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We report a method to purify graphene quantum dots in its 

size simply by adding ammonium sulfate. The salt addition to 

a heterogeneous GQD suspension results in sorting GQD sub-

populations with diameters of 2.7 ± 1.6, 5.1 ± 1.5, 13.3 ± 1.9, 

and 18.7 ± 4.4 nm, exhibiting different optical properties. 

Since the discovery of graphene in 2004 [1, 2], it has received much 
attention due to its extraordinary mechanical, thermal, electrical [3-
7] and bio-sensing abilities [8, 9]. Due to its metallic property, 
controlling the bandgap of graphene is a common research goal. It 
was theoretically predicted that a few nanometers of graphene, 
known as graphene quantum dots (GQDs), can exhibit bandgap 
properties similar to those of conventional semiconducting materials 
[10]. Afterward, GQDs were experimentally prepared, showing 
luminescence due to the presence of bandgaps [11-13]. The unique 
properties of GQD allow a variety of applications, including 
photovoltaic devices [14], organic light-emitting diodes [15], fuel 
cells [16] and biological imaging applications [17, 18]. 
 
Several methods have been reported to prepare GQDs. 
Nanolithography [19], hydro/solvothermal cutting [18, 20], 
electrochemical scissoring [14], chemical exfoliation [21], and the 
decomposition of fullerene [22] can all be used to produce GQDs. 
These methods can be divided into two categories. The first one 
includes methods that can prepare homogeneous GQDs in their 
dimension. However, they are not scalable. Nanolithography and the 
decomposition of fullerene are the methods belonging to this 
category. The second group includes methods that are scalable, but 
the dimensions of GQDs are heterogeneous. Hydro/solvothermal 
cutting, electrochemical scissoring and chemical exfoliation are 
examples of these methods. Comparing the scalability vs. the 
homogeneity of GQDs, scalability is the more important issue due to 
the aforementioned applications, but none of the previously 
developed methods can precisely control the dimensions of GQDs. 
The use of GQDs with a narrow distribution of their geometry can 
greatly improve the performance of GQD-containing devices. Most 
existing methods are able to produce GQDs with an average 

diameter of 4-6 nm. In addition, total synthesis of colloidally stable 
GQDs was reported [23]. The study used oxidative condensation 
reactions, but it requires repetition of synthesis and purification for 
multiple times to control the size of synthetic GQDs. 
 
Preparation methods of homogeneous inorganic quantum dots in its 
dimension have been established [24]. Thus, development of an 
equivalent method for preparing GQDs with narrow size distribution 
is also important. Herein, we report a method that can prepare GQDs 
with narrow size distributions, and the distribution is controllable. 
We were able effectively to collect GQDs with average diameters of 
2.7 ± 1.6, 5.1 ± 1.5, 13.3 ± 1.9, and 18.7 ± 4.4 nm (n = 60) for the 
first time without using a column. The ability to control the 
dimension of GQDs originates from the capability of a salt which 
can differentiate the solubility of individual GQDs. We used 
ammonium sulfate [(NH4)2SO4] for GQD purification which is 
known as the most effective agent for protein salting-out according 
to Hofmeister series (Iyotropic series) [25]. 
 
[Anions] SO4

2- ≈ F- > HPO4
2- > acetate > CI- > NO3

- > Br- > CIO3
- > 

I- > CIO4
- > SCN- 

 
[Cations] NH4

+ > K+ > Na+ > Li+ > Mg2+ > Ca2+ > guanidinium 
 
The reason for choosing the salting-out method, which has been used 
by biologists for a long time [25], is molecular similarity between 
GQDs and a mixture of various proteins in some aspects. The first is 
the heterogeneity in size. CMG prepared by modified Hummer’s 
method exhibits the heterogeneity in size, which corresponds to 
different molecular weight of each protein in the mixture. 
Furthermore, the molecular weight of GQD is similar compare to 
that of typical water-soluble small proteins. Considering the bond 
length of carbon [26], the estimated molecular weight of square-
shaped, single-layered 10 nm GQD is approximately 30 kDa without 
considering the defect and functional groups of GQD. This value 
belongs to the molecular weight range (10 – 60 kDa) of a number of 
well-known water-soluble proteins such as lysozyme (~ 14 kDa), 
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green fluorescent proteins (~ 27 kDa), albumin (~ 66 kDa), etc. Also, 
a previous study reported that dialysis could be a method to separate 
GQDs [27], which has been widely used for protein purification, 
indicating that the dimension of GQDs is similar to water-soluble 
proteins. The second is the presence of charges on the edge of CMGs 
or on the surface of proteins. CMG oxidation results in the 
generation of ‘hydrophilic’ polar such as hydroxyl and carboxyl 
groups along its periphery, which is similar to the presence of polar 
amino acid residues such as glutamic acid and aspartic acid (i.e. R-
COOH) as well as serine and threonine (R-OH). Furthermore, there 
are hydrophobic, carbon-rich amino acids for example, isoleucine, 
valine, phenylalanine, and tryptophane, which is similar to the 
presence of benzene and other carbon-rich regions in CMG. 
Recently, some studies demonstrated that the co-existence of 
hydrophilic and hydrophobic domains results in conformational 
changes of CMG similar to protein folding depending upon its 
salinity [28, 29]. In general, for the case of protein purification, large 
(i.e. high MW) and hydrophobic proteins are salted out first at a low 
concentration of (NH4)2SO4, and then small (i.e. low MW) 
hydrophilic ones are precipitated out later at a high concentration. 
Similarly, we can expect that large, hydrophobic CMGs can be 
precipitated first followed by small, hydrophilic GQDs might be 
salted out at a later stage. Due to the predominant existence of 
hydrophilic groups at the edge of GQDs [30], the contribution from 
the hydrophilic edge might become dominant when the GQD size is 
reduced, resulting in an increase in the solubility of the GQDs. 
 
