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Figure S1. Photographs illustrating spontaneous sol-gel reaction taking place upon dissolving
Re207 in THF and leading to Re207-poly(THF).
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Figure S2. TEM images illustrating time evolution of the Re207-poly(THF) composite.
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Figure S3. (a) 'H-NMR and (b) FT-IR spectra of Re207-poly(THF) composite and THF.
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Figure S4. (a) Scheme of a two-step process converting “gels” of THF-crosslinked Re2O7 into
Re nanoparticle/amorphous carbon clusters, Re-NPC/a-C. (b) PXRD spectra of Re207
precursor, Re207-poly(THF) composite gel, and solvothermally heated sample at different
temperatures. (¢) PXRD spectra of annealed ReO2-NPC/a-C at different temperatures.
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Figure S5. (a) TEM image of ReO2-NPC/a-C. (b) Magnified image of ReO2-NPC/a-C from

area delineated in (a) by a red rectangle. Corresponding EDS mapping images for (c) Re, (d)
O and (e) C.
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Figure S6. XPS survey scan of (a) ReO2-NPC/a-C and (b) Re-NPC/a-C composites.
Corresponding XPS spectra of oxygen band of (¢) ReO2-NPC/a-C and (d) Re-NPC/a-C.
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Figure S7. Raman spectrum of bulk Re powder purchased from Alfa Aesar (99.999%).

Figure S8. SEM images of bulk Re powder purchased from Alfa Aesar (99.999%).
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Figure S9. Brunauer—Emmett—Teller (BET) adsorption/desorption isotherms of (a) ReO»-
NPC/a-C and (b) Re-NPC/a-C nanocomposites.

Table S1.
talyst t
Ca a.ys Cur.ren Overpotential at Tafel slope Scan rate .
Catalyst loading density () L. 4 a Media Reference
" corresponding j [mV] [mV decade™] [mV s7]
amount [mA em™]
0283 10 133 56.3 0.5 M H2S04
Re-NPC/a-C m ) o 10 122 53.8 2 IM KOH This work
¢ 10 164 69.6 1M PBS
10 107 43.5 0.5 M H2SO4
Re-NPC/a-C 0.283
jMWNaT i 10 107 507 2 IM KOH This work
€ 10 163 692 1M PBS
Re/SiNW- 0411 10 ~302 (initial -- (initial
e/Si B} (initial) (initial) 5 0.5 M HLSOs s1]
3119 mg cm 10 209 (after 3000 cycles) 81 (after 3000 cycles)
Rhenium Geometric
. area 0.161 10 ~324 62.6 1 0.5 M H2S04 [S2]
wire )
cm
Rhenium Geometric
u
. area 0.161 40 3602 62.6 1 0.5 M H2SO4 [S3]
wire 5
cm
-Si(100)/
P 11<(e°) ) - 5 200 - 10 0.1 M HaS04 [S4]
poly-Re - 10 ~336 66 1 0.5 M H2SO4 [S5]

9The overpotential and Tafel slope are possibly overestimated due to the catalyst being
contaminated by Pt (because Pt counter electrode was used in acid electrolyte); ®Measured
parameters were obtained only by cyclic voltammetry with fast scan rate of 500 mV s™'; 9Study
for photo-assisted HER electrocatalytic behavior of p-Si(100)/Re composite electrode.
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Figure S10. Overpotential comparisons of Re-NPC/a-C vs. different mass loadings of the bulk
Re powder in (a) 0.5 M H2S04, (b) 1 M KOH, and (¢) 1 M PBS.

Figure S11. SEM image of Re-NPC/a-C/MWNT at (a) low magnification and (b) high
magnification.
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Figure S12. Polarization curves of Re-NPC/a-C/MWNT in (a) 0.5 M H2SO4, (b) 1 M KOH,
and (c) 1 M PBS aqueous solution (inset: corresponding Tafel plot). Electrochemical
impedance spectra of Re-NPC/a-C/MWNT at overpotential 0.17 V versus RHE and with
alternating current (AC) amplitude of 5 mV in (d) 0.5 M H2SOs4, (¢) 1 M KOH, and (f) | M

PBS.
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Figure S13. Electrochemical impedance spectra of different electrodes at overpotential 0.17

