Applied Surface Science 301 (2014) 156-160

journal homepage: www.elsevier.com/locate/apsusc

Contents lists available at ScienceDirect

Applied Surface Science

"~ Applied
Surface Science

Tailoring surface groups of carbon quantum dots to improve

photoluminescence behaviors

@ CrossMark

Ruixue Tian®P, Shengliang Hu®"*, Lingling Wu®, Qing Chang®, Jinlong Yang®, Jun Liu®

2 Key Laboratory of Instrumentation Science & Dynamic Measurement, Ministry of Education, Science and Technology on Electronic Test and

Measurement Laboratory, Taiyuan 030051, PR China

b School of Material Science and Engineering, North University of China, Taiyuan 030051, PR China
¢ State Key Laboratory of New Ceramics and Fine Processing, Tsinghua University, Beijing 100084, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 15 October 2013
Received in revised form

11 December 2013

Accepted 7 February 2014
Available online 18 February 2014

Keywords:

Carbon dots
Photoluminescence
Surface state

A facile and green method to tailor surface groups of carbon quantum dots (CQDs) is developed by
hydrothermal treatment in an autoclave. The photoluminescence (PL) behaviors of CQDs depend on the
types of surface groups. Highly efficient photoluminescence is obtained through amino-hydrothermal
treatment of the CQDs reduced by NaBH4. The effects of surface groups on PL behavior are attributed to
the degrees of energy band bending induced by surface groups.
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1. Introduction

Recently, carbon quantum dots (CQDs) with the graphitic struc-
ture have received considerable attention as a new type of quantum
dot because of their exceptional advantages such as large opti-
cal absorptivity, chemical stability, fine biocompatibility as well
as low toxicity [1-4]. Unlike tradition quantum dots, their unique
electronic and opto-electronic properties originate from structural
defects since a perfect two-dimensional graphene lacks electronic
bandgaps [1]. In fact, almost all of CQDs relevant to photolumi-
nescence (PL) emissions can be observed structural defects though
there are obviously many different ways to produce them [1-4]. It is
totally confused that how the appropriate defects can be created in
CQDs and why chemical functionalization can tune the bandgaps
of CQDs. For example, PL emission from CQDs can be effectively
improved and shifted by functionalizing them [5].

The defects in CQDs generally depend on the forming process
(namely preparation method) and carbon source. For example,
the amorphous structures are generally observed in CQDs from
hydrothermal treatment of organic molecules while the structure
of the products obtained from chemical oxidation and exfoliation
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of carbon fibers have less defects [6-8]. Specially, both methods
show the different PL behaviors, suggesting the effects of struc-
tural defects on PL properties. However, it is presently difficult to
control structural defects in CQDs only through one method. By
contrast, tuning the bandgaps of CQDs can be more facilely realized
through surface chemistry [1,9,10]. According to recent achieve-
ments [5,9-13], many elements (such as H, O, N, F, Cl) bonding with
the surface of graphene and related materials give access to tunable
electronic and optical properties. The progress for their underlying
mechanism has been made so far. The suppression of the defect
state emission was proposed to explain the role of surface func-
tionalization in PL shift [10]. However, it is unclear now what the
surface chemical structures are optimal for PL emission of CQDs
and how they suppress non-radiative recombination of localized
electron-hole pairs. To clearly understand the effects of surface
chemical structures on PL behaviors, in this work, we carefully
designed the surface groups of CQDs and proposed the dependence
of PL behaviors of CQDs on the surface group-induced band bend-
ing. Furthermore, a method to enhance PL efficiency of CQDs was
developed.

