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Abstract The synthesis of stable single-metal site catalysts with high catalytic activity and selectivity with a controllable
coordination environment is still challenging. Due to the different electronegativity of different coordination atoms (N, P, S,
etc.), adjusting the coordination atom type of the active metal center is an effective and wise strategy to break the symmetry
of the electron density. We adopted a cation exchange strategy to synthesize two Cu single-atom catalytic materials with dif-
ferent coordination structures. This strategy can change the coordination environment of Cu single atom by changing the
different organics wrapped around Cu-CdS. This strategy mainly relies on the anion skeleton of sulfide and the N-rich poly-
mer shell to produce a large number of S and N defects during the high-temperature annealing process, and the precise syn-
thesis of a single-metal Cu site catalyst material with rich edge S and N double modification. In these two materials, one
single Cu atom has double coordination of sulfur (S) and nitrogen (N), and the other single Cu atom has only a single S coor-
dination. The first shell coordination number of Cu central atom is 4, the structure of Cu-S/N-C is Cu-SiN3, and the structure
of Cu-S-C is Cu-S4. The results show that the catalytic performance of Cu-S/N-C in the hydrogenation of nitrobenzene com-
pounds is much better than that of Cu-S-C, that is, the Cu monoatomic materials with S and N double-modified metal sites
has better hydrogenation activity than single S-modified metal sites. After 20 min of reaction, under the catalysis of
Cu-S/N-C, the conversion rate of nitrobenzene reached 100%, and the activity did not decrease significantly after being recy-
cled for 5 times. It shows that the Cu-S/N-C catalytic material with a single-atom structure we synthesized has good stability.
This discovery not only provides a feasible method for adjusting the coordination environment of the central metal to im-
prove the performance of single-atom catalytic materials, but also provides an understanding of the catalytic performance of
heteroatom modification.
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2.1 Cu-S/N-C HUtER S4E#) 31

X 1a 42 Cu-S/N-C HuE AL R & s 2 1K,
FIH R 2 B E(PDAYEE 2 J5 ) Cu-CdS 4Kk, &t
R AUE B 158 Cu-S/N-C R T AR K2 16
& Cu-S-C HUE MBI & s = K, I my RS
JERF)®E Cu-CdS #1KZk, &g mif #5145 3
Cu-S-C HJi P B R AN ERIR Cu, SR/
BRI S, WA /NERICE N.)

¥ PDA Coating Annealing

,§

CdSs Cu-CdS Cu-CdS@PDA Cu-S/N-C

RF Coating Annealing

CdS Cu-CdsS Cu-CdS@RF Cu-S-C

B3 1 Cu-S/N-C (a)Fil Cu-S-C (b)/I & & K
Scheme 1 Schematic illustration of the syntheses of Cu-S/N-C (a) and
Cu-S-C (b)

FH B B A5 B8 TR0 T (ICP) AR 26 B LN A Cd ot
ROAE MR N EeAE, Wi Cu-S/N-C Al Cu-S-C H
TR T Cus S NAIC LK. XFFRRI 4 TR 15
FEHU N 0.53%F1 0.35%. & 1a F1 1b R L E %
78 M5 R R AR K 28 Cu-CAdS@PDA [HIiE ST L
T s B (TEM), B 1c Al 1d BR R/ LB R K
2447 25 (1 A B T Cu-S/N-C [ TEM &4, ATTRENS
ARTFS B 1 3803 R o A AR S A A S R 2 — I AR K 48,
X A8 — &5 b 2 B R T A DR AR B AL AR 9N oK 4R 1) e
B—. WKl 1a f1 1b HERRZ B CE T2 amE T 7
Cu 54410 CdS KL, LA 9K HARLE 150 nm /£
4, BRI CdS 9P KL EHARAE 40 nm 245, WA 1c Al
1d /T L H, EZM RS o 2 458, Cu-S/N-C [T
RHEHEEWE 1e fizr, C. Sv N Fl Cu $157 173 BifE 5
B EL AR, BEE B4 (EDS, Energy Dispersive
Spectrometer) A A M F| Cd K55, RUJLFIER Cd
M E LT T . If A 1g AR NG
Cu-S/N-C 1) TEM BEg, WNEHREH, &N JE1ZMEE
PORAT W BAR, R EA RS MR e T R AT

TEM {7r Cu-SIN-C [FPHEEIRTESUNAKER, Rifk sy
¥ 51, R R/NGE) (1 2a). Bl 2b A Cu-S/N-C 5
B 37 1% -1 335 3 12 (HAADF-STEM), EH
FIZE AN Cu Ji T, R Cu /& LA 5 A (A7 T
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Bl1 Cu-S/N-C T HEAL AL FERIE: (a, b)B Cu-CdS@PDA T
KAGHAG N TEM BEHZ; (c, d)BE Cu-S/N-C ORI it TEM
14; (e) Cu-S/N-C 1] EDS JLHBATEIZ; (£, gL BLJE Cu-S/N-C T
RASHOE N TEM Bl

