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Abstract: Multicolor emission carbon dots (CDs) have widespread application prospects in bioimaging, sensing, light-
emitting diodes and catalysis. However, to date, it remains a long-standing challenge to prepare tunable-emission multi-
color CDs using biomass materials as carbon sources. Herein, six types of biomass carbon dots (BCDs) with adjustable
emission from 450 nm to 680 nm under a single wavelength excitation were successfully prepared using nature spinach as
carbon sources via changing reaction solvents. The obtained BCDs were characterized by morphology, size, element com-
position and optical properties. Among all the BCDs, the average diameters of blue, yellow, pink and red BCDs were
2.25 nm, 4. 15 nm, 1.73 nm and 7. 96 nm, respectively. These BCDs had high quantum yields (12. 68%-30. 77%).
The fluorescence mechanism of the tunable BCDs was mainly attributed to the interaction between the carbon core s conju-
gation degree and surface groups, which was analyzed by investigating the structure,, composition and optical properties of
CDs. Moreover, chiral films with iridescence were prepared by evaporation-induced self-assembly via dispersing blue,
yellow and red BCDs into CNC solution, respectively, followed by characterizing their optical performance. This research

paves the way to a new development in view of application for multicolor BCDs.
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(a) Schematic illustration for the preparation of full-color fluorescence BCDs. (b) Photography of the as-obtained CDs

under daylight Cupper) and UV light (bottom) , respectively. (¢) Normalized PL emission spectra of the samples under

365 nm of all samples

3 %R 5t

3.1 ZEBCDsHI 4R

& 1(b) A il % 1 6 Ff BCDs 7E 48 4MT R 19 &
e R, i E AT LA T A5 1 BCDs 1E 58 Ak
YT R 20 90 &% % (B-BCDs) ¥ # (G-BCDs) (B (Y-
BCDs) . 4 (V-BCDs) % (P-BCDs) F1£L (R-BCDs)
Yo TE365 nm ik T 6K S I IH— 1 & 5t
W 1(c) R, B-BCDs . G-BCDs #1 Y-BCDs it i K
BTy AL T 444 nm 467 nm Fl 539 nm , iX 5 %
HMIT R W B 1 B4 AH W) A . P-BCDs . V-BCDs
I R-BCDs £ HAT 24~ & i 8 35 i (B 2 iy
RETIXE . 6Fh BCDs B 77 #5351 h 12. 68% .
14.28% ., 22.78% . 30. 77% . 23.78% # 13.54%.
BCDs B TRCRMER TN TH A B RS, X T
BRI N 15 4% 1 A8 i FRUE BCDs TR Bk
SRR cX VNN TN NL & I i 3 A/ =
BCDs 1y 77 3", X — 4011 5 XPS 45 A — 2

(K1 6),XPS (R 43 BEEIUESE T Y-BCDs Al P-BCDs 1)
N1s & it AH H LA S & .

R TR BCDs KOGIRENLIE £ B- Y- . P-
1 R-BCDs 4 ™ HA M RMER BCDs #E— 20 R AE .
&2 2k 44~ BCDs %841 ] ULz i i 5¢ S & 5 6 % o
5 7R, B-BCDs 11 55 W Wi = Z AR h 42 UV X
(256~281 nm) . Y-BCDs A7 ¥ 4~ 0 Wi g, — 5%
W7 T 257 nm, 53 — A~ 55 W W47 T 377 nm.
P-BCDs 7£ 229 nm A1 400 nm &b 47 P4~ ik W i 06 | 1
R-BCDs Y P 4> 5 W Wi 04 43 51 £ T 350 nm F
410 nm &b . 256~281 nm Ab () 55 W Y 1% 257 nm 4b
F14) 58 2 M5 0 T 229 nim A2b ) 5 TR S i 5 C==C. L7
() a-m BRI A W) A 377 nm kb B 55 W i 06 A
350 nm Ak i 3% W Y I BT 48 E O C=0 1Y n-m BK
" 400 nm F1410 nm &b 5 W% B 16 5 4 R
IS BB AR 138 R AU O B2 0 — B, R B BCDs h AF 7R IR
WRZE RS, S T #E— SRR BCDs I 9B R E , R



55 9 ]

