77 -0.48 7 -0.12 0.17

0.75 ML -0.70 -0.41 8 -0.58 -0.29

1 ML -0.84 -0.55 9 0.10 0.39

D-SWH1 1 1.15 1.44 10 -0.63 -0.34
2 0.92 1.21 11 -0.03 0.26

3 1.00 1.29 12 -0.52 -0.23

4 1.01 1.30 D-DV1 1 0.10 0.39

5 1.00 1.29 2 0.27 0.56

6 0.64 0.93 3 0.86 1.15

7 0.59 0.88 4 0.77 1.06

D-SW2 1 0.53 0.82 5 1.68 1.97
2 0.72 1.01 6 1.02 1.31
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3 0.42 0.71 7 0.90 1.19
4 1.02 1.31 8 0.70 0.99
5 0.66 0.95 9 0.24 0.53
6 0.81 1.10 10 0.65 0.94
7 0.82 1.1 11 0.56 0.85
8 0.63 0.92 D-DV2 1 0.26 0.55
9 0.60 0.89 2 -0.31 -0.02
10 0.77 1.06 3 0.21 0.50
11 0.79 1.08 4 0.47 0.76
D-SV1 1 -0.73 -0.44 5 0.84 1.13
2 -0.28 0.01 S-A -15% 0.31 0.60
3 -0.19 0.10 -10% 0.70 0.99
4 -0.12 0.17 -5% 0.90 1.19
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Note: S-Z and S-A respect strain in armchair and zigzag direction, respectively.
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Table S2. The ALy, Ezpe-H, AEzpe, AEzpe — T AS and A G4+ values of the H* adsorbed

on the typical P site of different models.

Models Site AEeN  EpenleN  AGpeleV  (DEpe— T AGyleV
AS)eV

B 1 0.95 0.21 0.08 0.28 1.24
E-A 0.125 ML -0.74 0.23 0.09 0.29 -0.44
E-Z 0.25 ML -0.56 0.22 0.09 0.29 -0.27
D-1 2 0.92 0.21 0.08 0.28 1.20
D-2 3 0.42 0.22 0.08 0.28 0.70
D-3 2 -0.28 0.23 0.09 0.30 0.02
D-4 5 -0.11 0.23 0.09 0.30 0.18
D-5 1 0.10 0.22 0.08 0.29 0.39
D-6 2 -0.31 0.22 0.09 0.29 -0.02
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Note: (AEzpe — 7 AS) is calculated 0.29 ( + 0.01) eV, that is AGy- = AEy- + 0.29 eV,

which was then used in all the conversion relation of different models.
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Table S3. The ALy, Ezpe-H, AEzpe, AEzpe — T AS and A G4+ values of the H* adsorbed

on the typical P site of doped-BP models.

Models Site AE eV EzpeppleV AEzpeleV (AEzpe— AGy/eV
TAS)/eV

Au-BP 1 -0.80 0.18 0.05 0.25 -0.54
2 0.80 0.18 0.05 0.25 1.06

Co-BP 1 -0.16 0.18 0.05 0.25 0.09
2 0.20 0.15 0.01 0.22 0.41
3 0.43 0.22 0.09 0.29 0.72

Al-BP 1 -0.04 0.17 0.03 0.24 0.20
2 0.43 0.23 0.09 0.30 0.73
3 0.65 0.15 0.02 0.22 0.87

Ni-BP 1 0.40 0.16 0.03 0.23 0.63
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2 0.63 0.15 0.01 0.22 0.85

3 1.15 0.19 0.06 0.26 1.41
Pd-BP 1 0.65 0.17 0.03 0.24 0.88
2 1.04 0.14 0.01 0.21 1.25
3 1.14 0.20 0.06 0.27 1.40

Note: We've tested all the typical sites around the doped atom on the BP surface, and

selected the above typical sites with some replicate results removed.