Figure 1 Characterization of synthesis process of Cu-S/N-C single atom
catalysis: (a, b) TEM images with increasing magnification of
Cu-CdS@PDA; (c, d) TEM images with increasing magnification of
Cu-S/N-C; (e) EDS elemental mapping images of Cu-S/N-C; (f, g) TEM
images of Cu-S/N-C with increased magnification after catalytic reaction

B b, [T DL B S 0 5 B R ) R TS R 9K
35 A KB T IO AR AE . XS 288 R AT 5 (XRD) B (]
2¢) Al UK I Cu-S/N-C 1 JL-F¥%4H CdS UEIIFALE, Ui
TE i T #b 2 J5 CdS 40 58 A HiUR, Cd 78 i i
R RA SRR, WE Cu-S/N-C AL AR INA,
WG XRD KIL, &S5 XRD EHE LT 3G 281k, 30
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B2 Cu-S/N-C HJFE A B EAIRAE: (a) Cu-S/N-C [¥] TEM &
(b) Cu-S/N-C f¥] HAADF-STEM E{%; (c) Cu-S/N-C i) XRD E

Figure 2 Detailed characterization of Cu-S/N-C single atom catalysis
materials: (a) TEM image of Cu-S/N-C; (b) HAADF-STEM image of
Cu-S/N-C; (c¢) XRD patterns of Cu-S/N-C

T HRIE Cu-S/N-C R Cuy S JCHE IR
TARE, XF Cu-S/N-C AL BT T X S TR
E(XPS)EE. K 3a TR Cu-S/N-C HIRHAZEE C. S.
N.CuflO HFfyczE. XTI 3b S 2p 1 XPS ik, #i
PIANIEE TP L LG WEY S (S 2psn 7E 164.0 eV, S 2pip 7E 165.1
eV), fiiF 1683 eV I S RHTHFAEILT S YR
(-C-SO,-C-) 5L, XA JH T (N A1 S)AT L
BRI G NKE R BR3¢ IR T Cu-S/N-C ()
Cu 2psp 1§, Hrf Cu® fiiF 9324 eV, Cu® i T 934.6
eVl %L LW Cu-S/N-C F1 Cu YIFHE TSN
CuH(0<5<2).

R AR (X S LR SORE 4l 25 P (EXAFS) R X 428
WIS 120 45 I (XANES) F T T Cu-S/N-C H1 HL-F 5 iR
TZIAAI AR, £/ 4a H, FEdh Cu-S/N-C &3t
kAR 2 f5 AT B O A P A B R B, LS
0.153 nm F10.184 nm, 0.153 nm KA1\ K& Cu-N B A7)
B, TR BLAILE 0.184 nm HY B A o B A5 e 2 5
BEE, RATANE B Cu-STRALAIELS, XRIE T
Cu-S $#ERL. M5 Cu fEM L, FHEA Cu-Cu 1 H
B, FATNNIXAZEE N Cu 7E Cu-S/N-C AL AR 2 DL
BRFRIERAAAER, FFEA Cu B/NGeKHEFEYK
B IIFECE. B 4b JBOR T4 K-edge MI45H), AT
45 JLA] 401, Cu-S/N-C 1 Cu-S-C H11¥) Cu 0 JE T 55—
FRALECA 4, HEANRATRRYE SCERIIA T Cu-SiNs.
Cu-S,N, Al Cu-S3N, ] EXAFS, 1] LLFI I ) Cu-S/N-C )
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Figure 3 (a) XPS spectra of Cu-S/N-C; (b) S 2p spectra of Cu-S/N-C;
(c) Cu 2p spectra of Cu-S/N-C

254N Cu-SiN3, Cu-S-C HIZ5 RN Cu-Ss. R G %L
PRI IG5 R AL, RIS FRAT T X Cu-Sq AISL 5 Cu-S-C
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2.2 fEeMEsEMNL
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P2 2% 100%, TLE Cu-S-C FIMEL T, ZEIF=RAUH
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B 4 Cu-S/N-C 1 Cu-S-C fJ Cu K-edge XAFS FAiL: (a) EXAFS Jgil:
HME LR (FT) I AR (k) B& 28 (b) Cu K-edge XANES Jtiif
Figure 4 The Cu K-edge XAFS characterization of Cu-S/N-C and
Cu-S-C: (a) Fourier transformed (FT) k*-weighted y(k)-function of the
EXAFS spectra; (b) Cu K-edge XANES spectra
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i3

Figure 5 The catalytic characterization of single atom catalyst
Cu-S/N-C and Cu-S-C: (a) the performance of nitrobenzene hydrogena-
tion of Cu-S/N-C and Cu-S-C; (b) cyclic catalytic performance of
Cu-S/N-C and Cu-S-C
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O ARE S F RN — /K &I (sodium diethyldithio-
carbamate trihydrate, 99%)¥JJJ 5 Innochem A #]; Z
Jli (ethylenediamine, 99%), #h R % [ % (dopamine hy-
drochloride, 99%), H I (HCHO, 37% (w) sol. in water)#!!
[8] 2K - (resorcinol, 97%)YWA H Alfa Aesar A &]; &K
(NH3*H,0, 25%~30%)F1JE/K Z.FE(CH;CHOH, 99.5%)
P 1 I 2 5 A AR BR A A

