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Supplementary Figure 1. Potential/energy diagrams across a battery cell. a, Schematic
potential and energy diagram across a lithium ion battery cell, consisting of a cathode,
electrolyte and anode. Potentials of the cathode (Vc), electrolyte (Vg) and anode (Va)
correspond to their own Fermi levels (or electrochemical potential of electrons) of Egc,
Erelectolyte, and Ega, respectively, in the energy scale!. The Viimc and Viiwa refer to the
(de)lithiation potential of the cathode and anode, respectively. During the charging, the V¢
and Vamove in opposite directions, establishing open circuit voltage (Voc). In a cathode, SEI
formation starts at a potential V¢ above the Vsgyc (or the Egc lies below the HOMO); in an
anode, SEI formation starts at a Va below the Vsgya (or the Ega lies above the LUMO).
Similarly, delithiation starts at the V¢ above the Viwc in the cathode while lithiation starts at
the Va below the Viwa in the anode. b—d, Schematic images illustrating the developments of
EDL and SEI layers and corresponding potential profiles across the electrolyte and anode,
during the first charging cycle. During charging, the V4o moves downward, establishing a
rapid potential gradient across a very thin EDL layer (b). When the V4 lies below the Vsgya,
the electrolyte will be reduced near the anode surface and a thin passivation SEI layer will
develop on the anode surface until the SEI layer prevents electron transfer from the anode to
the electrolyte LUMO (c). At a potential Vo below the Vi iwa regular lithiation occurs
involving the transport of Li* to the anode surface through ion-permeable SEI and thereafter
reduction and insertion into the anode (d).
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Supplementary Figure 2. Controlled experiment | illustrating electric potential control
of the hydrogen evolution reaction. a, Schematic of the experimental setup of the
electrochemical cell, consisting of a Pt counter electrode and a copper (Cu) bowl coated with
a thermally oxidized layer (CuO) on both the outer and inner surfaces; electrodes are exposed
to a 1.0 M KOH aqueous electrolyte. An external load drives the hydrogen-evolution reaction
on the CuO/Cu anode surface. b, FEA simulation of the potential distribution across the cell
under an external voltage bias (V,). ¢, Schematic and corresponding electrical potential
profiles across the electrolyte and CuO/Cu anodes, taken from the square in b, without (left)
and with (right) an external potential bias. When the working potential of the anode (Va)
becomes substantially lower than the potential of the hydrogen redox potential (Vy,o,u,)
caused by an external bias, hydrogen-evolution starts; however, as confirmed by the
generation of hydrogen gas bubbles, the hydrogen-evolution reaction occurs only on the outer
surface of the CuO/Cu anode. Inside the space enclosed by the CuO/Cu anode, the potential
gradient across the electrode and electrolyte remains constant, thereby suppressing the
hydrogen-evolution reaction. d, Photograph of the controlled experiment showing the
generation of hydrogen bubbles on the outer surface of the CuO/Cu bowl (see also
Supplementary Movie 1). This control experiment shows that the hydrogen-evolution
reaction can be initiated or inhibited via electric potential control using the Cu bowl as a
conducting sheath; this demonstrates the validity of our approach.
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Supplementary Figure 3. Controlled experiment (1) illustrating electric potential
control of the electrodeposition reaction. a, Schematic of the experimental setup of the
electrochemical cells, consisting of a Pt counter electrode and multilayer graphene membrane
connecting with Cu working electrode; the graphene membrane is physically supported by a
patterned photo-resist (PR) layer; electrodes are exposed to a 1.0 M AuCl; aqueous
electrolyte, and a droplet of the same electrolyte is placed on the graphene membrane. An
external load drives the Au-deposition reaction on the graphene membrane surface. b,
Photographs (top) and schematic of graphene membrane. Scale bar, 2um. ¢, FEA simulation
of potential distribution across the cell. Bottom panel: enlarged image taken from the square
in the left panel showing that the potential gradient is concentrated on the bottom surface of
the graphene membrane. d, Photograph of the controlled experiment with multilayer
graphene on which a droplet of AuCl; aqueous electrolyte was placed. e, Photograph of the
AuCl; droplet placed on the multilayer graphene, taken at an early stage (upper panel) and
after 70 s electrodeposition (bottom panel). The AuCl; droplet gradually percolated down
through the multilayer graphene sheet and became smaller, illustrating the permeation of
ions/molecules to some extend through the multilayer graphene PS (See also Supplementary
Movie 2). f, Optical-microscope images of bottom (left) and top (right) surfaces of the
graphene membrane after Au-electrodeposition with an external bias of —1.8 V vs. SHE for
100 s, showing that Au-deposition occurred only on the bottom surface of the graphene
membrane. Scale bars, 2um. Despite the permeation of ions/molecules (albeit extremely slow
with regards to the ionic conduction in the electrolytes), the Au electrodeposition reaction
occurred only on the bottom surface of the multilayer graphene. This indicates that the AuCls
droplet is electrically separated from the AuCls solution by the multilayer graphene. This
control experiment also demonstrates the validity of our approach.
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Supplementary Figure 4. FEA simulation of potential distribution. a, Schematic (left)
and simulation results (middle) of the potential distributions across the NWs@GruTs. For
this simulation, we assumed that an SEI layer (15 nm in thickness) developed on the outer
surface of the defect-free GruT PS and that a thin EDL dielectric layer (5 nm in thickness)
developed at the NWs/electrolyte and GruT/electrolyte interfaces. In this simulation, an
external potential bias of V, is applied between the left-hand side electrolyte and GruT, and
the following material parameters were used: NiSiNWs (electronic conductivity of 1x10* S
m, length of 3 pm, and dielectric constant of 11.7), electrolyte (ionic conductivity of 820 S
mY), and GruT (electronic conductivity of 1 x 10° S m™). To visualize EDL, the thickness
and dielectric constant were set to 50 nm and 3500, respectively, which produced a potential
drop equivalent to that of 0.5 nm thick EDL with a dielectric constant of 352. We calculated
the position-dependent potential across the electrolyte and NiSINWs@GruT anode with
respect to PS whose potential is set at ground (i.e. 0 V). Finally, the calculated potential
values were normalized by the V,. b—d, The change in potential distribution across the
NWs@GruTs with the existence of nanoscale and macroscopic holes in the GruT PS, which
are characterized by the correlation between the radii of holes (Rp) and EDL thickness (TepL):
b, Rh = Tepy; ¢, Rh = 3Tepr; d, Ry >> Tepy. €, The potential distribution across the NiSiNWs-
on-NIF. Right panels in a—e show the enlarged views (top) of the white squares in the middle
panels and the corresponding electrical potential profiles across the NiSINWs (bottom).
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Supplementary Figure 5. Schematics and SEM images at each preparation step of
NiSINWs@GruT. a, Ni foam. Scale bar, 50 um. b, graphene-on-Ni foam. Scale bar, 50 um.
¢, Ni islands@GruT. Scale bars, 20 pum (left) and 10 um (middle and right). d,
NiSINWs@GruTs. Scale bars, 20 um (left) and 2 um (middle and right). e, Photographs of
coin-shaped Ni foam (left panel) and NiSINWs@GruT electrode (right panel). Scale bars, 0.7
cm. f, SEM images of NiSINWs@GrpuT show that the GruT ends remain sealed. Scale bars,
50 pm.



