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Public summary

m The kinetics of adsorption and desorption process were revealed, respectively, by monitoring a fluorogenic process of
carbon dots on the surface of graphene oxides at the single turnover level

m By regulating the equilibrium of adsorption and desorption, a mechanism for the simultaneous promotion of adsorption
and desorption has been discovered

m A desorption accelerator could play a satisfactory double action, i.e., adsorption promoter on thermodynamics and
desorption promoter on kinetics
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A knowledge of the adsorption and desorption behavior of sorbates on
surface adsorptive site (SAS) is the key to optimizing the chemical reac-
tivity of catalysts. However, direct identification of the chemical reac-
tivity of SASs is still a challenge due to the limitations of characterization
techniques. Here, we present a new pathway to determine the kinetics of
adsorption/desorption on SASs of graphene oxide (GO) based on total
internal reflectance fluorescence microscopy. The switching on and
off of the fluorescent signal of SAS lit by carbon dots (CDs) was used
to trace the adsorption process and desorption process. We find that so-
dium pyrophosphate (PPi) could increase the adsorption equilibrium of
CDs thermodynamically and promote the substrate-assisted desorption
pathway kinetically. At the single turnover level, it was disclosed that the
species that can promote desorption may also be an adsorption pro-
moter. Such discovery provides significant guidance for improving the
chemical reactivity of the heterogeneous catalyst.

Keywords: adsorption; desorption; fluorescence microscopy; graphene
oxide; carbon dots

INTRODUCTION

Adsorption and desorption of reactants have been proved to be the con-
trolling step in a variety of heterogeneous catalysis.""” To improve the activity
of catalysts, it is important to accurately obtain the information of the adsorp-
tion/desorption process on the surface of a catalyst or catalyst carrier parti-
cles.®> " However, the main obstacle is, in general, only the overall activity of
catalyst or catalyst carrier can be measured, while the adsorption/desorption
behavior during the whole catalytic process cannot be distinguished. To date,
various techniques have been explored to study the adsorption and desorp-
tion processes of surface adsorption sites at atomic resolution, such as in
situ scanning tunneling microscopy, atomic force microscopy, and in situ
transmission electron microscopy (TEM).'>'® Single-molecule spectros-
copy was also used to study the weak interaction between dyes and chro-
matographic columns in chromatography.'®?° However, information about
the kinetics of strong adsorption/desorption processes of catalysis is still
lacking.

Currently, total internal reflection fluorescence microscopy (TIRFM) has at-
tracted worldwide interest due to the important role in unraveling the kinetics
and dynamics of catalysis at the single-nanoparticle level. >’ 2° For instance,
TIRFM was used to resolve the active site distribution and the position-related
kinetics mechanism of Au nanoparticles.?” It was also used to study the dif-
ferences of catalytic kinetics between the plane and edge atoms on shaped
Pd nanocrystals.?®?° However, the application of TIRFM to study the adsorp-
tion/desorption kinetics is still challenging. The main obstacle is that it is diffi-
cult to distinguish the processes of adsorption and desorption from the reac-
tion process because the reactive probes proved indispensable in previous
fluorescent single-molecule kinetics studies. To perform an adsorption/
desorption study by TIRFM, a special fluorescent probe, whose fluorescence

changes can indicate the adsorption process rather than the chemical reac-
tion process, is highly desired.

In this work, we propose a strategy to perform a TIRFM kinetics study on
the adsorption/desorption process, which was realized by selecting one type
of fluorescent probe. The off/on fluorescence of such a probe was detected
at the single turnover level, which was directly linked with the adsorption/
desorption process in sequence. The selected nanomaterial was graphene
oxide (GO) nanosheet, in which the surface adsorptive sites of GO play a
crucial role when it is used as a catalyst or catalyst carrier in various catalytic
reactions and energy conversion processes.*’ ** (The term surface adsorp-
tive site [SAS] denotes a set of special groups of atoms on the surface of GO,
usually a defect or flat 7 network,>® at which the sorbates adsorbed.) The es-
tablished fluorescent carbon dots (CDs)***’ were used as a prototypical fluo-
rescent probe for in situ monitoring the adsorption/desorption process on
GO. According to Jiao et al,, the fluorescence of CDs can be quenched by ad-
sorbing on GO, which could be recovered by sodium pyrophosphate (PPi), as
shown in Figure 1A (Figures S1 and S2).%° During this quenching process, no
chemical reaction occurs between CDs and GO, as confirmed by Fourier
transform infrared spectroscopy characterization (Figure S3). Cleavage of
chemical bonds is thus excluded between GO and CDs. According to such
absorption/desorption studies, absorption models of CDs on SASs of GO
nanomaterials were established. To our best knowledge, the absorption/
desorption mechanism regulated by electronic effects for GO was disclosed
at a single turnover level.

