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S1 Synthesis Methods

S1.1 Chemicals

Ethanol (>99.9%), Cobalt chloride (CoCl,), Polyvinyl Pyrrolidone (PVP) (average
molecular weight: 30,000). We purchased crystalline CH-Co from Sigma Aldrich, and
Carbon papers (0.05 mm) from Jing Long Te Tan Corporation.

S1.2 Synthesis of Octahedral Cu,O Templates

First of all, the octahedral Cu,O synthesized were synthesized through our previous
method.! NaOH aqueous solution (2.0 M, 10 mL) was added into a mixed aqueous
solution of 100 mL H,0, 4.5 g polyvinylpyrrolidone (PVP, K30), and 0.171 g
CuCl,*2H,0. The solution’s color switched to blue-green and subsequently dark brown.
Then the ascorbic acid solution (0.6 M, 10 mL) was added to the above solution after
30 minutes. The Cu,O with turbid red color was formed by 3 h stirring. The whole
process was completed under smooth stirring and heated in the 55 °C water bath. The
distilled water and ethanol were used to wash the precipitates 3 times and finally dried
out in a vacuum at 60 °C for 10 h.

S1.3 Synthesis of Amorphous Co(OH), Nanocages

1.7 mg CoCl,*6H,0 and 5.0 mg octahedral Cu,O were added to the mixed solvent of 5
mL water with 0.3333 g PVP and 5 ml ethanol. After stirring and sonication, Na,S,0;
aqueous solution (1.0 M, 4.0 mL) was then added dropwise into the uniform solution.
The suspension solution’s color turned to expected one within certain amount time and
we fabricated the amorphous Co(OH), nanocages after centrifugal washing by ethanol
(3 times) and deionized water (2 times). All procedure above was performed at room
temperature.

S2 Characterization

The morphologies of the synthesized samples were prepared on Si substrates and
studied by a JEOL JSM-7500F cold-field emission scanning electron microscope.
Electron paramagnetic resonance (X-band EPR, JEOL JES-FA200) was operated at a
frequency of 9.835 GHz at 123K. Each test involved a 40 mg sample to measure the
oxygen vacancy content of a certain weight. The EPR intensity of each sample was

normalized by the intensity of the Mn standard. In the absence of specific instructions,



the EPR measured samples were first subjected to several normal washing procedures
with deionized water. High-resolution transmission electron microscopy (HRTEM) and
the transmission electron microscopy (TEM) as well as selective area electron
diffraction (SAED) pattern analysis were carried out by the field emission transmission
electron microscope using JEOL (TEM-2100F). Raman spectra were obtained using a
Job800 Yvon Raman spectrometer model HR800 with excitation wavelengths of 514,
633 and 785 nm He-Ne laser lines (laser power: ~ 1 mW; laser spot: 1.5 um?) at room
temperature. X-ray photon spectroscopy (XPS) was employed by the Thermo Scientific
ESCALAB 250 Xi XPS system with an analysis chamber of 1.5x10-° mbar and an X-
ray spot size of 500 pm.

SERS Measurement: Raman spectra were characterized by Jobin Yvon Raman
spectrometer of the model HR800. Laser 514, 633 and 785 nm produced by a He-Ne
laser was used as excitation source. The laser spot was ~ 1.5 pm? and the laser power
was ~ 1 mW to the surface of c- and a-Co(OH),. The number of gratings in the Raman
spectrometer was 600 grooves mm-!. SERS spectra of target molecules adsorbed on the
Co(OH), substrates were acquired on silicon wafer backing. The accuracy of the SERS
measurements was evaluated by comparing 20 different SERS spots at the same

conditions.



S3 Supplementary Figures and Tables

Figure S1. SEM image of crystalline Cu,O octahedra.

Figure S2. (a,b) SEM image of the a-Co(OH), NCs. The yellow circle represents

porous.



Figure S3. SEM image of the c-Co(OH),.
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Figure S4. The Raman spectra of MO (1 x 10¢ M) adsorbed on a-Co(OH), NCs
substrate and pure MO molecule (0.1 M).