Experimental Section

1. Preparation of large black phosphorene (L-BP) sheets and small black phosphorene

(S-BP) sheets

Typically, large black phosphorene (L-BP) sheets with 10 pym lateral dimension were

obtained by a simple electrochemical prepared process in a two-electrode setup by

direct-current power supply, where Pt foil (1 cm x 1 cm x 0.1 cm) was chosen as
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positive electrode, black phosphorus (BP) crystal (0.5 cm x 0.5 cm x 0.1 cm) was used

as negative electrode and N,N-dimethylformamide (DMF) contained 5 mM Tetra-n-

octylammonium bromidectrode was used as electrolyte. BP crystal was expanded by

applying voltage at 10 V for 20 min and then dispersed in N,N-Dimethylformamide

(DMF) by sonication for 20 min. The result L-BP sheets dispersion was let to stand 30

min to remove thick-layered BP, and then washed by ethanol at least three times used

centrifuged at 9000 rpm for 10 min to get thin layered BP sheets ethanol dispersion.

Small black phosphorene (S-BP) sheets with 1 ym lateral dimension were prepared by

similar method only changed applying voltage as 20 V.

2. Preparation of Co doped black phosphorene (L-BPc.)) sheets

Co doped phosphorene (L-BP,)) sheets were synthesized via a facile hydrothermal

reaction, CoCl, (1 mmol) and urea (3 mmol) were dissolved in 40 mL BP sheets DMF

dispersion under vigorous stirring for 30 min. Then the solution was transferred to a 50

mL Teflon-lined stainless-steel autoclave, sealed and maintained at 180 °C for 1 h in an

electric oven. After the autoclave cooled
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down at room temperature, the solution was collected and washed by ethanol several

times centrifuged at 9000 rpm for 10 min to obtain L-BP ¢, sheets ethanol dispersion.

3. Characterizations

Scanning electron microscopy (SEM) measurements were performed on Zeiss Supra
55 scanning electron microscope at an accelerating voltage of 2 kV. X-ray diffraction
(XRD) data were acquired on a Bruker D2 X-ray diffractometer with Cu Ka radiation (k =
1.5418 A). The X-ray photoelectron spectroscopy (XPS) measurements were carried

out on a Thermo Fisher ESCALAB 250Xi XPS. Raman scattering was performed on a

Horiba Jobin-Yvon Lab Ram HR VIS high-resolution confocal Raman microscope equipped

with a 532 nm laser as the excitation source at room temperature.

4. Electrode Preparation

Prior to modification, the glassy carbon electrodes (GCE, 3 mm in diameter) were
respectively polished with alumina slurry, and cleaned by ultrapure water, then dried by
nitrogen. The concentration of the ethanol dispersions of L-BP, S-BP, L-BP ., and

Pt/C was tuned as 100 pg mL-', respectively. 990 uL dispersion with 10 pyL Nafion
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solution (0.05 wt %) were sonicated for 3 min to form an ink. Afterwards, 10 pL of the

ink were loaded onto the cleared GCE and dried at room temperature.

5. Electrochemical measurements

All Electrochemical results were obtained in a standard three-electrode setup by CHI

760E electrochemical analyzer (CH Instruments, Inc., Shanghai) at ambient

temperature using GCE as working electrode, a graphite rod as counter electrode and a

saturated calomele electrode (SCE) as the reference electrode. For all measurements,

the obtained potential was calibrated with respect to reversible hydrogen electrode

(RHE) as formula, £(RHE) = ESCE) + (0.059 pH + 0.242) V. Cyclic voltammogram

curves were obtained by cyclic voltammetry from -0.043 to 0.087 V vs RHE at scan rate

of 5, 50, 100, 150, 200 mV s' where there was no Faradic current. The double-layer

capacitance can be calculated as formula, Cy = j/r, where j was the current density and

r was the scan rate. Electrochemically active surface area (EASA) can be calculated

as: EASA = Cy/Cs, where C; was the specific capacitance value for a flat standard with

1 cm? of real surface area. The general
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value of C; was between 20 yF cm2 and 60 yF cm=2. Here, 60 uyF cm was used as the

average value. Linear sweep voltammetry was performed to get polarization curves

from 0 to -0.8 V with a scan rate of 2 mV s in 0.5 M H,SO,. Before evaluate the HER

activity of all result product, Pt/C (20%) with same loading mass was tested firstly to

detect the measurement system. IR compensation was applied for all polarization

curves by impedance measurements.
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Figure S7. (a) XRD patterns of L-BP, S-BP and L-BPc.). (b) The magnified XRD
patterns of L-BP(Co).