RESULTS

Herein, GO nanosheets were synthesized according to the modified Hum-
mer's method.**~*! For the TIRFM study on adsorption kinetics on a GO sur-
face, we tentatively selected unique fluorescent CDs as the probe synthe-
sized using the hydrothermal method.*® The high-resolution TEM (HRTEM)
characterization of CDs confirmed their spherical structure and narrow size
distribution with an average size of 3.40 + 0.49 nm (Figure S4). Experimen-
tally, we anchored the diluted GO nanosheets on the surface of the quartz
slide in a microfluidic cell, in which fluorescent CDs (with or without PPi)
were supplied in a constant flow condition (Figure 1B). The GO on the slide
is at the fluorescence-off state when awaiting the adsorption of CDs. When
the CDs were introduced into the microfluidic cell, we observed that the sur-
face of the GO nanosheet showed bright spots like stars in the dark light (Fig-
ure 1C). Figure 1D displays a portion of representative single turnover fluores-
cent trajectories from a single spot site shown in Figure 1C. This curve
involves multiple burst signals with constant intensity. We performed the
following control experiments to ensure the observed fluorescence burst
and fluorescence off from adsorption and desorption of CDs. Using CDs
as a probe, fluorescence signals were not observed on blank coverslips,
ensuring random diffusion of CDs is too weak to be considered as a signal
(Figure S7). Fluorescence signals were not observed in the system with
only GO with or without PPi (Figure S8). The photobleaching of CDs proved
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Figure 1. Single adsorption/desorption process detection
on a single GO nanosheet (A) Fluorescence spectra of CDs
(blue), GO (yellow), a mixture of CDs and GO (purple), and a
mixture of CDs and GO with the addition of PPi (green).

(B) Experimental microfluidic quartz cell design using TIRFM
for single adsorption/desorption measurement.

(C) A typical optical image for single-dot TIRFM detection.
(D) A typical fluorescence turnover trajectory of the single
SAS of GO at an imaging rate of 100 ms per frame.

(E) Schematic illustration of the adsorption/desorption
detection principle based on the CDs combined with GO.
(F) TEM image of CDs.
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to be very weak in the period of experiments (Figure S9). In Figure 1C, every
burst corresponds to an absorption/desorption process, i.e., one time CD
adsorption and then desorption turnover from SAS on GO matrix. The corre-
sponding process is described below: as CDs approach the surface of GO
(denoted as GO-CDs), SASs are illuminated because the fluorescence of
CDs could be excited by the evanescent wave (caused by the total interface
reflection of a 532 nm laser). The adsorption state starts as the SASs areillu-
minated by CDs (p1 point in Figure TE). As the CDs quench and desorb from
SASs, the fluorescence of SASs disappears and a fluorescence-off signal
starts (p2 point in Figure 1E). Theoretically, the fluorescence-off signal corre-
sponds to two sub-processes, quenching (denoted as GO-CDs) and desorp-
tion. Considering that the quenching process normally occurs instanta-
neously,”” we represent this fluorescence-off (rof) process as the
desorption process. When the CDs desorbed from the adsorption site,
the SAS of GO was released again. As the next CD was absorbed, the
fluorescence-off period finished, and a fluorescence-on period was triggered
again. The duration (ron) of each fluorescence-on signal represents the time
waiting for desorption. The averaged fluorescence-on time is represented by
<Ton>. The duration (tof) corresponds to the waiting time for the adsorption
of CDs (Figure 1E), while the averaged fluorescence-off time is thus repre-
sented by <ror>. Moreover, statistically, <roz>"1 and <7o,>~" represent
the time-averaged single adsorption rate and desorption rate, respectively.
Resolving the <7os>"" and <7o,>"' enables us to probe the kinetics mech-
anism of the adsorption and desorption process on the GO in two steps
separately.

In this way, the information of adsorption/desorption on GO was ob-
tained by tracing fluorescence-on/off signals of CDs using a signal acqui-
sition system (i.e., EMCCD) of TIRFM. To investigate the effects of the
chemical microenvironment on adsorption/desorption, an additional sit-
uation was also discussed, in which a substance PPi (promotes fluores-
cence recovery of CDs, as shown in Figure 1A) was added to the system.
In this case, we denote the mixture of CDs and PPi as CDs'. Control ex-
periments confirmed that the observed fluorescent turnover signals
came from the absorption/desorption process of CDs on GO. No such
distinct fluorescent burst phenomena were observed in the absence of
either GO matrix or CDs. It is possible that, after adsorption, some CDs
cannot detach from GO. If that happens, no off/on type signals can be

observed following the initial off signals. This situation was encountered
in our experiment (supplemental information, Figure S7), and we called
this “death of SAS." In this article, we took sufficient time (30 min) to
rule out these sites at the beginning of the observation, ensuring that
the sites detected are active sites.

