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Materials and Methods:

Chemical

All reagents involved in our study were commercially available and used without further
purification. Tetrahydroxy-1,4-benzoquinone hydrate (THQ) was purchased from TCI
(Shanghai), China. Copper nitrate hydrate (Cu(NO3)2-H2O) was purchased from Aladdin

(Shanghai), China.

Characterization

Powder X-ray diffraction (PXRD) was carried out on a Bruker D8-Focus Bragg—Brentano X-
ray powder diffractometer equipped with a Cu sealed tube (A = 1.54178 A) at 40 kV and 40 mA
(Cu Ka). Scanning electron microscopy (SEM) analysis was performed on a field emission-
scanning electron microscope (SU8010 system). Transmission electron microscope (TEM)
images were recorded by a TEM Jem-2100F Jeol working at 200 kV. X-ray photoelectron
spectroscopy (XPS) measurements were carried out on an ESCALAB 250 spectrometer.
Nuclear magnetic resonance (NMR) measurement was performed on a Bruker advance IIL
Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) experiments
were performed on a Nicolet 6700 spectrometer.

Synthesis of Cu-THQ

Tetrahydroxyquinone (THQ) (300 mg, 1.74 mmol) was dissolved in 100 mL degassed H,O

under the N protection. Mixture of Cu(NO3): -2.5H,O (532 mg, 2.29 mmol) and

ethylenediamine (0.23 mL, 3.45 mmol) in 100 mL degassed H,O was transferred to THQ
solution under vigorous stirring. The reaction was further stirred for at 500 rpm for 12 h at RT
under the N». Dark navy precipitate was obtained and filtered. The product was subsequently
washed with H>O (100 mL % 2) and acetone (50 mL x 2) and dried in 80 °C oven for further
characterizations (Yield: 81.4%).

Synthesis of Cu(111)@Cu-THQ

5 mg Cu-THQ and 50 pLL 5 wt% Nafion were dispersed in 0.95 mL water-ethanol solution with
a volume ratio of 3:1 and ultrasonicated for 1 h. Then 10 pL of the resulting ink was dropped
onto the surface of glass carbon electrode (GCE) with a glassy carbon (GC) disk of 5 mm in
diameter and dried at room temperature. Electrochemical reduction measurements were
performed in a three-electrode cell using the Ag/AgCl electrode as the reference electrode and
Pt foil as the counter electrode in 0.1 M KHCO3. After treating at a certain potential (—1.6 V vs.
RHE) for 30 minutes, Cu(111)@Cu-THQ was obtained, which was used directly for the CO»

electroreduction reaction (CO2RR) measurements and other characterizations.



CO:z electroreduction reaction (CO2RR) measurements.

All the electrochemical experiments were performed in a H-type cell with two-compartments
separated by a Nafion-117 membrane. Each compartment contained 40 ml electrolyte (0.1 M
KHCO3). Electrochemical measurements were performed in a three-electrode cell using the
Ag/AgCl electrode as the reference electrode and Pt foil as the counter electrode. Typically, 5
mg of catalyst and 50 pL 5 wt% Nafion were dispersed in 0.95 mL water-ethanol solution with
a volume ratio of 3:1 and sonicated for 1 h. Then 10 pL of the resulting ink was dropped onto
the surface of glass carbon electrode (GCE) with a glassy carbon (GC) disk of 5 mm in diameter
and dried at room temperature. During the electrochemical measurements, the electrolyte
solution was purged with CO; for 30 min to obtain the CO»-saturated solution (pH = 6.8). A
mass flow controller was used to set the CO; flow rate at 20 mL/min. The LSV curves were
conducted with scan rate of 10 mV/s. All the potentials were reported with respect to the
reversible hydrogen electrode (RHE) without internal resistance (IR) compensation and
conversed using the formula E (vs. RHE) = E (vs. Ag/AgCl) + 0.196 V + 0.059 x pH. The
electrode was applied for constant voltage, the gas products were analyzed by the gas
chromatograph linking to the cathode cell, which was equipped with two flame ionization
detectors (FID) and thermal conductivity detector (TCD). Gaseous products generated during
the electrocatalysis were detected by a 7890B system. The liquid products were analyzed
afterwards by a 400 MHz NMR spectrometer using dimethyl sulphoxide (DMSO) as an internal

standard. The Faraday efficiency of a certain gas product was calculated by the equation:

FE PV vNF
= — X —
T I

in which P, V and T represent the pressure (1 atm), gas flow rate (20 mL min™') and room
temperature, and v (vol %), I, N, and F' represent the volume concentration of gas product,
current, number of the electron transfer in electrocatalysis, and Faradaic constant, respectively.
Preparation of commercial Cu(111) electrode

Typically, 5 mg fresh Cu-THQ and 50 puL 5 wt% Nafion were dispersed in 0.95 mL water-
ethanol solution with a volume ratio of 3:1 and sonicated for 1 h. Then 10 pL of the resulting
ink was dropped onto the surface of glass carbon electrode (GCE) with a glassy carbon (GC)
disk of 5 mm in diameter and dried at room temperature. After treating at a certain potential
(—1.6 V vs. RHE) for 10.5 h, Cu(111) was obtained.

Computational methods:

Density functional theory (DFT) calculations were performed by the Materials Studio 5.5

package. The structures of intermediates were optimized by Dmol® module (Figure S14). The



generalized gradient approximation (GGA) with the Perdew- Burke-Ernzerhof (PBE) function

and TS for DFT-D correction were employed to the calculation. The convergence tolerance of

energy, force and displacement convergence were set as 1 x 10 Ha, 2 x 10 Ha and 5 x 107

A, respectively. The core treatment was chosen as the effective core potential (ECP), and the

electron treatment was performed by double numerical plus d-functions (DNP) basis set.

The elementary steps on MOFs are:

*+ COy + [H + €] — *COOH

*COOH + [H" + ¢ — *CO + H,0

*CO — *+CO

The elementary steps on Cu(111) are:

*+CO — *CO

*CO+CO +[H"+¢e]— *COCHO

*COCHO + [H" + ¢'] —» *COCHOH

*COCHOH + [H" + ¢] — *COHCHOH

*COHCHOH + 2[H" + ¢ ] — *CHCHOH + H,O

*CHCHOH + 2[H" + ¢'] — *CHCH, + H,O

* CHCH2 + [H" +e] — * + C.Ha

The change of free energies for every step were calculated by the following reaction equation:
AG = AE+ AZPE —TAS

in which AZPE, AT and AS represent the change of the zero point energy, temperature (298.15

K), and the change of entropy, respectively.



Supplementary Figures and Tables
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Fig. S1. PXRD patterns of the corresponding materials: (a) Cu-THQ and (b)
Cu(111)@Cu-THQ. Note: The Cu-THQ sample has a diffraction peak at 50.4°, which

is similar to the peak position of the Cu(200) facet. However, no Cu nanoparticles were
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found in the transmission electron microscopy of Cu-THQ, indicating that the
diffraction peak at 50.4° belongs to Cu-THQ itself (same as the simulated pattern).
Comparison of the PXRD spectra of Cu-THQ and Cu(111)@Cu-THQ shows clearly
that Cu(111)@Cu-THQ has a new diffraction peak at 43.3°, which is attributed to the
Cu(111) facet. In addition, the peak intensity of Cu(111)@Cu-THQ at 50.4° (200) and
74.1° (220) did not increase significantly, proving that there are no Cu(200) and Cu(220)

facets.
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Fig. S2. X-ray photoelectron spectroscopy (XPS) spectra of Cu(111)@Cu-THQ.
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Fig. S3. Cu LMM spectra of as-prepared Cu(111)@Cu-THQ.
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Fig. S4. Bode plot of electrochemical impedance spectroscopy of Cu(111)@Cu-THQ.



Fig. S5. (a) SEM and (b) TEM images of Cu(111)@Cu-THQ after electroreduction
treatment at —1.4 V vs. RHE for 8.5 h.