We purified a colloidal GQD sub-population from a heterogeneous 
chemically modified graphene (CMG) suspension synthesized by a 
modified Hummer’s method (first tube, Figure 1(a)). Figure 1(a) 
illustrates the role of ammonium sulfate. Its first role is the removal 
of large CMG flakes (> 50 nm) simply by the addition of a low 
concentration of ammonium sulfate (50 mM) (second tube). This 
concentration of ammonium sulfate effectively causes the immediate 
aggregation of large flakes of CMG, i.e., graphene oxides. The 
agglomerated CMGs can easily be removed by centrifugation 
(10,000 rpm for 5 min) (third tube). After this centrifugation, a 
suspension of very small yet heterogeneous GQDs was obtained 
(fourth tube). The second role of the ammonium sulfate is to sort the 
sizes of the GQDs by changing the final concentration. The detailed 
results are given in Figure 2. Briefly, we found that overall, the sizes 
of the GQDs decreased as the salt concentration was increased (TEM 
images, Figure1 (a)). Each sub-population was collected simply by 
adding different concentrations of ammonium sulfate. The 
unwanted, large GQDs were precipitated by the aforementioned 
‘salting-out’ effect, which can be removed by centrifugation. Finally, 
the supernatant was dialyzed in water. 

 
Figure 1. Schematic of the GQD salting-out procedure: (a) First, the 
CMG solution was prepared (first tube), after which the salt was 
added (second tube). Centrifugation was then conducted (third tube), 
after which the supernatant solution was obtained (fourth tube). As 
the salt concentration increases, smaller GQDs are purified from the 
supernatant. (b) XPS spectra of GQDs before (black) and after 
dialysis (red) to remove the added salt. After removing the salt, N1s 
and S2s peaks from the salt were not observed. (c) Zeta potential of 
GQDs as a function of the salt concentration. The zeta potential 
value was increased to -16.4mV (up to 50 mM), after which it did 
not change throughout the entire salting-out scale. 
 
To examine the ammonium sulfate contamination, we utilized X-ray 
photoelectron spectroscopy (XPS). Figure 1(b) shows the GQD 
flakes before and after dialysis to discern the presence of ammonium 
sulfate. Before dialysis, the nitrogen 1s photoelectron (N1s) peak 
appeared around 400.0 eV and the sulfur 2p (S2p) peak appeared at 
231.5 eV from the salt, (NH4)2SO4 (black). However, the 
characteristic salt peaks completely disappeared after dialysis (red). 
This result indicates that the purified GQDs do not contain residual 
salt ions, which can act as a contaminant. The minor degree of 
interaction between the GQDs and the salt as demonstrated by the 
XPS results was further demonstrated by the zeta potential (Figure 
1(c)). Each purified GQD sample (GQD50, GQD100, GQD300, and 
GQD500) showed a similar level of negative charge, ~15 mV, with a 
slight tendency of an increase in the zeta potential from -16.4 mV 
(GQD50) to - 12.8 mV (GQD500). Throughout this study, GQD100 
represents the GQDs purified by adding 100 mM of ammonium 
sulfate. Likewise, the GQDs purified with 500 mM of ammonium 
sulfate are referred to as GQD500. 
 