To study the effect of [CDs] (the concentration of CDs) on the adsorption
rate and desorption rate, [PPi] (the concentration of PPi) was set as excess
(i.e., 80 mM) so that the effect of [PPi] could be ignored (Figure S1). In the
following, we use [S] to represent [CDs] or [CDs]. For the dependence of
the concentration of CDs, we observed that, both for CDs and CDs’, the
adsorption rate saturated with the increase of [S] (Figure 2A). Therefore,
the CD concentration dependence on the adsorption rate <r.#>"" can be
described by a one-site Langmuir-Hinshelwood mechanism for adsorption.”’
While the desorption process shows a different [S] dependence, CD and CD’
exhibited different behaviors. In the case of [CDs] (Figure 2B), the desorption
rate <7on>"" of CDs decreased with the increase of [CDs]. This result is
reasonable because CDs, as a product, inhibit the desorption of CDs from
the surface of GO. This conforms to the characteristics of direct desorption
behavior (step iv in Figure 2E). In the case of the dependence of [CDs] on the
desorption process, the rate <7o,>~" of CDs’ was barely influenced by [CDs].
Compared with the situation of [CDs], this may indicate a substrate-assisted
desorption pathway in the situation of CDs’ because the desorption rate of
which could increase with [CDs]. Therefore, the results in Figure 2C could
be a result of the interaction of multiple desorption pathways. Accordingly,
the total mechanism for the adsorption/desorption process was proposed,
which involved one-site absorption and substance-assisted desorption as
shown in Figure 2E.’

Following a single turnover kinetic analysis,”’ for the one-site adsorption
mechanism of CDs, the adsorption rate <r.#>"" could be expressed as
Equation (1).%°

1_ 'YeffKA [S]
1 +KA [S]

<Toff>" (Equation 1)

where v represents the combined reactivity of all possible groups in one
SAS on the surface of GO nanosheets. [S] is the concentration of CDs or
CDs’; Ky is the adsorption equilibrium constant of CDs or CDs".
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Figure 2. Kinetics study of adsorption and desorption pro-
cess of CDs on GO (A) CDs concentration dependence of
<7or>"" with PPi (80 mM, squares) or without PPi (circles).
(B) CDs concentration dependence of <7,,>~" without PPi.
(C) CDs concentration titrations of <7,,>~" with 80 mM PPi.
(D) PPi concentration titrations of <7,,>~" with 32 nM CDs.
Each data point in (A-D) is averaged over above 80 turnover
trajectories, with the error bar S.E.M. Solid lines in (A-D) are
simulations of Equations 1 and 2.
(E) Diagram of the kinetic mechanism for the adsorption/
desorption turnover. d, SASs on GO; S, CDs or CDs’; n, the
Poney number of special groups of atoms in one SAS; v, the
effective rate constant for the CDs or CDs’ adsorption pro-
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To study the effect of PPi on the adsorption process, the data of CDs and
CDs’ in Figure 2A were fitted with Equation (7). For the adsorption process,
this gives v.(CDs) = 0.098 = 0.004 s~', which is slightly higher than
ve#(CDs') (0.089 + 0.003 s™1). Obviously, from the perspective of adsorption
kinetics, the adsorption reactivity toward CDs' is lower than that of CDs. In
addition to the reactivity ¢ of SASs on GO, we could also obtain the adsorp-
tion equilibrium constant of CDs on SASs, which represents the adsorption
capacity of SASs. Fitting the data of CDs and CDs' in Figure 2A with Equa-
tion (1) gives Ka(CDs) = 0.077 £ 0.079 nM~, which is much lower than
KA(CDs') = 0.308 + 0.045 nM~". It is surprising that, for the CDs’ studied
here, the lower adsorption reactivity correlated with the stronger binding of
CD' to the SASs. A possible reason lies in the fact that the adsorption of
CDs" was hindered by the steric hindrance of PPi; this resulted in the lower
adsorption reactivity. For the adsorption process, we derived Equation (Ta)
from Equation (1), which is shown below:

<To> "= Yer[S] Equation (1a)
%+ (8]

According to Equation (1a), when [S] —0, K‘—A +[S] equals K17 approximately,
then we have
<Toir> ' = Kaver[S] (Equation 1b)
In this condition, <7o>""is determined by vy and Ka. Therefore, the addi-
tion of PPi increased the adsorption equilibrium constant Ky, resulting in a
higher adsorption rate at low [CDs]. As shown in Figure 2A, the adsorption
rate of CDs is lower than that of CDs’ at low [S], indicating a thermodynamics
control adsorption mechanism of CDs.