Fig. S6. (a-b) SEM and (¢-d) TEM images of the fresh Cu-THQ.
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Fig. S7. (a) The TEM image of Cu(111)@Cu-THQ after electroreduction treatment at
—1.4 V vs. RHE for 2.5 h and (b) the corresponding particle size distribution graph.
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Fig. S8. (a) The TEM image of Cu(111)@Cu-THQ after electroreduction treatment at
—1.4 V vs. RHE for 4.5 h and (b) the corresponding particle size distribution graph.
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Fig. S9. (a) The TEM image of Cu(111)@Cu-THQ after electroreduction treatment at
—1.4 V vs. RHE for 8.5 h and (b) the corresponding particle size distribution graph.
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Fig. S10. (a) The TEM image of Cu(111)@Cu-THQ obtained by electroreduction
treatment of Cu-THQ at —1.6 V vs. RHE for 30 minutes and (b) the corresponding
particle size distribution graph.
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Fig. S11. (a) The TEM image of Cu(111)@Cu-THQ after electroreduction treatment
at —1.6 V vs. RHE for 4.5 h and (b) the corresponding particle size distribution graph.
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Fig. S12. (a) and (b) The TEM images of Cu(111)@Cu-THQ after electroreduction
treatment at —1.6 V vs. RHE for 8.5 h.

Fig. S13. (a) and (b) TEM images of the pure Cu(111) nanoparticles.

At —1.4 V vs. RHE, the particle sizes of the Cu nanoparticles of Cu(111)@Cu-
THQ after working (CO2RR process) for 2.5, 4.5 and 8.5 h were similar, about 5+1 nm.

At —1.6 V vs. RHE, the particles sizes of the Cu nanoparticles increased from 5 to
10 nm with the increase of the reduction time from 30 min to 8.5 hours. After 10.5 hours’

reduction, most of the MOF structure was destroyed.
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Fig. S14. The X-ray photoelectron spectroscopy (XPS) spectra of Cu(111)@Cu-THQ
obtained by electroreduction treatment at —1.4 V vs. RHE for 2.5 h.
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Fig. S15. The X-ray photoelectron spectroscopy (XPS) spectra of Cu(111)@Cu-THQ
obtained by electroreduction treatment at —1.4 V vs. RHE for 4.5 h.
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Fig. S16. The X-ray photoelectron spectroscopy (XPS) spectra of Cu(111)@Cu-THQ
obtained by electroreduction treatment at —1.4 V vs. RHE for 8.5 h.
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Fig. S17. GC profiles of gas products of Cu(111)@Cu-THQ at —1.4 V vs. RHE (a) and
—1.6 V vs. RHE (b).
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Fig. S18. The GC profiles of the standard gas of different concentrations: (a) 50 ppm
and (b) 100 ppm.
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Fig. S19. The 'H nuclear magnetic resonance (\H NMR) spectra of the liquid phase. (a)
fresh electrolyte (0.1 M KHCO:3); (b) after electrocatalysis electrolyte.
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Fig. S20. PXRD pattern of Cu(111).
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Fig. S21. Faradaic efficiencies of different products for Cu(111).
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Fig. S22. Illustration of the ATR-FTIR system used for in-situ characterization.
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Fig. S23. The DFT-simulated intermediate structures. (a) and (b) are the corresponding
intermediates on the MOF, the latter are the corresponding intermediates on the Cu(111)

(color codes: orange is Cu, gray is C, red is O, white is H).
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Fig. S24. PXRD patterns of Cu(111)@Cu-THQ before and after electroreduction at
—1.4 V vs. RHE for 8.5 hours.
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Fig. S25. The CO:;RR performances of Cu(111)@Cu-THQ before and after
electroreduction at —1.4 V vs. RHE for 8.5 hours.
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Fig. S26. (a-c) In-situ operando ATR-FTIR spectra on Cu(111)@Cu-THQ collected

at -1.4 V vs. RHE in CO; saturated 0.1 M KHCOs electrolyte. (d) Proposed tandem

catalytic mechanism of Cu(111)@Cu-THQ for the formation of CoHa.
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Figure S30. The Nyquist plots of the electrochemical impedance spectroscopy (EIS)
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Supplementary Table S1. The C,H4 selectivity of CO2RR with various electrocatalysts
using Pt as counter electrode under neutral conditions in the H-cell reported in the