AR, S5 ORIEZ (AR LR A R T SO0 Y i A 5 1 Rk 1481

S A 5T T LA 20 nm Ay (] R 272 9O IR R L9
R R . R 2 AT AT, B-BCDs HA W G A
PR W R AR . 1T Y- P-FI R-BCDs JLF- %A %
R E L X 7] fE & B-BCDs /> C=N B g A
JE " Y-BCDs 1 P-BCDs 7E 240 nm 75 47 4 48 4
WS 088 U1 PR F C=C/C=N % m-m"BRAT , [A) Bk 4 > f
w1 21 A0 63 (1 5) s HA B-BCDs & 47 C=N
BRE M, #E— 3 B C=N & ¥ i B-BCDs B A
PR D KR ) E BRI . Y- P-F1 R-BCDs %

(a)

— 345 nm

e 365 NM
e 385 nm
= 405 nm

= 425 nm

Absorbance
PL intensity

200 300 400 500 600
A/nm

= 345 nm
= 365 nm
— 385 nm
=== 405 nm
= 425 nm

— 445 nm

Absorbance
PL intensity

200 300 400 500 600 700
A/nm

A AT UL R 2180 & 33t i B-BCDs 36 81k 28 4b
K5t . B-BCDs Hl Y-BCDs I (8 % 5t 38 B 43 51 A
430 nm M 546 nm, 53 5 %F W T 345 nm Al 425 nm
MM K o SR, FE LI UK T, P-BCDs 7F 425~
550 nm (# %) .580~630 nm (# (%) il 632~700 nm
(Z1 ) ab Fe B 22Nl S7 19 % G ik B, i B 4% Ak
B IR i FAN R0 o0 il o6 B Rl AN SR S | EA R S
MR A & 5. R-BCDs WA P fie = & 51, 53 3
£37 T 500~600 nm F1 680 nm, X )i T 545 nm i % o

(c)

345 nm

365 nm
385 nm

405 nm|

Absorbance
PL intensity

= 365 nm

= 405 nm
e 445 nm
—— 485 nm

Absorbance
PL intensity

200 300 400 500 600 700 800
A/nm

P2 il A e it R MO R AS () UK R 9 & 30 < (a) B-BCDs; (b) Y-BCDs; (¢)P-BCDs; (d)R-BCDs
Fig.2 Absorption spectra and PL emission spectra of B-BCDs(a), Y-BCDs(b), P-BCDs(c), and R-BCDs(d) at different exci-

tation wavelengths of light

M8 28 6 588, P-BCDs #1 R-BCDs i £ I &
55, 7E 500~700 nm 2 [i1] & 5 0 4 D' 1% o7 & AR AR
5t R A HOGIE AR [E R 540 53 B 45 2R
WAL T BCDs Hr i 525 A I 2% 47T AR W) () ik
)M {H B-BCDs Fl Y-BCDs ¥ g 7K W , BF U ok
AT FEAK T4 5 B0 K TR I 19 5 3] TG I Bk A6
8 5 S 0 | 5% IR PRLOGE A 0p
3.2 ZEBEEYRBANERSRENER

[ 3 4 B-.Y- .P-F1 R-BCDs 4 ~E 54 () TEM Al
KR A it . INEH ] LUE Y, 4 4 3 5
Ry B4 A B BROE | P ERLAR 4300 o 2. 25,
4.15,1.73,7.96 nm. W B-.Y- P-Fl1 R-BCDs [y
PL ML R IR F i, B 4 4 4 HE 5 1 RLAR 1 1 B

ERCHBOIBMMRKIE K. WK, X5 TEM K
BORERENWRTF o 2 0, 1X 26 BCDs 19 & 1L
il AN BEFH B — Bk A% ROk g TR S R A A
P HRTEM E% (& 3(a)~(d) B, 44 FE
T BT AE T Rl A% 2 B0, — i A R S0 [B) BE
0. 33 nm, X 1 F 41 85 B [002] 4 1T, 5 — Fh b A 2%
U EE 2R 0. 22 nm, X5 B T A7 28 (9 [100] 4 AT, U
Bl B-.Y-.P-Fl R-BCDs 4 /™ &8 B A7 & B /9 A
AL ZE A 4B B I XRD B (& 4) 3 1
N AR LA 24, 5° S v 19 TE A A, X F A SR
LR E (002) M1, 7~ T BCDs B AE fh 45 M o 45
44T HRTEM A1 XRD 2 B, 4 Ff BCDs 1 /N i #%
A, R TCIT BT A B S (B R, P-BCDs



