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Table S1. Textural properties of various carbon materials.

BET surface area Total pore Micropore Meso-Macro
Samples (m? g volume volume pore volume
¢ (cm’ g') (cm? g (cm’ g
PC 684 0.59 0.36 0.23
NPC-700 661 0.61 0.37 0.24
NPC-800 651 0.58 0.38 0.20
NPC-900 634 0.55 0.33 0.22

Table S2. Chemical compositions and CO, uptake of various carbon materials.

Samples N (at. %) Gra}z(})}i;ic N Pyrig;on)ic N OXi((ij/i;d N Pyrz;(l)i)c N i(glzn l(;rft;lf;
PC - - - - - 0.45
NPC-700 11.2 355 26.7 10.5 27.3 1.62
NPC-800 10.9 38.8 37.5 9.6 14.1 2.26
NPC-900 9.6 46.9 249 20.9 7.3 1.20




Table S3. Contents of total N with various N species of Cu/NPC hybrid catalysts.

Samples N (at. %)? Gra[();i);ic N Pyri((ii)n)ic N Oxic(ié/z();:d N Pyr{;{i)c N
Cu/NPC-700 8.5 29.1 30.5 11.6 28.8
Cu/NPC-800 8.4 32.7 40.8 10.6 15.9
Cu/NPC-900 7.1 40.3 27.9 22.1 9.7

2 determined by XPS analysis.

Table S4. Cu particle sizes, Cu contents and analytical results of the Cu 2ps, spectra of
Cu/PC and Cu/NPC hybrid catalysts.

— c . A e si : Binding energy (eV)°
amples t. It
p u (wt. %) verage particle size (nm) o+ Co
Cu/PC 21.6 12.1 932.2
Cu/NPC-700 19.7 53 932.6
Cu/NPC-800 19.8 52 932.7
Cu/NPC-900 20.2 5.4 932.6

2 determined by ICP spectrometer.
b determined by TEM.
¢ detemmined by XPS analysis.



Table S5. Chemical compositions of Cu/NPC hybrid catalysts obtained by the linear
combination of XANES spectra.

Samples Cu® Cu* Cu?*
Cu/PC 0.871 0.073 0.056
Cu/NPC-700 0.721 0.147 0.132
Cu/NPC-800 0.716 0.159 0.125
Cu/NPC-900 0.727 0.142 0.131

Table S6. Average Faradaic efficiencies (%) of products obtained from electrocatalytic CO,

reduction on PC and NPC materials at different potentials.



PC

E(VvsRHE) CO HCOOH CHy C,Hs;O0H C;H,OH H, Etc. (CH;CHO,CH;CH,CHO) Total

~0.6 N.D.* ND. N.D. N.D. ND. 984 N.D. 98.4
~0.7 ND. ND. N.D. N.D. N.D. 97 N.D. 97
~08 ND. ND. N.D. N.D. ND. 982 N.D. 98.2
~0.9 N.D. 1.1 N.D. N.D. ND. 963 N.D. 97.4
~1.0 N.D. 2 N.D. N.D. ND. 951 N.D. 97.1
- 1.05 ND. 08 N.D. N.D. N.D. 97 N.D. 97.8
~ 1.1 ND. ND. N.D. N.D. ND. 982 N.D. 98.2

NPC-700

E(VvsRHE) CO HCOOH CH; GCHsOH CsH,0H H, Ete. (CH;CHO,CH;CH,CHO) Total
~0.6 348 ND. ND. N.D. ND. 619 N.D. 96.7
-0.7 403 32 N.D. N.D. ND. 538 N.D. 97.3
~0.8 926 47 N.D. N.D. ND. 509 N.D. 98.2
~0.9 488 5.7 N.D. N.D. ND. 432 N.D. 97.7
- 1.0 50.8 6 N.D. N.D. ND. 408 N.D. 97.6
- 1.05 50.5 4.1 N.D. N.D. N.D. 443 N.D. 98.9
~ 11 497 27 N.D. N.D. ND. 458 N.D. 98.2

NPC-800

E(VvsRHE) CO HCOOH CH; GCHsOH CsH,OH H, Etc. (CH;CHO,CH;CH,CHO) Total
~0.6 487 ND. ND. N.D. ND. 495 N.D. 98.2
-0.7 500 15 N.D. N.D. ND. 456 N.D. 97.1
~0.8 56.6 2.7 N.D. N.D. ND. 381 N.D. 97.4
-0.9 591 3.7 N.D. N.D. ND. 362 N.D. 99
- 1.0 618 4.6 N.D. N.D. ND. 307 N.D. 97.1
~1.05 613 3.4 N.D. N.D. ND. 327 N.D. 97.4
~ 11 60.1 1.6 N.D. N.D. ND. 364 N.D. 98.1