X5 8 K ATH (XRD), 48 E A5 4 50 A &, Bruker
D8 ADVANCE #! X-SF 264 RATH L. X-SF 25 AN
Cu-Ko S £8(A=0.15418 nm), LA LA HL K 7355 4 40
mA 1 40 kV, FFE AR 20°<20<80°, FHHiiE
JZ: 0.5 (°)/min. S AIE(GC), EEAE AR, A
SAEREAR, WA KIEE TANZE HP-5ms B4
1% 5 E T AW (TEM), FEI Tecnai G* F20 3% 5135 5t
e B3RS, T/EHRE N 200 kV. HEGHGESE
TR R 7 R 56 (ICP-OES), 25 E ThermoScientific
iCAP6300 Y HUEHE & 55 B 1R I 7 R a4, [F)2
R (XAFS)TE L[R5 4R 59 5% B (SSRF) BL14W1 %
10K T Cu K-edge, %4 ATHENA #4387 1
AR, o HdE 2R AT 0 — P Ab .
42 ELFIEFIE

(HERALER YK LR (CAS) I % TRALIRYIKR L &S
FESCHRIE I VA R P 2 00, K 4.50 g — 28 RAR
FAEHERAA =K BN 2.28 g AL INE] 20 mL % 2
Tk, JHEEE 10 min. A 11000 r/min 250 1 min 3575
HEmmidh 23 mRERER RS
(Cd(S2CNEb)y)), FFERZ R T 60 CTHE. RJEH 2.25
g Cd(S2:CNEt), A1 70 mL 2 —f&ZNE] 100 mL #14 %
V3R 207 N A AN = 2. CA(S:CNEL), 84
)G, ¥ EEAE 180 CLREF 24 h, RFAHREIR.
RIOPUEY A 258 T /KRR LB BT =X, IF
W B o, EEEHRT 60 CTE 12 h J5, 315
CdS gKHE.

()45 2 B AL B0 91 K 28 (Cu-CdS) I il 45 B %6
H4 100 mg il 471 CdS KL 43 BE 100 mL £
BFKF, B 0.001 mol/L ) CuCly I 5 mL FIEST
FRAEISIBEHE T 90 min AN, 5 B 15 BRVE 2 R A2
R E 2 h, BT SR T, BEEIRNY
B, B S 2B OK R LAY BT =K, 70 °C
hER:3

(R EA=Y - EOR RIOETE, BN R R S5
Cu-CdS@PDA K% ¥ 100 mg ff] Cu-CdS 4Kkt
AT HLEE 100 mL (17K, BE S INA SRR 2 2z 200 mg
F10.5 mL (ZUK, 812 h G, KA B8 O
Gy, BEJE & E T KA RS ek =R, R T
80 CHIEZTHRAE T4 12 h.

(DBBRILIBBRANK L4 571 201 8 B J5 7 Cu-S/N-C
FI % K Cu-CdS@PDA #y KJHCE T4 Wb, 78 Ar
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AP THEZE 950 CIBEE 4 h, FHEHERA 5 C/min.
A H 2 2R 515 3] Cu-S/N-C FF .

(5) 45 ik 4N K £F 4 97 3811 4 B R 1 (Cu-S-C) 1) 1
#%: #4100 mg 1] Cu-CdS KL 75 73 HUfE 100 mL )
K, BN 100 mg [A2E A 140 pL A PR ES VAT,
PLK 0.2 mL BIEK, HEPE 12 h G, B0 1545 5 M s b
JiE L 78 () 5 24 I B AL BB 99 K 28 Cu-CAS@RF. F¥f
Cu-CAS@RF ¥y R E T8, 78 Ar SR M AHRR
950 CHtle 4 h, FHRHEZRN 5 C/min. AEBIER)S
53 Cu-S-C #£ 5.
4.3 ERMHEREMIR

¥4 50 mg Cu-S/N-C #5564 /3 BI7E 5 mL F A EE A,
BN 0.5 mL AEZESR, BRABEIN 20 mL & N 28
W SR HEAT 2 IRFEI Ho, B R B S SR AHE
G, FRFTNER, BARIEEERMEFRERRN 5
MPa. MR 60 C, Hi#EHEEE N 500 r/min. &ERE—
B (R H D VR AT, B0 A SR, #53E 8000
r/min, &> 2 min. F Bruker450-GC S0 A4 4347 1
TEWEY. ARAEVETIAN, FHAMREIE = & & N
TIE A RN, R A R Rk,
TENAR Z P JONN 0.5 mL RSEZE, &M 0.5 h /5,
BT T — R ER, B S R, XTI 5 Rk
B4 AT AT
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