As shown in Figure S7, L-BP and S-BP show diffraction peaks characteristic of BP

(JCPDS No.73-1358). After Co doping, L-BP . shows typical diffraction peaks of BP

without signals belong to cobalt or cobalt compound.
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Figure S8. (a) P 2p XPS spectrum of L-BP. (b) P 2p XPS spectrum of S-BP. (c, d) Co

2p and P 2p XPS spectra of L-BP c,), respectively.

Figure S8 display the X-ray photoelectron spectroscopy (XPS) spectra of L-BP, S-BP

and L-BP ). The binding energies (BEs) of P 2p4,, and P 2p3, of L-BP, S-BP and L-

BP o) appear at 129.1 and 130.2 eV, respectively, consistent with the characteristic of
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BP. After doped Co, the L-BPc, shows two peaks at 779.0 and 793.9 eV

corresponding to Co 2p3, and Co 2p4,, respectively.
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Figure S9. Raman scattering spectra of the L-BP, S-BP and L-BP(Co).

Figure S9 shows the Raman spectra of L-BP, S-BP and L-BP .. The Raman peaks of
L-BP and S-BP locate at same position and the Raman peaks of L-BPc, red-shift

slightly.
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Figure S10 (a-c) CV conducted at potential from -0.043 to 0.087 V vs RHE at scan rates

of 5, 50, 100, 150 and 200 mV s-'. (d) The capacitive currents at 0.022 V as a function

of scan rate for L-BP, S-BP and L-BPcq) [A 6 = 1/2 (/i - /)]

To assess the EASA of L-BP, S-BP and L-BP,, the CV cycles was measured at

different scan rates during the potential from -0.043 to 0.087 V vs RHE, where there is
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no Faradic current. The EASA of L-BP, S-BP and L-BP . are 0.071, 0.10 and 0.36

cm?, respectively.
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Table S4. Comparison of the HER performance of this work and previous jobs

Onset Tafel
Ref Catalysts Electrolyte Overpotential Overpotential Slope
(mV) (m¥
dec™)
S1 NH,-BP 1.0 M KOH 290 mV@10 mA cm™ N/A 63
© Ni,P@BP 0.5 M H,S0O, 107 mV@10 mA cm N/A 38.6
BP 0.5 M H,SO, 600 mV@10 mA cm? N/A N/A
MoS,—BP nanosheet 0.5 M H,SO4 85 mV@10 mA c¢cm™ 85 68
53 BP 0.5 M H,SO, N/A N/A 161
BP/Co,P 0.5 M H,SO4 340 mV@100 mA cm 105 62
S4 BP 0.5 M H,SO4 600 mV@0.3 mA cm-? 389 125
BP/Co,P 1.0 M KOH 336 mV@10 mA cm? 173 72
EBP@]1:4 1.0 M KOH 191 mV@100 mAcm N/A 76
S5 EBP@1:8 1.0 M KOH 210 mV@100 mA cm N/A N/A
EBP 1.0 M KOH 370 mV@10 mA cm N/A 135
S6 BP co) 0.5 M H,SO, 294 mV@10 mA cm™ N/A 107
S7 BPQDs/Mxene N/A N/A 190 83
. L-BP(co) 0.5 M H,SO, 389 mV@20 mA cm? 194 47
‘”1;1:( L-BP 0.5 M H,S0O, 615 mV@20 mA cm 355 91
S-BP 0.5 M H,SO4 511 mV@20 mA cm? 299 85
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