Supporting Information

Electrochemical Activation of Heterometallic Nanofibers for Hydrogen Evolution

Yali Xiao, Hao Yang, Xi Gong, Lei Hu, Yexiang Tong* and Jianyong Zhang*

Sun Yat-Sen University, MOE Laboratory of Polymeric Composite and Functional Materials,

School of Materials Science and Engineering, School of Chemistry, Guangzhou 510275, China.

Corresponding Author

* zhjyong@mail.sysu.edu.cn (J. Z.); chedhx@mail.sysu.edu.cn (Y. T.).

S1



Materials and Characterization

Chemicals and solvents were obtained from commercial sources and used as received without
further purification unless otherwise stated. Pd(COD)Cl, (COD = 1,5-cyclooctadiene) was
synthesized according to the previous report." Scanning electron microscopy (SEM) was
performed using an ultra-high resolution Quanta 400F-SEM (FEIl, working voltage is 20 kV,
working current is 10 pA). Prior to SEM measurements, the material was dispersed in ether with
the aid of sonication, and then deposited on aluminium foil. Transmission electron microscopy
(TEM) investigations were carried out on a FEI Tecnai G2 F30 TEM system. The sample was
dispersed in ether and mounted on a copper grid. Powder X-ray diffraction (XRD) data was
collected on a D-MAX 2200 VPC diffractometer (Bragg-Brentano geometry, Cu-Kal radiation, A =
1.54056 A). IR spectra and Raman spectra were measured on the Bruker Tensor 27 Fourier
transform infrared spectrometer and Laser Micro-Raman Spectrometer, respectively, which
scanning range is 400~4000 cm™. Nexsa X-ray photoelectron spectrometer (XPS) system was used
to analyze the xerogel elements and their changes in binding energy. The N,
adsorption/desorption test was performed on the Quantachrome autosorb-iQ2 analyzer. Prior to
the test, the sample was heated at 80 °C under vacuum for 16 h, supplemented with He under

normal pressure, and then adsorbed for N, at 77 K.
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Table S1. Gelation tests of the Pd-M system with various transition metal ions and rare earth

metal ions.
Metal salt Result Color Time
NiCl,-6H,0 gel yellowish green 30-40 min
Ni(NOs),-6H,0 gel yellow 30-40 min
CoCl,-6H,0 gel dark green 30-40 min
Co(NOs3),-6H,0 gel indy pink 30-40 min
CuCl,-2H,0 gel yellowish green 30-40 min
MnCl, gel light yellow ca. 30 min
Mn(NO3), gel yellow ca. 30 min
Al(NO3)3-9H,0 gel yellow 6d
Fe(NOs)3-9H,0 solution reddish brown -
FeCls gel reddish brown ca. 30 min
Cr(NOs3)3:9H,0 solution blue gray -
ZnCl, gel light yellow 30-40 min
Y(NO3);-6H,0 gel light yellow ca. 30 min
Tb(NOs)3-6H,0 gel light yellow ca. 30 min
La(NO3);3-6H,0 gel light yellow ca. 30 min
Ce(NOs)3-6H,0 gel light yellow ca. 30 min

Reaction conditions: 0.04 mmol of pyridine-3,5-dicarboxylic acid, 0.02 mmol of Pd(COD)Cl, and
0.04 mmol of metal salt were used for gelation tests.
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Table S2. Gelation tests of the Pd-Ni system in various solvents.

Solvent Result Time
DMF-MeCN-MeOH gel ca. 30 min
DMF-MeCN-H,0 ppt /
DMF-MeCN gel ca. 40 min
DMF-MeOH gel ca. 20 min
DMF-H,0 weak gel ca. 20 min
DMF solution /
DMSO-MeCN-MeOH solution /
DMSO-MeCN-H,0 solution /
DMSO-MeOH solution /
DMSO-H,0 solution /

DMSO solution /
DMA-MeCN-MeOH gel ca.2h
DMA-MeCN-H,0 gel ca.2h
DMA-MeCN solution /
DMA-H,0 solution /

DMA solution /

Reaction conditions: 0.04 mmol of pyridine-3,5-dicarboxylic acid, 0.02 mmol of Pd(COD)Cl, and

0.04 mmol of NiCl,-6H,0 were used for gelation tests.