1482 K

b

C I %45 %

F1 R-BCDs 5 H 4> Wi Fl BCDs 8 Lt 5 25 H A5 X 5

2RI e R, 3R I AT B B R

Y S g

sp2 H 50 45

o 3 ME R X R O e 0 A AR LR S 8]
SeEi 41 %, 5 HRTEM 45 5 A% i,

—~
]
~
w
(=1
—~
-
&

Percentage/%
>y
Percentage/%

0

1.2 1.6 2.0

Size/nm

2.4 28

Size/nm
% 3

BCDs, (g)P-BCDs, (h)R-BCDs
Fig.3

ing particle size distribution

IMH “‘"MI m ‘ R-BCDs
P-BCDs

B-BCDs
1 1 1 1 1 1

20 30 40 50 60 70
20/(°)

Intensity/a. u.

10 80

4 ¥ 5 H XRD: (a) B-BCDs, (b) Y-BCDs, (¢) P-BCDs,

(d)R-BCDs

Fig.4 XRD patterns of samples. (a) B-BCDs. (b) Y-BCDs.

(¢)P-BCDs. (d)R-BCDs
J 7 % 5E B- Y- . P-Fl R-BCDs 1) £ 1fi B fig

FHFT-IR F1 XPS #4717 R AE . FT-IR G5 (& 5) %
B U Fl BCDs H A7 A0 LA fb 2% 5 . FF 2 0l A
2 844~2 914 cm™ b A WA, 3X 5 —CH, I HL A 4
FAEE WA, 78 1069~1 038 em™ Il Bl P (9 W% i
W] U5 T C—0—C 1Y AN XF B FUREBR 7 i 41 30
AN FT-IR OGS Won i 2 Dt E g, 0—H 5
I 5 B M 3 100~3 500 em™, =0 3 [l h 1 728~
1576 em™, 7£ Y- P-Fl R-BCDs H 43 51 B8 T
1377 ~1217 em™ 11 442~1 539 em™ Y5 [ 19 C—N
il C=N iR 3155 . X F P-BCDs, #1117 cm™
Ab AR BN A, FEZIH P F S=0 P B,

0l L L L L L L
3.153.453.75 4.05 4.35 4.65 4.95

—
a9
~

Percentage/%

Percentage/%

0
70 75 80 85 9.0 95

Size/nm

0
1.2 1.6 2.0

Size/nm

24 2.8

TEM FI HRTEM (4 4] ) : (a) B-BCDs, (b) Y-BCDs, (¢) P-BCDs, (d) R-BCDs; #H ¥ 114 %7 42 43 45 &l : (e) B-BCDs, (f) Y-

TEM and HRTEM images (inset) of B-BCDs(a), Y-BCDs(b), P-BCDs(c), and R-BCDs(d). (e)~(h)The correspond-

Transmittance

C=0

C=C .

4000 3500 3000 2500 2000 1500 1000

Wavenumber/ecm™

4B R it B 52 205038 - (a) B-BCDs, (b) Y-
BCDs, (¢)P-BCDs, (d)R-BCDs

Fig.5 FT-IR spectra of the four selected BCDs. (a) B-BCDs.
(b)Y-BCDs. (¢)P-BCDs. (d)R-BCDs

BCDs Y 4 XPS Otk (181 6(a) ) R W, B T B-
BCDs H @78 C A1 0t &L, Y- P-Fl R-BCDs #f {2
R 3L  Cls N1s #1 O1s. It b, P-BCDs )6
R H S2p g, 5 FTIR A4 i —3. ClsH o
PEAXPS G iR 34, R WX B A AR (1 (C—
C/C=C (284.4 eV) . C—O0 (286.3 eV) Hl (=0
(288.3 eV) ) fb# 5t (K 6(b)~(e)) . sp2 Bk 7 &
(C=C/C—C) Bl PL £ %% M 0. 31 (B-BCDs) & #f 3
JnE] 0. 60(R-BCDs) , & W] i 4K 14 24 figt A1 At )5
sp2 T B 25 F 1 AR T RS R A A8 AL AR BE 1S o, i —
A E W] sp2 SR 6 A 3G AR #E TR B UK LD B,
44 BRI O1s B9 XPS 6 1% 78 532 eV (C=0) I

5



55 9 ]