The purified GQD sub-populations exhibited differences in their 
chemical compositions, in other words, in their functional groups 
(Figure S1). The high-resolution C1s spectra showed differences in 
the carbon chemistries between the GQD50 and GQD100 samples. 
The major C-C photoelectron peak which appeared at 284.5 eV was 
more significant in GQD100 (second, red) than that in GQD50 (first, 
black). The increased C-C photoelectron peak was unchanged for the 
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GQDs purified with higher concentrations of ammonium sulfate 
(blue for GQD300 and green for GQD500). In general, large GO or 
GQD (> 20 nm) show higher oxidative levels than nano-sized GQDs 
smaller than 4 nm. In particular, the oxidation of GQDs primarily 
appears at the edge with functional carboxyl or hydroxyl groups 
(Figure S1). The reason for the edge distribution of the functional 
groups may be the preferential chemical cleavage toward an on-
plane oxygen-containing functional group, such as an epoxide or a 
carbonyl group [20, 31]. After the cleavage, oxygen-containing 
functional group, such as hydroxyl and carbonyl groups are located 
alongside at the edge of GQDs. Therefore, the charges in GQDs are 
found mainly along the periphery (Figure S2(a)). Also, as the 
internal core region of GQDs is relatively hydrophobic, the overall 
charge density increases when the size of GQDs gets smaller (Figure 
S2(b)). 
 
Raman spectroscopy was also used to characterize the vibrational 
modes of the GQDs (Figure S3). The Raman spectrum of the GQDs 
after salting-out exhibited the D-band at 1354 cm-1 and the broad G-
band at 1594 cm-1. ID/IG values were gradually increased from 0.75 
for GQD50, 0.78 for GQD100, 0.80 for GQD300, and 0.84 for 
GQD500. Considering the fact that GQDs were generated by 
preferential chemical cleavage along the defected, oxygenated areas, 
the edge GQDs is rich in oxygen-containing moieties, but the inside 
core is rich in graphitic carbon. Thus, when the size is decreased, IG 
value is expected to decrease due to the increase in the edge 
perimeter length to core ratio. XRD experiments were also 
performed, but no significant differences were observed. 
 
The TEM analysis demonstrated that the simple addition of the salt 
allowed the sorting out of the size of GQDs. Figure 2 shows TEM 
images of GQDs purified in the presence of (NH4)2SO4 (50, 100, 
300, and 500 mM); the corresponding size distributions are shown in 
the histograms. Representative TEM images for the sample purified 
in the presence of 50 mM of (NH4)2SO4 (Figures 2(a) and (b)) 
exhibit mostly large, chemically modified graphene (CMG) and 
GQDs between 10 – 20 nm in size with a population distribution of 
approximately 70%, with the remaining 30% larger than 20 nm (18.7 
nm on average with standard deviation (SD) of 4.4 nm, n = 60). As 
the salt concentration increases, homogeneous, small GQDs were 
obtained (Figures 2(c) – (h)). For GQD100, the sizes of GQDs were 
13.3 nm on average with SD of 1.9 nm (n = 60) (Figure 2(c) and 
(d)), while for GQD300, the average size was 5.1 nm with SD of 1.5 
nm (n = 60) (e and f). Finally, for GQD500, the average size was 2.7 
nm with SD of 1.6 nm (n = 60) (g and h). Atomic force microscopy 
(AFM) height profiles confirmed the thicknesses of the purified 
GQDs (Figure S4). Previously, GQDs with a large diameter (> 22 
nm) showed multiple layers (more than five layers) to some degree 
[27]. However, multi-layer GQDs were not observed here. It has 
been reported that the height of single-layer graphene can vary from 
0.3 to 1.6 nm according to AFM measurements [1, 32, 33]. 
According to the AFM height profiles in this study, most of the 
GQD particles purified by 500 and 300mM of (NH4)2SO4 showed 
AFM height profiles of approximately 0.8 nm, indicating one layer 
of graphene (Figures S4(a)-(d)). Note that the lateral sizes of the 
purified GQDs were similar between the samples. In general, the tip 
geometry causes the inaccuracy in lateral size determination 
particularly for the small nanoparticles. The relatively large GQD 
samples of GQD50 and GQD100 showed one to two layers of 
graphene (Figures S4(e)-(h)). The difference in the number of 
graphene layers can be another advantage of the salting-out method 
over existing methods currently used to prepare GQDs. Figure 2(i) 
shows comparative histogram histograms of the size distributions of 
GQDs after the proposed salting-out method (bottom) and after 

chemical exfoliation (purple) [21, 34], electrochemical scissoring 
(blue) [14, 35], solvothermal cutting (green) [18, 36], and 
hydrothermal cutting (red) [20, 37]. In general, most GQD 
synthesizing methods show either wide-ranging heterogeneous 
distributions (e.g., hydrothermal cutting) or narrow-range yet 
uncontrollable size distributions. In detail, the hydrothermal cutting 
method led to GQDs of 1 to 16 nm in size, while the other methods 
showed size distributions of less than 10 nm. Importantly, the 
salting-out method was able to control the size of the GQDs 
depending on the salt concentration.  
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Figure 2. Size distribution of the purified GQDs: (a). A typical TEM 
image of GQD50 and its corresponding size distribution (b). (c) A 
TEM image of GQD100 and its corresponding size distribution (d). 
(e) A TEM image of GQD300 and its corresponding distribution (f). 
(g) A TEM image of GQD500 and its corresponding size 
distribution (h). (n = 60) (i) Overall histograms of samples purified 
by the salting-out process: GQD50 (black), GQD100 (red), GQD300 
(blue), GQD500 (green) and comparisons with various GQD 
synthesizing methods. 
 