NPC-900

E(VvsRHE) CO HCOOH CH, GCHsOH CiH;0H H, Etc. (CH;CHO,CH;CH,CHO) Total
~0.6 305 ND. ND. N.D. ND. 682 N.D. 98.7
-0.7 317 55 N.D. N.D. ND. 595 N.D. 96.7
~0.8 332 58 N.D. N.D. ND. 57.8 N.D. 96.8
-0.9 378 77 N.D. N.D. ND. 516 N.D. 97.1
- 1.0 416 89 N.D. N.D. ND. 4738 N.D. 98.3
~1.05 419 62 N.D. N.D. ND. 506 N.D. 98.7
~ 1.1 39.7 3.1 N.D. N.D. ND. 548 N.D. 97.6

2 N.D. — Not detected. This is also applicable to Table S6-S7 and Table S10.

Table S7. Average Faradaic efficiencies (%) of products obtained from electrocatalytic CO,

reduction on Cu/PC and Cu/NPC hybrid catalysts at different potentials.



Cu/PC

E(VvsRHE) CO HCOOH  GCH, GCHOH CH,0H H, Etc. (CH;CHO, CH;CH,CHO) Total
~0.6 74 101 12.3 3.1 ND.  65.0 N.D. 97.9
-0.7 5.1 8.5 19.7 5.6 ND. 587 N.D. 97.6
~0.8 4.1 6.3 22.1 12.8 0.5 525 0.5 98.8
~0.9 3.2 5.4 24.5 17.3 0.9 49.1 0.3 100.7
- 1.0 1.8 3.1 28.2 13.5 2.1 49.6 N.D. 98.3
- 1.05 1.1 1.8 30.7 10.5 1.1 52.6 0.2 98.0
~ 11 0.5 0.3 30.4 9.7 0.4 56.4 N.D. 97.7

Cu/NPC-700

E(VvsRHE) CO HCOOH  CH, GCHOH CH,0H H, Etc.(CH;CHO, CH;CH,CHO) Total
~0.6 205 N.D. N.D. 29.6 0.5 46.6 1.5 98.7
-0.7 174 ND. 2 33.1 0.8 45.1 1.4 99.8
-0.8 16,5 N.D. 2.6 40.1 1.3 38.9 1.1 100.5
~0.9 123 ND. 2.9 435 2.4 37.1 0.7 98.9
- 1.0 11,5 N.D. 3.4 452 42 33.1 0.8 98.2
- 1.05 43  ND. 5.1 50.3 6.1 33.6 0.3 99.7
~ 11 37  ND. 6.8 455 4.1 383 0.4 98.8

Cu/NPC-800

E(VvsRHE) CO HCOOH  CH, GCHOH CsH,OH H, Etc.(CH;CHO, CH;CH,CHO) Total
~0.6 29.5 N.D. N.D. 37.6 0.9 30 1.8 99.8
-0.7 267 N.D. N.D. 46 1.3 23.8 1.7 99.5
-0.8 210 N.D. 1.8 51.4 2.0 222 1.4 99.8
-09 179 ND. 2.1 55.3 43 17.6 1.3 98.5
- 1.0 154  N.D. 2.9 58.8 6.2 13.2 0.8 97.3
~1.05 7.1  ND. 3.6 64.6 8.7 14.8 0.6 99.4
~ 11 69 N.D. 4.4 60.1 5.5 19.7 0.6 97.2

Cu/NPC-900

E(VvsRHE) CO HCOOH CH, GCHOH CH,0H H, Etc.(CH;CHO, CH;CH,CHO) Total
~0.6 155 N.D. N.D. 26.8 0.3 54.6 12 98.4
-0.7 126 N.D. 32 29.7 0.5 51.8 1.1 98.9
~0.8 10.5 N.D. 3.8 35.8 0.9 475 0.8 99.3
-0.9 84  N.D. 4.7 38.9 1.4 44.6 0.6 98.6
- 1.0 6.5 N.D. 6.6 40.5 2.7 41.1 0.6 97.4
~1.05 21  ND. 7.3 44.4 43 42.1 0.1 100.3
~ 1.1 15 ND. 9.2 39.5 2.3 45.6 0.2 98.3

Table S8. Comparison of multicarbon product formation from various Cu-based catalysts.



