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1. Details of apparatus
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Fig. S1 The schematic image of the cross-sectional view of the cell assembly for HPHT experiments.
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Fig. S2 The image of the electrochemical measurement system.



2. The comparison of the Cu-BTC pyrolyzed Cu@C by the XRD at various

pyrolysis conditions

Table S1 The comparison of the Cu-BTC pyrolyzed Cu@C by the XRD at various pyrolysis conditions

Pyrolysis conditions Observed diffraction peaks in XRD
Ref. Temperature/°  Time/ ) .
c n Atmosphere  Pressure Copper speices Graphitic carbon
S1 350 2 N, 1 atm Cu, Cu,O No observed.
S1 350 2 H, 1 atm Cu, Cu,O No observed.
S2 400 1 5% H,-N, 1 atm Cu No observed.
S3 400 2 N, 1 atm Cu, Cu,0* Slightly observed?**
S4 500 - N, 1 atm Cu, Cu,O No observed.
S5 400 1-4 N, latm  Cu, CuO, Cu,O No observed.
S5 500 1-4 N, latm  Cu, CuO, Cu,O No observed.
S5 600 1-4 N, 1 atm Cu, Cu,O No observed.
S5 700 1-4 N, 1 atm Cu, Cu,O No observed.
Slightly observed
S6 700 4 Ar latm  Cu, Cu,0, CuO
after HC1 washing.
Slightly observed
S6 800 4 Ar latm  Cu, Cu,0, CuO
after HC1 washing.
Observed
S7 800 2 Ar 1 atm Cu
after H,SO,4 washing.
S8 850 8 Ar 1 atm Cu, CuO No observed.
Vacuum-
This work 500 0.25 Vacuum Cu, Cu,0 No observed.
sealed
This work 500 0.25 Air 0.5 GPa Cu, Cu,O No observed.
This work 500 0.25 Air 1 GPa Cu, Cu,O No observed.
This work 500 0.25 Air 5 GPa Cu No observed.

*: the authors did not state the existence of the Cu,O diffraction peaks in the XRD pattern, but the pattern had a peak at
~36° that seems to be corresponding to Cu,O (111) plane. **: the authors state the peak of carbon was observed at 26=20°,

but the pattern did not seem to have such a peak at the position.



3. TEM/STEM-EDS analysis of particles observed by STEM-HAADF

We conducted TEM/STEM-EDS measurements of Cu@C-5GPa, Cu@C-1GPa, and Cu@C-vac to confirm
that those observed particles consist of copper. The point analysis of Cu@C-5GPa indicated a significant difference
in the Cu peak intensity between the areas with and without particles (Fig. S3). The analysis of Cu@C-1GPa showed
the same results (Fig. S4). For Cu@C-vac, the EDS mapping clearly shows that the observed particle consists of Cu
(Fig. S5). Thus, it was confirmed that the observed particles in Fig. 2 were made of copper.
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Fig. S3 the STEM-EDS elemental analysis at multiple points of the Cu@C-5GPa
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Fig. S4 the STEM-EDS elemental analysis at multiple points of the Cu@C-1GPa
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Fig. S5 (a)TEM image of Cu@C-vac and the STEM-EDS mapping images of (a): (b) C, (¢) O, and (d) Cu.



4. XPS and AES for the analysis of Cu valency
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Fig. S6 (a) Cu 2p;3, XPS spectra and curve fitting. Red, blue, yellow, green, and purple curve indicates Cu+Cu,0
component, CuO component, Cu(OH), component, fitting curve, and background, respectively. (b)Cu LMM

Auger spectra.

Table S2 The chemical composition of Cu calculated from Cu 2p;, XPS spectra.

composition
CutCu,O CuO Cu(OH),
Cu@C-5GPa 24.3% 18.2%  57.5%
Cu@C-1GPa 22.4% 17.3%  60.3%
Cu@C-0.5GPa  58.6% 12.0%  29.4%
Cu@C-vac 83.0% 8.79%  8.26%

Sample




5. Cyclic voltammetry of Cu@C-0.5GPa and literature
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Fig. S7 The comparison of the CV curves of the Cu@C-0.5GPa in N,/O,-saturated 0.1 M KOH, that of the copper
monolayer deposited on the 20 wt% platinum nanoparticles supported on carbon electrode in Ar-saturated 0.5 M
KOH, and that of bulk copper electrode in Ar-saturated 0.5 M KOH. All curves were measured at scan rate 10
mV/s. Data from Cu monolayer and bulk Cu were digitized from figures in the works of ref. ° and their potentials
were converted from V vs. Hg/HgO to V vs. RHE by the following formula: Eryg = Engmgo+ 0.098 V +
0.0591x(pH of the 0.5 M KOH).



6. The comparison of the copper-based bifunctional electrocatalyst.

Table S3 The performance comparison of the reported copper-based bifunctional electrocatalyst. The values
marked with * are data digitized from LSV curves in the works of literature. CNT stands for carbon nanotubes;
NCNT stands for nitrogen-doped CNT; SAs stands for single-atoms; HNCNx stands for hollow nano-spheroids of
nitrogen-deficient carbon nitride frameworks; NC stands for nitrogen-doped carbonaceous nanoleaves; NG stands

for nitrogen-doped graphene; RGO stands for reduced graphene oxides.

Cu species Tafel slope/mV dec™!
Materials Medium Ref.
Morphology ORR OER
Nanoparticles
(Cu, CO)}OS3
@honeycomb-like 0.1 M KOH 88 129 S10
@CNT-C;3Ny4
porous nanosheets
20% Pt/C
- 0.1 M KOH 89 230 S10
and 10% RuO,
Nanoparticles
AgsoCusy @Cu 0.1 M KOH 109* 494%* S11
@amorphous film
Nanoparticles
CuCo@CNT 0.1 M KOH 169* 280* S12
(@nanotubes
Nanoparticles
Cu@NCNT 0.1 M KOH 112* 202%* S12
(@nanotubes
Nanoparticles 55(low i)*
Cu@NCNT/Co,Oy 0.1 M KOH 106* S12
(@nanotubes/nanoparticles 145 (high i)*
single atoms(@
Cu-SAs@HNCNx ) 0.1 M KOH 43 64 S13
hollow nanospheroids
Nanoparticles 0.1 M KOH(ORR),
CuCo @NC 63 95 S14
(@nanoleaves 1.0 M KOH(OER)
AgCu alloy@Ni Nanoparticles@foam 0.1 M KOH 83%* 289%* S15
CuCo@NG Nanoparticles@nanosheets 0.1 M KOH 58%* 78 S16
Cu@NG Nanoparticles@nanosheets 0.1 M KOH 51* 151 S16
CuNi@RGO Nanoparticles@nanosheets 0.5M KOH 148* 182 S17
FeCup3z @NCNT Nanoparticles@nanotubes 0.1 M KOH 92.1 2634 S18
539 (low i)
Cu@C-5GPa Cluster@particles 0.1 M KOH 278 This work
115 (high i)
434 (low i)
Cu@C -1GPa Nanoparticles@particles 0.1 M KOH 230 This work
92.7 (high i)
Cu@C-0.5GPa Thin shell@particles 0.1 M KOH 99.8 160 This work
424 (low i)
Cu@C-vac microparticles@particles 0.1 M KOH 244 This work

67.8 (high i)
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