Table S3. Gelation tests of the Pd-Ni system in various concentrations.

Entry DMF/uL  MeCN/uL  MeOH/uL H,O0/uL  ¢/(mmol L'')® Result Time

1 800 500 0 200 133 gel 30 min

2 800 500 200 0 133 gel 30 min

3 1000 500 400 100 10 gel 30-40 min
4 800 600 600 0 10 gel 30 min

5 800 600 800 0 9.1 gel 30-40 min
6 1000 600 600 0 9.1 gel 30-40 min
7 1000 800 700 0 8 gel 30-40 min
8 1200 800 800 200 6.7 solution /

9 1500 1000 1000 500 5 solution /

Reaction conditions: 0.04 mmol of pyridine-3,5-dicarboxylic acid, 0.02 mmol of Pd(COD)Cl, and

0.04 mmol of NiCl,-6H,0 was used for gelation. ® Based on Pd**.

Table S4. N, adsorption/desorption tests of bimetallic Pd-M xerogels.

Material SBET/m2 g_l Vtotal/cma g_l Vmicro/cm3 g-l ¢ Vmeso/cma g_l °
Pd-Co 20.0 0.139 0.009 0.12
Pd-Ni 14.4 0.0941 0.004 0.083
Pd-Mn 14.3 0.0486 0.007 0.045

V/micro Was calculated by the SF method, meeso was calculated by the BJH method.
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Table S5. HER catalytic activities of Pd-M xerogels loaded on GCE.

Eonset (MV)  overpotential at 10  Tafel slope (mV

Material 5 1
mA cm™ (mV) dec™)
Pd-Co 69 188 60
Pd-Ni 117 224 66
Pd-Mn 131 263 189
Pd 131 263 91
Pt/C 35 58 42

Table S6. HER catalytic activities of Pd-M xerogels loaded on NF.

overpotential

. overpotential at 10 ,  Tafel slope (mV
Material Eonset (MV) 2 at 50 mA cm 1
mA cm™ (mV) dec™)
(mV)
EA Pd-Co@Pd 44 57 96 55
NPs-NF
Pd-Co-NF 37 96 172 63
Pd-Ni-NF 48 107 174 69
Pd-Mn-NF 72 132 199 88
Pd-NF 52 137 215 75
Pt/C 34 57 135 42
NF 318 417 / /

Each loading amount of Pd-M xerogels was 3.5 mg cm™in average and the loading amount of 20%

Pt/C was 3.2 mg cm™.
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Table S7. Comparison of HER activity among recently reported various electrocatalysts.

Material Overpotential Tafel slope Conductive  Structure ref
at 10 mA cm?  (mV dec?) substrate
(mv)

NiFeP 178 69 GCE nanorod-like [2]

FeMnP/GNF 125 60 NF platelet-like [3]

Ni,P-CoP 105 64 GCE nanoparticles (4]

NF-NiS, 122 86 NF nanosheets [5]

NF-NiS,-A 67 63 NF nanosheets

Co,P/Mo,C/MosC 182 65 GCE nanoparticles [6]

0;C@C

NiMo,C@C 169 30 GCE nanoparticles [7]
with  graphene
layers.

CosNiiP NTs 129 52 GCE nanotube (8]

NFN-MOF/NF 87 35.2 NF nanosheets [9]

CoMn-S@NiO 232 (Eq00) 147.3 cC nanosheets [10]

NiCoO,@C 128 61 NF microflakes [11]
arrays

NG-Mo film 140.6 105 GCE film [12]

NisFe@N-CNT/ NF 76 98 GCE nanofibers [13]

CoP@NPCA-900 230 69.8 RDE nanoparticles [14]

(Zno.80C00.20)

NiP-CuzP@NiCuC 78 177 NiCuC nanoparticles [15]