V (vs RHE)/

Catalyst Electrolyte o (MA cm?) C2-C3 product (Faradaic efficiency, %) Ref.
total
02M This
Cu/NPC-800 KHCO, —1.05/12.6 C,H, (3.6%), C,HsOH (64.6%), C;H,OH (8.7%) work
. 0.1 M C2-C3 products (40.6%)
Cu foil KHCo, 0S8, (26%), CHOH (9.8%), CH,OH (2.5%) '
gﬁﬁtie;‘ggi 131'{10%3 —1.0/195  CoHg (30.1%), CHsOH (11.1%), C;H,0H (5.5%)  S2
. C2-C4 products (55.1%)
Cé;i“g‘_léfld Olgcl\l/l ~1.8/7.7 C,H, (23%), C,H;OH (20%), CsH,OH (7.8%), 3
2 C;Hs (1%), C4Hyp (1%)
Nanostructured
polycrystalline 0.1 M —1.0/6.5 C2-C3 products (28%) S4
I evcled)  KHCO: -0/6. C,H, (16.3%), CoHsOH (7.85%), CsH,OH (3.08%)
C“(i’f;li‘infilm Koﬁlcl\(/i ~0.99/30 C,H, (38.79%), C,HsOH (9.01%) S5
Oxide-reduced
agglomerated 0.1 M 0.95/19.9 C,H, (35.82%), C,HsOH (12.75%), 6
Cu KHCO; 95/19. CH-OH (8.75%)
nanoparticles
Cu,0 derived 01M
Cu films KHCO 0.98/26.2 C.H, (31%), C,H;OH (7.1%), C3H,0H (3.7%)  S7
(sample C) 3
N- AM
Cg apg;f:d IgHCO3 1212 C,H;0H (63%) S8
Single crystals 0.1 M 15 C2-C3 products (57.8%)
Cu (100) KHCO, - CoH, (40.4%), C,H;OH (9.7%), CsH,OH (1.5%)
S9
Cu (711y/ 0.1 M oous C2-C3 products (71.5%)
[4(100)-(111)]  KHCO; : C,H, (50%), C,H:OH (7.4%), CsH,0H (4.6%)
CuAu 01M
nanowire KH co —0.7/12 C,H;s0H (~ 45%) 14
arrays 3
AuCu alloy 05M
embedded Cu 7 —1/5.6 +0.772 C,H, (16+4%), C,HsOH (29+4%) 15
submicrocone 3
Hydrophobic . C,H, (7.56%), C,Hg (0.05%), C,HsOH (3.15%),
Cudendrite ~ O MKPL —1.3/30 CHCOOH (1.37%)
16
Wettable Cu |\ iens oo CaH, (3.61%), C5Hq (0.5%), C,H:OH (2.21%),

dendrite

CH;COOH (0.34%), C;H,OH (1.37%)

a Partial current density of C,HsOH.

Reference for Table S8.
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Table S9. Physicochemical characterizations of Cul0/NPC-800 and Cu30/NPC-800.

Cu loading (wt. Particle size N content  Pyridinic N  Binding energy (eV)*

Samples

%)? (nm)® (at. %)° (%) Cu® + Cu*
CulO0/NPC-800 94 5.0 9.1 37.6 932.5
Cu30/NPC-800 31.7 6.3 5.8 39.3 932.7

2 determined by ICP spectrometer.
b determined by TEM.
¢ determined by XPS analysis.

Table S10. Average Faradaic efficiencies (%) of products obtained from electrocatalytic CO,
reduction on Cul0/NPC-800 and Cu30/NPC-800 at different potentials.

Cul0/NPC-800

E (V A RHE) CcO HCOOH C2H4 C2H5OH C3H7OH H2 Etc. (CH3CHO, CH3CH2CHO) Total

-0.6 39.5 N.D. N.D. 6.5 0.1 51.6 N.D. 97.6
-0.7 42.7 1.2 N.D. 8.0 0.2 44.8 0.6 973
-0.8 38.6 1.4 N.D. 13.4 0.4 42.1 0.5 96.4
-0.9 35.9 2.7 1.0 20.3 0.9 36.2 0.5 97.5
-1.0 332 2.5 1.2 25.5 1.3 33.7 0.4 97.8
-1.05 26.5 1.2 1.7 314 23 354 0.2 98.7
-1.1 243 1.0 2.0 26.6 1.6 42.7 0.2 98.4