V versus RHE in 0.5 M H2SOa4.
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Figure S14. (a) Electrochemical impedance spectra of different electrodes at overpotential 0.17
V versus RHE in 1 M KOH and (b) Full impedance spectrum curves including bulk Re powder
and ReO2-NPC/a-C in 1 M KOH. (c) Electrochemical impedance spectra of different electrodes
at overpotential 0.17 V versus RHE in 1 M PBS and (d) Full impedance spectrum curves
including bulk Re powder and ReO2-NPC/a-C in 1 M PBS.
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Figure S15. Cyclic voltammetry curves recorded at different scan rate (from 20 mV/s to 200
mV/s). Re-NPC/a-C in (a) 0.5 M H2S04, (b) 1 M KOH, and (c) 1 M PBS. Bulk Re powder in
(d) 0.5 M H2S04, (¢) 1 M KOH, and (f) 1 M PBS. ReO2-NPC/a-C in (g) 0.5 M H2SOs4, (h) 1
M KOH, and i) 1 M PBS.
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Figure S16. Capacitive current measured by CV at 0.15 V vs. RHE (AlJo.15v), plotted as a
function of scan rate in (a) 1 M KOH and (b) 1 M PBS.



Table S2.

(ON Overpotential at
a)
Catalyst Ca 2 [mF em per ECSZA 1 mA emZgcsa Tafel SIOP?, Media
[mF ecm™] 2 [em?] [mV decade™]
em ecsal [mV]
Bulk Re powder 0.136 0.035 3.886 269 100.6
0.5 M H,S04

Re-NPC/a-C 3.595 0.035 102.714 217 68.8

Bulk Re powder 0.323 0.040 8.075 230 78.4
1 M KOH

Re-NPC/a-C 3.380 0.040 84.500 217 70.5

Bulk Re powder 0.293 0.040 7.325 358 111.9
1 M PBS

Re-NPC/a-C 2.872 0.040 71.8 338 111.8

YAlthough it is not necessarily meaningful to directly compare the Ca values for
different materials’>S’l we note that our ReO>-NPC/a-C composite has larger Ca
values (9.901 mF cm™ in acidic, 9.754 mF cm™ in basic, and 12.425 mF cm™ in neutral
electrolytes) due to more abundant amorphous carbon contents (~10 wt% of carbon
from Elemental Analysis) than Re-NPC/a-C (~2 wt% of carbon from Elemental

Analysis).
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Figure S17. Polarization curves of bulk Re powder and Re-NPC/a-C normalized to the
electrochemical active surface area (ECSA) in (a) 0.5 M H2SO4, (b) 1 M KOH, and (¢) 1 M
PBS. Corresponding Tafel plot in (d) 0.5 M H2SO4, (¢) 1 M KOH, and (f) 1 M PBS.
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Figure S18. Cyclic voltammetry curves of Re-NPC/a-C/MWNT recorded at different scan rate
(from 20 mV/s to 200 mV/s) in (a) 0.5 M H2S04, (b) 1 M KOH, and (c) 1 M PBS. Capacitive
current measured by CV at 0.15 V vs. RHE (AJo.15v), plotted as a function of scan rate in (d)
0.5 M H2SOs4, (¢) 1 M KOH, and (f) 1 M PBS (corresponding Ca and ECSA values are
indicated next to the curves).
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Figure S19. Polarization curves of Re-NPC/a-C/MWNT normalized to the electrochemical
active surface area (ECSA) in (a) 0.5 M H2SOs4, (b) 1 M KOH, and (c¢) 1 M PBS. Corresponding
Tafel plots in (d) 0.5 M H2S04, (¢) 1 M KOH, and (f) 1 M PBS.
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Figure S20. Polarization curves of Re-NPC/a-C/MWNT after preparation (solid lines) and
after 1000 CV cycles (dotted lines) in (a) 0.5 M H2SOs4, (b) 1 M KOH, and (¢) 1 M PBS.
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Figure S21. SEM images of Re-NPC/a-C after HER process (1000 CV cycles) in different
electrolytes.
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Figure S22. Re 4f XPS spectra of Re-NPC/a-C after HER process (1000 CV cycles) in (a)
0.5 M H2S04, (b) 1 M KOH, and (c¢) 1 M PBS. Re 4f XPS spectra of ReO2-NPC/a-C after
HER process (1000 CV cycles) in (d) 0.5 M H2SO4, (e) 1 M KOH, and (f) 1 M PBS.
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Figure S23. The amounts of experimentally evolved hydrogen for Re-NPC/a-C at 10 mA/cm?
current density for 60 minutes (black dot, left y-axis) and corresponding Faradaic efficiency
based on theoretically calculated value (blue dot, right y-axis).
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