2. Experimental
2.1. Preparation of CQDs (S1)

The citric acid (1.05g) was dissolved in DI water (25mL).
Then the solution was transferred to a poly(tetrafluoroethylene)


dx.doi.org/10.1016/j.apsusc.2014.02.028
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.02.028&domain=pdf
mailto:hsliang@yeah.net
dx.doi.org/10.1016/j.apsusc.2014.02.028

R. Tian et al. / Applied Surface Science 301 (2014) 156-160 157

_ ~[(b ——320
3 3 (b) — 340
s = ——360
2 = — 380
@ < —— 400
Q -~

E ie 420

400 480 560 640 400 480 560 640

Wavelength(nm) Wavelength(nm)
- —320 = —320
c s |(d
= (©) ——340 & (d) ——340
= —360( > ——360
= ——380 —— 380
S ——4000 & ——400
15 o420 £ ——420

400 480 560 640

400 480 560 640

Wavelength(nm) Wavelength(nm)

. — 30

3| @ ncaps| 325 ()

S —82 8 20;

G ——s3  |215]

3 2 10]

£ €5 —

= =

280 350 420 490 560
Wavelength(nm)

S1r-CQDs S2 S3

Fig. 1. (a)-(d) PL behaviors of S1, r-GQDs, S2 and S3, respectively; (e and d) the
comparisons of PLE and PL intensities of S1, r-GQDs, S2 and S3.

(Teflon)-lined autoclave (50 mL) and heated at 200°C for 5 h. After
the reaction, the reactor was cooled to room temperature naturally.
Thus, the transparent solution containing CQDs were obtained and
named as S1.

2.2. Preparation of the reduced CQDs (r-CQDs)

The r-CQDs were prepared by reported methods [2,16]. Briefly,
as-prepared S1 (10mL) solution was neutralized by Na,CO3 or
NaOH. Then 50 mg NaBH4 was dispersed in the neutralized S1 solu-
tion, and stirred gently overnight at room temperature.

2.3. Amino-hydrothermal treatment of S1

The S1 solution (10mL) was mixed with 536 pL of ammonia
solution (28 wt%) in a glass vial and subjected to ultrasonica-
tion (500W, 60kHz) for 15 min, then the mixture solution was
transferred to a poly(tetrafluoroethylene) (Teflon)-lined autoclave
(50mL) and heated at 70 and 200°C for 5 h, respectively. Cooling
to room temperature, the light yellow solution (named as S2) was
obtained at 70 °C treatment while the dark brown solution (named
as S3) was obtained at 200 °C treatment.

2.4. Preparation of S2-m and S3-m

The citric acid (0.42g) was readily re-dispersed in DI water
(10mL) and then mixed with ammonia solution (28 wt%, 536 j.L).
After ultrasonic dispersion for 15 min, the mixture solution was
transferred to the poly(tetrafluoroethylene) (Teflon)-lined auto-
claves and heated at 70°C and 200 °C, respectively, for 5 h. Finally,
the white transparent at 70°C (named as S2-m) and dark green
solution at 200 °C (named as S3-m) containing CQDs was obtained
after cooling to room temperature.
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Fig. 2. (a) EELS spectra of S2 and S3; the insets show the EELS spectra of C K-edge,
N K-edge and O K-edge of S2 and S3. (b) FTIR spectra of S1, S2 and S3.

2.5. Preparation of S4 and S5

The r-CQDs solution (10mL) was mixed with 536 pL of
ammonia solution (28 wt%) in a glass vial. After ultrasonic dis-
persion for 15min, the mixture solution was transferred to a
poly(tetrafluoroethylene) (Teflon)-lined autoclave and heated at
200°C for 5 h. Cooling to room temperature, S4 was obtained. The
prepared S3 (10 mL) solution was neutralized by Na,CO3 or NaOH
and then adding 50 mg NaBH, to the neutralized S3 solution. After
gently stirring overnight at room temperature, one obtains S5.

2.6. Instrumentation and characterization

Fluorescence and absorption spectra were recorded at room
temperature on a Hitachi F4500 fluorescence spectrophotome-
ter and a Shimadzu UV-2550 UV/Vis spectrometer, respectively.
Diluted supernatants containing CQDs were dropped onto copper
grids covered with amorphous carbon film to prepare specimens for
transmission electron microscopy (TEM) observation, which was
performed in a FEI Tecnai G2F20 microscope with a field-emission
gun operating at 200kV, and electron energy loss spectroscopy
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