Enhancement factor calculation:

Using a concentration of EB solution below 10 M to prevent supersaturated
adsorption of probe molecules on a-Co(OH), NCs produces false EF values. The EF
for a-Co(OH), NCs was calculated by the following equation:

EF = (Isgrs / Nsgrs) / (Ipuik / Noui) (1)

In equation (1), Nggrs and Ny represent the number of EB molecules in the SERS
sample and the normal Raman sample, respectively. Isgrs and Iy, are the same
vibration peak of EB molecule on one a-Co(OH), NC and the normal Raman spectrum
from pure EB molecule, respectively. In the experiment, The laser spot area is about
1.5 pm?. For the normal Raman spectrum, 40 puL pure EB ethanol solution with the
concentration of 0.1 mol/L was dried onto the Si wafer and spread into a shape with the
area of ~ 0.5 x 0.5 cm?. Avogadro constant (N,) is 6.02 x 1023 mol-'.

For the Npuk:

Nputk = C*VeNA*S aser/Ssi = 0.1 mol/L » 40 x 10 L » 6.02 x 10?3 mol-! « 1.5 um?/(25

x 106 um?) = 1.445 x 10'!
For the Ngggrs:

Nsgrs = C7*V?*Na*Sesi/Ssi
Considering that approximately one a-Co(OH), nanocage is under the laser spot, the
effective area S 1s equal to the surface area of one a-Co(OH), nanocage (Sa.coom)2)-
The edge length of the synthesized octahedral Cu,0O is about 600 nm. Therefore, the
surface area of one Cu,O octahedron (Scyy0) is about 1.2 x 10 nm?. Moreover, the

specific surface area of Cu,O octahedrons and a-Co(OH), nanocages are measured to



be 5.0 m%*g (Sprr.cwo) and 20.0 m%*/g (Spera-coomyp), respectively (Table S3).
According to:

Sa-coomy2 / Scu20 = SBET-a-Coon)2 / SBET-Cu20
It is deduced that S,.coonyp = 4.8 x 10% nm?. Moreover, 10 pL mixed solution of EB
adsorbed on a-Co(OH), NC (MB@ a-Co(OH),) is dropped onto 0.5 x 0.5 cm? Si wafer
(the concentration of EB is 1 x 10~ mol/L). Therefore,
Nsgrs = C*V’eNa*Sei/Ssi = C’*V’eNa® S, coom/Ssi = 1 x 10> mol/L 10 x 10° L »

6.02 x 10?2 mol! « 4.8 x 10 nm?/(25 x 106 pm?) = 1.156 x 107
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Figure S5. Raman spectrum of Evans Blue molecule at 0.1 M and SERS spectrum of

Evans Blue molecule (1x10-> M) adsorbed on a-Co(OH), substrate.

Isgrs and Iy are based on the EB molecules vibration peak at 1565 cm! in SERS
spectrum and normal Raman spectrum as shown in Figure S5, the intensity was
obtained by making average 20 laser spots measurements, Isgrs = 27731 and Iy =

2225, also considering laser power for SERS and normal Raman. Substituting these



values of above variable into equation (1):
EF = (ISERS/Ibu]k) X (Nbulk/NSERS) = (27731/2225) X (1445 x 1011/1.156 x 107)

=1.56 x 10°
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Figure S6. The SERS spectra of MO molecules acquired from ten different spots of
a-Co(OH), NCs substrate adsorbed by MO molecules (1 x 10°¢ M).
We tested the SERS spectra of MO molecules at ten different positions of a-

Co(OH); NCs substrate adsorbed by Mo molecules. According to the formula:

o
C.= —
v
u
Where ¢, is coefficient of variation; ¢ is standard deviation;  is average value.