R, S5 W2 R 0k S T

I 1 4% 5 1 e 1483

533 eV(C—O0) Bt iz AT i 45 BB 1~ 0§ . Y-BCDs
FIR-BCDs () C—0 Fl C=0 & - Bl & & 5 i K 1
£ B I k2D, 3 IE W 2% 1 R 1Y 40 BE % BCDs
T £k B8 B2 9 184 g ek /b . 5 B- Y- R-BCDs 1Y
15 BLAH HE L P-BCDs 5 43 #F FO6 35 h i1y C—C/C=C
FEBAL, W C—O0 Ml (=0 & &%, iE W R
&1 (1) P-BCDs 3R I 7 A 5 2 1 3R BB , 2% 1 41

AR BB ", % T B-BCDs #b, Y- . P-Fl R-BCDs
#B A 400 eV (N1s) F B /R 5%, X5 Y- P-H
R-BCDs B F 7778 C=N % i A /R 38 0% I K 59 5E
PEAR U s Wy 52", Ik 4k, A P-BCDs 7E 232 nm
(S2p) At BRI 53X 5 FT-IR HF WL B ST £ 1Y
FEAE(S—HLE 2 551 em™,S—O 7E 1 550 em™) 1R &
vy A5

(a) —TBD0TS (b) ——Titted Tinc — Fitted line
Y-DOTS blue-Cls —— Background blue-Ols e Backaround
——F-oTS COOH(288.6 V) \ G
p R-DOTS = —C=0(2862 V) \—C=00310eY)
: . —C—0(284.9 V) C—0(5333 V)
I A A < — C—cc—cesaen)| £ Raw data
= = Raw data E
: : 3
= =
1 1 1 1 1 1 1 1
600 500 400 300 200288 286 284 282 280 534 532 530 528
Binding energy/eV Binding energy/eV Binding energy/eV
(c) yellow-Cls :Ll:::;ll;::d yellow-Ols — Fited line yellow-N1s
; : — Background
COOH(288.5 V)
/ —C=0(286.3 ¢V) \—‘ =0(531.5eY) \
@ / \—cNe—oasasen) |, \— —os2sey) | —— graphitic N(400.9 V)
= / ——C=cc—cpsa7ev) | = Raw data = Raw data
2 Ray data 2 2
&) &) (&)
= ” e | v - -
1 1 1 1 1 1 i e 1 1 1 1 1
288 286 284 282 280 534 532 530 528 402 400 398 396 394
Binding energy/eV Binding energy/eV Binding energy/eV
- —Fitted line K —— Fitted line X —T mi Tmne T ——Fitted line
O A B | [ A | o ] [ e
[ —C=0(2863eV) — 05321 V) \ —p\,udmu N(399.7 eV) i .
/ \ — C—NIC—O(285 V) C=0(532.1s ——pyrrolic N(400.6 V) / S0,
= \ —C=CC—es46eV) | n C—0(5334¢V) @ / \—graphitic N401.9 V) | o —50,
= / \ © Raw data s o Raw data = \° Raw data s i
z { = 2 3 aw data
o o o o
, - N e e
] ] T ] ] ] i st ] 1 L ! ! 1 ]
288 286 284 282 280 536 534 532 530 528 402 400 398 396174 172 170 168 166 164
Binding energy/eV Binding energy/eV Binding energy/eV Binding energy/eV
(e) - — Fited e —— Fitted linc
red-Cls . = Background red-Ols — Backeround
—C=0(2862¢V) /' e
— 002849 V) — =il
P — =084 ) | \— 031 e)
= Raw data =} Ao Rawdata
3 3 \
5 2
S S \
‘M
1 1 1 1 1 s
288 286 284 282 280 534 532 530 528
Binding energy/eV Binding energy/eV
Ble (a)d >FEdh 94 XPS I3 5 (b) B-BCDs 9 Cls A O1s 53 B 3 XPS O3 5 (¢) Y-BCDs [ C1s . O1s Al N1s 5 73 # 5
XPSHi 5 (d)P-BCDs i Cls . O1s N1s Fll S2p i 4 3% XPS it 5 (e )R-BCDs 1 C1s Fl O 1s 1 43 9 % XPS Y i
Fig.6 (a)Full XPS spectra of four samples. (b) High-resolution XPS Cls and Ols spectra of B-BCDs. (¢) High-resolution XPS