literature.
Partial
i cu rrent i
Catal p M&':un depsny ?_tab/l
ata yst I otent pro uct or |ty
EIeCtrOIyte ial (V) (FE/%) »Ha h Ref.
(mA c
m2)
CaHs
-0.86 (~34)
Densely packed Cu particle 0'15'\(?'“};;'5 0Os (vs. C2HsOH -- 10 [30]
RHE) (~15)
CHa (~5)
0.99 CaHa
Cu mesocrystals O'ls'\cfllulii;'r(]:OB (vs. (%7”2) - ~6 By
RHE) 4
(1.47)
CaoH4
0.1 M KHCOs  -1.1 (vs.
44 nm Cu nanocube ; (~40) -- 1 [32]
solution RHE) CHa (~20)
01M -1.25
CUO/Nx C-700 °C NaHCOs (vs. gﬁ“(@ﬁ{ - 1 =
solution RHE) 4
C2H4 (45)
Ol M KHCO3 '10 (VS. - 025' [34]
Cu nanacube-O solution RHE) %';3%;' 15 03
CaHa
, 01MKHCOs -10(vs.  (16.3) B B (351
KF cycled Cu foil solution RHE) C2HsOH
(7.9)
CaHa
(17.4)
C2HsOH
...5)
. 0.1MKHCOs  -1.1 (vs. ( -
8.1 um Cu nanowire solution RHE) gcz)l-l(ig-Zo)) -- 5
n_
propanol
(~10)
. . - CaHa
Polycrystalline Cu with N-tolylpyridinium 0.1 M KHCOs  -1.1 (vs. % N 37
chloride solution RHE) (~40) 0.13 10 o
CaHa
0.1M -1.05 (~10)
CusZn KHCO3 (vs. C2Hs0OH -- 10 [38]
solution RHE) (~30)
CO (~10)
0.1M 1.8 (vs CoHa
Single-atomic Cu-substituted CeO2 KHCO3 FiHE) ' (~15) 70 2.2 [39]
solution CHj4 (58)
01M L4 (s (gzyé‘)
Cu/MoS2 NaHCOs  Ag/AgC cu ~4 48 401
solution ) (17 048)
0.1M -1.6 (vs.
Polycrystalline Cu NaHCOs  Ag/AgC g l-H|4 ((51%)) ~4 1 4
solution ) 24
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0.1M

CHa (~20)

Cu nanoparticle KHCO3 1R|1_"(EV)S C2H4 ~1.1 -- [42)
solution (~15)
0.1M ) CHa (57)
Cu foil KHCOs kﬁ'(E")S' CoHe 23 L
solution (~20)
. . ShiM T a0 (vs. CHa(=56)
Polished Cu foil KHCOs FéHE) ' C2Hq -- 0.17 [43]
solution (=23)
Cu20 film KHCO (()"29 (g-gg) 1 S
2 solution Ag/AgC CoH4
) (32.92)
0.1M CHas (~19)
CuOx nanoparticle KHCO3 lR%%S CzHa ~13 6.7 [45]
solution (~21)
0.1M 171 (gé*é‘)
Cu20@HKUST-1 KHCO3 (vs. CzH4 8.4 1 [46]
solution RHE) (16.2)
copper(11)-5,10,15,20-tetrakis(2,6- oM ‘0(-\,9876 chC2h L, 4
dihydroxyphenyl)porphyrin solutio; RHE) (__217‘3 :
. 0.1M C2Ha4 (45)
Cu(100) and Clé(&_lat)ec'{x?)tgrs derived from KHCO: lR;4—|fEV)S CHa (14) 85 8 [48]
solution
01M -1.05  CHa (~56)
Cu nanocube KHCO3 (vs. C2H4 -- ~5 [49]
solution RHE) (~20)
0.1M .
) -1.4 (vs. Cz2H4 (42) This
Cu(111)@Cu-THQ gm%gg RHE)  CHa@D) 6 85  Lork

Density functional theory (DFT) calculations demonstrated that the Cu(100) crystal plane is more conducive to

the formation of C2H4 because CO* is more easily adsorbed on the Cu(100) crystal plane and the energy barrier of

CO* dimerization to form C-C is lower.['5]
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