Cu30/NPC-800

E(VvsRHE) CO HCOOH CHs CHsOH C;H,0H H,  Etc. (CH;CHO, CH;CH,CHO) Total

-0.6 8.5 N.D. 8.2 18.8 0.2 62.0 0.7 98.2
-0.7 6.7 N.D. 9.6 23.5 0.3 57.8 0.6 98.5
-0.8 53 N.D. 12.1 24.1 0.7 55.2 0.4 97.7
-09 4.5 N.D. 15.5 293 1.0 46.6 0.3 97.2
-1.0 33 N.D. 18.8 32.8 1.9 41.2 0.3 98.3
-1.05 0.8 N.D. 19.5 35.6 2.7 41.4 0.1 100.1
- 1.1 0.4 N.D. 21.9 31.1 1.8 43.7 0.2 99.1




Fig. S1 Photograph of H-type cell for electrocatalytic CO, reduction.
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Fig. S2 SEM
PPyPC.
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Fig. S3 (a) N, adsorption/desorption isotherms and pore size distributions calculated by (b)

Barrett-Joyner-Halenda (BJH) and (c) Horvath-Kawazoe (HK) method for PC, NPC-700,

NPC-800 and NPC-900.
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Fig. S4 High resolution N 1s spectra of PPyPC.
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Fig. S5 FTIR spectroscopy of PC, PPyPC and NPC-800.
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Fig. S6 High resolution N 1s spectra of (a) Cu/NPC-700, (b) Cu/NPC-800 and (c¢) Cu/NPC-

900. (d) Summary of N atomic contents and relative concentrations.
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Fig. S7 Cu K-edge XANES fittings for Cu/PC, Cu/NPC-700, Cu/NPC-800 and Cu/NPC-900
by linear combination fittings (LCF). Dashed line is the fitted result.

16



~—
o))

—
_
(*J}
—

e —a-CO I =y - CO £
5-.":“9"' —h-Ho LR EL?‘BD‘ —h- H, NEE- 300
> | -a-ncoon 2 |-« ncoow
5 5
E o E . \‘\\‘/A
[=] 2
™ 20 w 301
=] =
(] 1]
S 8 g
LL . ',_.__.——-—Q-—O-—.__'_ Lo i
T T T T T T T T T T E
-0.6 0.7 -0.8 0.9 -1.0 -1.1 0.6 0.7 -0.8 -0.9 1.0 -1.1
E (V vs RHE) E (V vs RHE)

Fig. S8 Faradaic efficiencies of liquid and gaseous products for CO, reduction in CO,-

saturated 0.2 M KHCOj; aqueous solution on (a) NPC-700 and (b) NPC-900.
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Fig. S9 Trend in maximum Faradaic efficiency for CO production versus contents of

pyridinic N species and CO, uptake on NPC-700, NPC-800 and NPC-900.
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Fig. S10 Faradaic efficiencies of liquid and gaseous products for CO, reduction in CO,-

saturated 0.2 M KHCOj; aqueous solution on (a) Cu/NPC-700 and (b) Cu/NPC-900.
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Fig. S11 EIS results of Cu/PC and Cu/NPC-800 performed in CO,-saturated 0.2 M KHCO;
aqueous solution at —1.05 V (vs RHE).
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Fig. S12 Experimental measurements of CO adsorption strength on prepared catalysts. (a)
CO-TPD profiles of Cu/PC, Cu/NPC-700, Cu/NPC-800 and Cu/NPC-900 at ramping rate of
5 °C min’!. (b) Chronoamperometric measurements of Cu/PC and Cu/NPC-800 at constant

potential of —0.12 V (vs RHE) in 0.2 M KHCO; aqueous solution.
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Fig. S13 (a) CO,-TPD profiles of Cu/NPC-700, Cu/NPC-800 and Cu/NPC-900 measured at
ramping rate of 10 °C min-! and (b) the peak comparison of CO,-TPD profiles.
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Fig. S15 (a) SEM image with particle size distribution of Cu nanoparticles and (b) the

corresponding XRD patterns.
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Fig. S16 TEM image with particle size distribution of (a) Cul0/NPC-800 and (b) Cu30/NPC-
800 and (c) the corresponding XRD patterns.
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Fig. S17 (a) High resolution N 1s and (b) Cu 2ps; spectra of Cul 0/NPC-800 and Cu30/NPC-
800.
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Fig. S18 Faradaic efficiencies of liquid and gaseous products for CO, reduction in CO,-

saturated 0.2 M KHCOj; aqueous solution on (a) Cul0/NPC-800 and (b) Cu30/NPC-800.
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