The high-resolution TEM (HRTEM) results showed that the edge 
structures of the purified GQD have both zigzag (red lines in Figure 
3(b) and (c)) and armchair (blue lines in Figure 3(b) and (c)) 
configurations. Each edge structure is determined by the bandgap 
energy and thus defines the optical properties. In general, the 
bandgap energy rapidly decays to zero eV for the zigzag edge, and it 
slowly approaches zero eV for the armchair edge [38]. As the 
purified GQDs have both types of edge structures, the optical 
properties can predominantly be determined by their individual 
sizes. Due to the quantum confinement effect [12, 39], the energy 
bandgap of GQDs is approximately related to the inverse proportion 
of their sizes. Previously, the largest bandgap value of approximately 
3 eV was achieved by reducing the size of the GQDs [20, 38]. Figure 
3(d) shows the UV-Vis spectrophotometry absorption results of the 
GQDs. The salting-out GQDs exhibited wide n-π* transition ranges 
from 290 nm to 332 nm, which corresponds to 3.85 eV (332 nm) and 
4.27 (290 nm). 
 
Salts other than (NH4)2SO4 that are chosen from Hofmeister’s series 
resulted in salting-out phenomenon, but the degree of salting-out is 
not as effective as (NH4)2SO4. Experiments using salts such as 
ammonium acetate (NH4OAc), ammonium chloride (NH4Cl), and 
ammonium nitrate (NH4NO3) demonstrated that (NH4)2SO4 showed 
the best efficiency in salting-out ((NH4)2SO4 > NH4OAc > NH4Cl), 
which agreed with the Hofmeister’s series (Figure S5(a)). A similar 
result was obtained for using a series of sodium salts: sodium 
sulphate (Na2SO4), sodium phosphate (NaHPO4), sodium acetate 
(NaOAc), sodium chloride (NaCl), sodium nitrate (NaNO3), and 
sodium iodate (NaI). The concentration of all used salts were fixed 
to 50 mM. As expected, a fraction of hydrophobic CMGs in the 
heterogeneous mixture began to be salted out even utilizing the 
sodium-containing salts. However, the efficiency of salting-out 
decreased compared to that of ammonium sulphate: (NH4)2SO4 > 
Na2SO4 > NaHPO4 > NaOAc > NaCl > NaNO3 > NaI (Figure 
S5(b)). This result showed that any salt in Hofmeister’s series 
generally exhibited dehydration from macromolecular solutes 
resulting in salting-out. Characterization of physicochemical 
properties of each precipitant and supernatant from each salt can be a 
topic for further study. 
 
As the sizes of GQDs were reduced (i.e., purified under a high salt 
condition), the absorption peak was blue-shifted, showing a large 
amount of bandgap energy [39-41]. This also resulted in large 
differences in the photoluminescence (PL) emissions (Figures 3(e) 
and (f)). The purified GQDs exhibited emissions of 596 nm for 
GQD50, 515 nm for GQD100, 486 nm for GQD300, and 477 nm for 
GQD500 when the samples were placed under a 312 nm UV lamp. 
We also found absorption at 402 nm and 436 nm for the GQD100, 
300, and 500 samples, which can be interpreted as the PL from the 
remaining oxidative functional groups and the mixed edge structures 
considering previous theoretical calculations [12, 39].  

 
Figure 3. (a) TEM images of purified GQDs and magnified images 
to examine the edge structures. (b) Location ‘a’ and (c) location ‘b’. 
(b and c) The red lines indicate the zigzag edges of the GQDs, and 
the blue lines show the armchair edges of the GQDs. (d) UV-Vis 
absorption results (Abs) of the GQD50 (black), GQD100 (red), 
GQD300 (blue), and GQD500 (green) supernatants from CMG 
suspensions and (e) their PL spectra (Eex = 325 nm). (f) GQD 
suspension placed on a 312 nm UV lamp: from the left GQD500, 
GQD300, GQD100 and GQD50 

Conclusions 
We demonstrated for the first time that a simple addition of 
ammonium sulfate can be a scalable means of purifying GQDs 
with diameters from 2.7 to 18.7 nm. This method does not 
require any type of column for purification. Depending on the 
salt concentration, the sizes of the GQDs can be controlled with 
a narrow distribution, exhibiting bandgaps ranging from 3.85 
eV to 4.27 eV with spectral emissions ranging from 402 nm 
596 nm. The scalable purification method using the salting-out 
process introduced here will play an important role in providing 
high-quality GQDs for various applications related to GQDs. 
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