Supplementary Figure 6. SEM and EDS analyses. a, SEM images of the graphene-on-Ni
foam taken during the inner Ni etching in the sulfuric acid solution. Ni etching initiated along
the grain-boundaries of the GruT. Scale bars, 10 um (left) and 1 pum (middle and right). b,
SEM-EDS elemental mapping images taken at the broken edges of the NiSINWs@GruT.
Scale bars, 100 um (upper-left) and 10 um (all others).
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Supplementary Figure 7. TEM-EDS composition analysis of NiSiINW. a, Electron
microscopy image of a NiSINW collected from an as-synthesized NiSINWs@GruT sample.
b, EDS elemental mapping images of O (left), Si (middle), and Ni (right). ¢, Summary of the
elemental composition in weight and atomic percent (excluding carbon). Scale bars, 250 nm.
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Supplementary Figure 8. Structural analyses of NiSINWs@GruTs. a,b, HR-TEM image
of NiSiINWs collected from the as-synthesized NiSINWs@GruT sample. Lattice-resolved
image and selective area electron diffraction pattern (inset) confirm the single-crystal
structure of the NiSINW. Scale bars, 20 nm (a) and 5 nm (b). ¢, XRD patterns of the synthetic
products in each step. After the CVD process, new diffraction peaks corresponding to the
NiSi phase appear, while the intensities of Ni peaks decease significantly.