We can calculate the ¢, of the intensity of the Raman characteristic peak of the MO

o 29097
C.= —
molecule at the position 1417 cm!. Yoou 33882x86%< 10%, indicating that

amorphous Co(OH), nanocages exhibited excellent spectral reproducibility.
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Figure S7. UV-Vis absorption spectrum of hollow a-Co(OH), sample



First-principles density functional theory (DFT) simulation

The MO molecule structure was optimized by use of the B3LYP functional of the
DFT methods that were implemented in the Gaussian 09 software package?. The 6-
311++G (d, p) basis set was used. The bandgap of MO molecules was taken as the
different between its lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO). The crystal structure of Co(OH), was optimized
using the Vienna ab initio simulation package (VASP)3-. Projector augmented wave
(PAW) potentials were used to treat ion-electron interactions, and the exchange-
correlation contributions were treated by generalized gradient approximation (GGA),
the Perdew-Burke-Ernzerhof (PBE) functional®. In the process of optimizing the lattice
structure of Co(OH), crystal, a conjugate gradient algorithm with a force tolerance of
0.01 eV/A and a kinetic energy cutoff 500 eV was used to control the optimization
convergence. The Gamma k-point sampling was set to be 5 x 5 x 5.

The structure of amorphous Co(OH), was obtained by AIMD simulations of
VASP with Canonical ensemble (NVT) at 300K for 1000 fs for a 3 x 3 x 3 supercell of
Co(OH),. To further simulate adsorption of MO molecule and other molecular/racial
intermediate products onto a-/c- Co(OH),, a 3 % 3 supercell was built by cutting the
original cell along (100) facet, with a 25 A additional vacuum layer added along the
vertical direction. A six-layer slab was used to mimic Co(OH), (100) surface, with the
top three layers free to move, and bottom three layer fixed. For these supercell
simulations, the plane wave cutoff energy set as 500 eV and the k-point mesh set as 1
x 1 x 1. The bandgap of crystalline and amorphous structures of Co(OH), was
calculated as the difference between their conduction band minimum (CB) and valence
band maximum (VB). For calculations of energy bands, the vacuum level was used as
the benchmark. The DFT-D3 method with Becke-Jonson damping was adopted to
include van der Waals interactions for surface/radical interactions. For the GGA+U
correction’, the optimized Ueg; (Uess = U — J) for the Co atoms in was 3.3 eV. The charge
transfers between MO and a-/c- Co(OH), were analyzed by performing Bader charge

analysis® during electron self-consistent calculations.
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Figure S8. The top view and side view of a- and c-Co(OH), interface models.



Table S1. Enhancement factor (EF) of various semiconductors in previous reports.

Material Analyte EF Laser (nm) Reference

a-Co(OH), NCs EB 1.56 x 105 514 this work
Amorphous Rh3Sg R6G 1.02 x 103 647 Ref?
few-layer MoS, R6G 7.68 x 102 532 ref.!10
Ni(OH), microcages MB 2.35x 103 532 Ref!!
Urchin-like W;3O49 R6G 3.4 x10° 522 Ref!2
TiO, microarray MB 2 x 104 532 Ref!3
H-Si/H-Ge R6G/N719 8-28 532 Ref!
Cu,0 nanosphere 4MBA 10° 488 Ref!
Li-MoS, R6G 1.73 x 10* 532 ref 16
partially oxidized MoS, R6G 1.4 x10° 532.8 Ref!?
WS, R6G 2.5 %10 532.8 Ref!?
ZnO Superstructures 4-MPy 10° 532 Ref!®
MoO, BPA 3.75 x 106 532.8 Ref!?
Mo-doped Ta,Os MV 2.2 x 107 532 Ref20




Table S2. O Is peaks assignment for different bond species?!.

Binding Energy 532.9eV 532.0eV 531.2eV

Type of O species O in H,O oxygen defect O in Co-OH

Table S3. Brunauer-Emmett-Teller (BET) surface areas of the Cu,O octahedrons, c-

Co(OH); and a-Co(OH), NCs through N2 adsorption-desorption test.

Sample BET (m?%/g)
Cu,0O octahedrons 5.0
c-Co(OH), 18.3

a-Co(OH), NCs 20.0
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