Cls, Ols and N1s spectra of Y-BCDs. (d) High-resolution XPS C1s, Ols, N1s and S2p spectra of P-BCDs. (e)High-res-

olution XPS Cls and Ols spectra of R-BCDs

FEF RS HT  FRATTHE I A R R
S i Z 0% it g 3% W R AR 4 B Ak B B R D
BCDs 4 TR G 10, H A & 5 e 43 9 o T i &
JEXHLL AKX T4 R g I ik R B A 58
KPR BEME, S8 B- G- Y-BCDs AY £T (2 [X 38 3%
A 90 o [l AN [R50 (OK L B P TR T

SRR, Wb A B A, 2 Ak B ] b 4 5 OB A% 11 3

B A B B (XPS B IE W BCDs Hh C=C/C—C &
S RS AR #EAR #F T 280 R kK%
BEAI 0 FR (B 2 R 28 e ) 1 Jin AR BCDs &
SR RE IR WA A AR o B ER AT DL R AR
IR C R B 2%, XK T HAE BCDs (9% i & v



1484 K b/

AT AL R Y A EUE RE A X BE AR T O &
Sk K2R . L5 LTIk, AT LA BCDs 1 & )t 2
— NS F R R S b R ER 0 28O R 1 2
BCDs %G ERE M P e MR 2 . R, 3 771 A il
31 43 530 DA e A% 1y S 4 R TR 2SR 15 BCDs Y
FOLPERE , AT 45 1 2 €8 % 9 BCDs.
3.3 RAFHERE

&l 7(a)~(d)l CNC S H 5 B-.Y- . Fl R-BCDs
TR A i & 10 B 7 VAR SR A AT B R & R [
P o 4R TE ST BGTTR 2 IR
[F] B 2 €5, , 4l CNC & 77 K .CNC/B-BCDs 1R & W
CNC/Y-BCDs iR A .CNC/R-BCDs R4 W 43 1) 5 I
RO (E 7(a)) @ EE IR (B 7(b)) (%
LB 7(e)) FrE A A (K 7(d)) . X 7] fig &
CNCA B Bt H 7 =2V i b & it KAy B A

Bl 7(e)~(h) 2y ik 44~ B il o 78 & 15 7
20 2 AR AT B W% B AE B G KT RS AN KT T Y
Ao MWERR LA 44 HAE 0BT N 283
AN TR B 25 8, 25 8RR O TR 5 LDk
HA RIS tA . BCDs MY CNC RS 1) 25 4 €5 1
RF AR EE LA o TESRAD0T MR 43 ) 52 9
5 50 i VR MR L1286 . B-BCDs YA Al
i CNC/B-BCDs & 45 5 i €458 Ji£ 3% 5% ; Y-BCDs Y
A #i CNC/Y-BCDs 2 B 8, FEJE CNC i &
1 Y-BCDs & o 4t [6] /E HI 19 45 2 . CNC/R-BCDs
AT A% )5, R-BCDs 1 21 {6 5¢ ¢ o T
CNC Wi ot B RIRA 0,

) @FP=A (1) N 7 (g) J//~ R (h)

- /4
=

K7 CNCEIFRTELINDET I T ((a)~(d) s 5 ZAHXS
DN 8 e 18] 8109 TR H OGN 365 nm 541G TF (£2
THOBIE R ((e)~(h)). (a).(e)CNC;(b) . (f)CNC/
B-BCDs;(c) .(g)CNC/Y-BCDs;(d) .(h)CNC/R-BCDs

Fig.7 Photograph of CNC suspension under UV light( (a) -

(d)). The photo of corresponding chiral nematic liq-
uid crystal film under natural light and 365 nm UV
light (lower left corner) ( (e) = (h) ). (a), (e) CNC.
(b), (f) CNC/B-BCDs. (¢), (g) CNC/Y-BCDs. (d),
(h)CNC/R-BCDs
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Fig.8 SEM and POM diagrams. (a) - (d) CNC, CNC/B-BCDs, CNC/Y-BCDs and CNC/R-BCDs low-magnification diagrams.

(e)=(h)The corresponding high magnification diagram. (i)—(1)The corresponding POM diagram films
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Fig.9 Light transmittance spectra of four samples (Inset show-
ing the corresponding images of the samples under day-
light and ultraviolet lamps from left to right are CNC,
CNC/B-BCDs, CNC/Y-BCDs, CNC/R-BCDs)
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Fig.10 CNC/R-BCDs composite film. (a) Tilt shot to the
right under UV light. (b) Uncoated paper film infor-
mation. (c) Tilt shot to the left under UV light.
(d)Tilt shot to the right in daylight. (e) Vertical shot
in daylight. () Tilt shot to the left in daylight
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