O K series Si K series Ni K series

Element Wt. % At. %
c 63.03 78.56

(o] 13.00 12.16

Si 11.40 6.08

Ni 12.56 3.20
Total: 100.00 100.00

Supplementary Figure 9. TEM-EDS analyses of GruT fragments separated from the
NiSINWs@GruT. a-c, TEM images in low (a) and high (b,c) magnification of a GruT
fragment placed on a lacey carbon film supported by a copper grid. The fragments were
prepared by sonicating the NiSiNWs@GrpuT sample. During the sonication, most NiSINWs
were detached from the fragments and only GruT flakes coated with thin island layers
remained. The high magnification images show that 5-20 nm-diameter Ni nanoparticles were
embedded in amorphous islands. Scale bars, 20 nm (a), 10 nm (b), and 1 nm (c). d,e, TEM-
EDS element analysis of a GruT flake taken over the area inside the square in this dark-field
image (d). From the elemental mapping images (upper panels in e) and summaries of the
elemental composition (bottom table in e), the islands are determined to be amorphous SiOx.
Scale bars, 10 nm (d, e). This analysis illustrates that during the CVD NiSiNW growth, thin
Si island layers also developed on the surface of Ni islands, and at the same time Ni-residue,
which is not involved in NiSINWs growth, formed nanoparticles inside/around the Si islands
that were thereafter oxidized to form amorphous SiOy islands.