Pd-Co-NF 96 63 NF nanofibers This

work

EA Pd-Co-NF@Pd 57 55 NF nanoparticles This

NPs work
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Figure S1. Photographic images of various metal-organic gels, (a) Pd-Fe (CI), (b) Pd-Cu (CI'), (c)
Pd-Zn (CI'), (d) Pd-Ni (NOs’), (e) Pd-Ni (CI), (f) Pd-Co (NO3’), (g) Pd-Co (CI), (h) Pd-Mn (NO3), (i)
Pd-Mn (CI') and rare earth metal gels (j) Pd-Y (NO3’), (k) Pd-Th (NO3), (I) Pd-Ce (NO3’), (m) Pd-La
(NO3).
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Figure S2. Photographic images of (a) Pd-Co (NOj3’), (b) Pd-Ni (CI'), (c) Pd-Mn (CI) and (d) Pd
metal-organic gels and SEM images of the corresponding xerogels.

Figure S4. TEM images of Pd-Mn xerogel.
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Figure S6. SEM images of Pd-Cu xerogel.
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Figure S7. SEM images of Pd-Zn xerogel.
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Figure S9. SEM images of Pd-Fe xerogel.

Figure S10. SEM images of Pd-Y xerogel.

S11



7mm x10 SE

Figure S11. SEM images of Pd-La xerogel.

Figure S12. SEM images of Pd-Ce xerogel.

Figure S13. SEM images of Pd-Tb xerogel.
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Figure S14. EDX spectra of Pd-Co (Quantitative value/atom%: Pd 6.745, Co 2.211, Cl 7.342), Pd-Ni
(Quantitative value/atom%: Pd 5.454, Ni 1.333, Cl 8.309), Pd-Mn (Quantitative value/atom%:

Pd6.256, Mn 2.971, Cl 13.057), and Pd xerogels (Quantitative value/atom%: Pd 4.833, Cl 4.961).
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Figure S15. XPS survey spectrum of (a) O 1s —Pd 3p and (b) N 1s spectra of Pd-Co and Pd xerogels.
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Figure S16. XPS survey spectrum of Pd-Ni xerogel (a) survey, (b) Ni 2p, (c) Pd 3d, (d) O 1s —Pd 3p,
(e) N 1s.
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Figure S17. XPS survey spectrum of Pd-Mn xerogel (a) survey, (b) Mn 2p, (c) Pd 3d, (d) O 1s —Pd
3p, (e) N 1s.
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Figure S18. FT-IR spectra of (a) Pd-Co, Pd-Ni, Pd-Mn and Pd, and (b) Pd-Ni xerogel in acidic and

basic solutions.
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Figure S19. a) N, adsorption (closed symbols) /desorption (open symbols) isotherms at 77 K, b)
BET fit, and c) consistency plot for Pd-Co xerogel.
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Figure S20. a) N, adsorption (closed symbols) /desorption (open symbols) isotherms at 77 K, b)
BET fit, and c) consistency plot for Pd-Ni xerogel.
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Figure S22. Electrochemical performances of bimetallic Pd-Co, Pd-Ni, Pd-Mn, and homometallic

Pd nanofiber xerogels and Pt/C loaded on GCE, (a) LSV polarization curves by area normalization
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Figure S25. a,b) EDX spectrum of EA Pd-Co@Pd NPs (Quantitative value/atom%: Pd 0.86, Co O, Ni
54.01, S 2.32) and c) elemental mapping images of C, N, O, Pd, Co element mappings.
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Figure S26. TEM images of EA Pd-Co@Pd NPs placed at room temperature for two weeks.
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Figure S27. XPS spectra of EA Pd-Co@Pd NPs, a) survey, b) Pd 3d, c) S 2p, d) Ni 2p, e) C 1s, f) O 1s,
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Figure S28. CV curves of Pd-Co and EA Pd-Co@Pd NPs at scan rate of 20 mV stin 0.5 mol L*
H,S0, solution.
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Figure S29. FT-IR spectra of Pd-Co, EA Pd-Co@Pd NPs after 80 h and partly EA Pd-Co@Pd NPs
after 20 cyclic voltammograms cycles.
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