Supplementary Figure 10. TEM analyses of GruT PS. a,b, HR-TEM images taken at the
edges of GruT walls collected from an Ni islands@GrpT sample, showing that the GruT
consists of only a few layers of graphene (five to seven layers). Scale bars, 2nm.
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Supplementary Figure 11. Comparison of galvanostatic charge-discharge profiles for
diverse samples depending on sulfuric acid treatment. a, NiSiINWs@GruTs that
underwent Ni core etching with hydrochloric acid (black line) and sulfuric acid (red line).
b,c, Both the Ni foam (b) and Ni foam@GruT (c) exhibited new plateaus at 1.4 VV and 1.9 V,
respectively, only after sulfuric acid treatment.
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Supplementary Figure 12. Structural analyses of nickel sulfide phase on Ni foam. a,b,
Photographs of bare Ni foam (a) and Ni foam after sulfuric acid treatment (SAT) (b). ¢, XRD
measurements of bare Ni foam and Ni foam after SAT (left panel) and enlarged pattern of Ni
foam after SAT (right panel). d, X-ray photoelectron spectroscopy (XPS) spectrum of Ni
foam after SAT in a wide scan (left panel) and high-resolution XPS spectra of Ni 2p (middle
panel) and S 2p (right panel). In Ni 2p spectrum, 853.6 and 871.18 eV are assigned to 2ps.
and 2py, of Ni®*, and the peaks at 855.3 and 873.3 eV are assigned to 2ps, and 2py, of Ni®*,
respectively. In S 2p spectrum, 161.3 and 163.4 eV are assigned to S 2ps, and S 2p;/, of Ni-S
bonding?, respectively. e, SEM (left) and EDS element mapping images of Ni islands@GruT.
Scale bars, 25 pm.
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Supplementary Figure 13. Preparation of NiSiNWs-on-NiF. a, SEM image of bare Ni
foam. Scale bar, 100 um. b, SEM images of NiSiNWs-on-NiF. The NiSiNWs are grown on
the surface of Ni foam in the CVD reactor. For NiSINW growth, a gas mixture of 10% SiH,
in H, was introduced at a flow rate of 50 sccm, and the reactor pressure and temperature were
kept at 20 torr and 460 °C, respectively, for 20 min. Scale bars, 10 um.
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Supplementary Figure 14. Comparison of real capacity. a, GCD profiles of four different
kinds of anodes consisting of NiSINWs@GruT (black), bare GruT (blue), Ni foam@GruT
(green), and bare Ni foam (red); these illustrate that the contribution of the GruT and Ni on
the total capacity is negligible. b, The identical GCD profiles highlighting the real capacity
(x-axis) in the range of 0.00-0.02 mAh, showing that the real capacities of the GruT and Ni
foam are smaller than 0.02 mAh, which is less than 2% of the total capacity of the
NiSINWs@GruT.
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Supplementary Figure 15. Comparison of the rate capability with state-of-the-art Si-
based anode materials. a, A plot of specific capacities as a function of the discharge rate for
the NiSINWs@GruTs anode and other LIB anodes in the literature**2. b, A plot of capacity
retentions as a function of the discharge rate for the NiSINWs@GruTs anode and LIB anodes
in the literature. To date, the state-of-the-art Si-based anodes have the highest capacity values
in the range of 600 mAhg " at a cycling rate of 12C; however, most of these undergo fast

capacity fading with increased cycling speed, showing capacity retention of less than 50% at
12C (vs. the capacity at 1C).
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Supplementary Figure 16. TEM analysis of delithiated NiSINW. a,b, HR-TEM image of
NiSiNW collected from delithiated NiSINWs@GruT after 500 cycles at 10C. Lattice-
resolved image and selective area electron diffraction pattern (inset in b) confirm the poly-
crystal structure of the NiSINW. Scale bars, 50 nm (a) and 10 nm (b). ¢, EDS element
analysis of delithiated NiSiINW, taken along the area in the upper-left panel of the dark-field
image of the NIiSINW. Upper-right panel: EDS spectrum and elemental mapping images
(bottom panels) show that outer shell of the NiSINW consists mainly of SiOx without SEI,;
the P and F associated with the SEI layer component are not detected within the detection

limit. Scale bar. 25 nm. d, Summaries of elemental compositions at the crossbar points.
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Supplementary Figure 17. SEM image and EDS analysis. a-c, SEM images (left), EDS
spectra (middle) and summaries of the elemental composition (right) of the delithiated
NiSiNWs-on-NiF (a) and delithiated NiSINW@GruT (b,c). In ¢, GruT was opened to
analyze the NiSiNWs inside. The blue arrows in the insets of the middle panels indicate the
positions of F K-series (left) and P K-series (right) transitions. Scale bars, 2 um (a and c) and
10 pum (b).



Supplementary Figure 18. Morphology and SEI formation of NiSiNWs-on-NiF after
cycling. a, SEM images of NiSiNWs-on-NiF after 100 cycles. After dissembling the coin cell,
the NiSINWs-on-NiF electrode was rinsed with an EC/DEC solvent without LiPFg salt and
dried in a glove box. As can be seen, NiSiNWSs were embedded into the thick SEI layer. Scale
bars, 10 um (left) and 1 pum (right). b, SEM images of NiSiNWs-on-NiF rinsed with
acetonitrile to remove the SEI layer and to identify the morphology of NiSiNWs. Scale bars,
30 pm (left) and 1 pum (right).
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