When [S]— « approximately equals [S], then we have:

<Toit> ' = Yoyt (Equation 1c)

In this condition, the rate of adsorption is determined by the kinetics rate
constant v of the adsorption process. At high [S], the adsorption rate of
CDs is a little higher than that of CDs’, indicating a kinetics control adsorption
of CDs. By taking the intersection of the CDs curve and the CDs’ curve, the
critical transition concentration can be determined as 97.6 nM.

Combining the two cases, it is concluded that the addition of PPi inhibits
the adsorption process in kinetics at high [S] and promotes the adsorption
in thermodynamics at low [S], and the rate of absorption is co-controlled by
kinetics and thermodynamics at medium [S].

Based on the above-mentioned analysis, it can be concluded that the addi-
tion of PPi can enhance the strength of the interaction between CDs and GO,
but has little effect on the adsorption rate. However, this result cannot explain
the fluorescence recovery induced by PPi. Therefore, we further studied the
influence of PPi on the desorption process.

The [S] dependence of the desorption rate for a direct desorption pathway
and a substrate-assisted product desorption pathway of CDs can be ex-
pressed as Equation (2) according to single turnover kinetic analysis.?’ The
equation connecting<ro,>~" with conventional kinetic parameters is”":

1 koG [S] +Ks .
<Top> 1= 2 Equation 2
Ton 1+ G, [S} ( q )
The parameter definitions in Equation (2) includes: k» and ks are the rate
constants for CD desorption in the substrate-assisted desorption pathway
and the direct desorption pathway, respectively; G+ :kq“—‘”{2 is a complex
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parameter that is related to both the substrate adsorption and desorption; [S]
stands for the [CD] (without PPi) or [CDsT (with PPi).

The 1., process represents the waiting time for desorption of fluorescent
CDs on the GO surface. According to Figure 2E and Equation (2), the product
desorption rate could have three types of kinetic behavior in different condi-
tions. (1) When ka<ka, the <7o,>~1 asymptotic decreases with increasing
[CDs]. The direct desorption of CDs falls into this category as shown in Fig-
ure 2B, which means CDs on GO prefer the direct desorption pathway
when PPi is absent (Figure 2E); (2) <7on>"" is in constant at any [CDs] if
ko =ks or G; = 0. Obviously, in the presence of PPj, the direct desorption of
CDs coexists with substrate-assisted desorption. To explore the role of PPi
in the desorption process, the PPi concentration titration was analyzed.
When [CDs] is fixed at 32 nM.<ro,>"" asymptotically increase with
increasing [PPi] (Figure 2D). This kinetic behavior was considered as type
(1) in the condition of ko>k3 in Equation (2), that is the CDs prefer the indirect
desorption pathway.

By fitting the sites-averaged <7,,>~" with Equation (2), the value of ky, ks
could be obtained (Table S1). Firstly, for the CD desorption without PPi, the
indirect desorption rate constant k, (1.900 s~") is lower than the direct
desorption rate constant ks (2.352 s71), indicating that the CD desorption
dominantly takes the direct desorption pathway (ko < ks). Secondly, in the
case of PPi excess, the desorption rate does not change with [CDs], indi-
cating that the indirect desorption rate ko, equals k3 as shown in Equation 2,
which is about 2.180 s~ . The increased k, indicates the increase of the indi-
rect desorption process. Thirdly, the [PPil-dependent product desorption rate
additionally reveals that the indirect desorption pathway is promoted by PPi.
In the case of CDs with excess content, the data of [PPi] dependence on the
desorption rates were fitted with Equation (2). The indirect desorption rate

535 540

Binding Energy (eV}

constant k, increases to 3.100 s~', and the direct desorption rate constant

ks decreases to 2.000 s~ (Figure 2D), suggesting the CDs desorption domi-
nantly takes the indirect desorption pathway (k, > k3) This result is consistent
with the kinetics analysis as shown in Figure 2E. In a word, the incorporation
of PPi dominantly changes the desorption pathway of CDs from the direct
pathway to the indirect pathway.

DISCUSSION

Accordingly, the fluorescence recovery process of PPi on CDs (shown in
Figure 1A) is rationalized as follows: the existence of PPi promotes the
adsorption of CDs on GO since adsorption equilibrium constant Ka is
increased by adding PPi. In the case of adsorption, PPi plays the role of
adsorption accelerator, which is not conducive to the desorption of CDs
from the surface of GO. As for the fluorescence recovery of CDs with PPi,
it benefits from the PPi-induced indirect desorption of CDs, which is called
the substrate-assisted desorption pathway. Surprisingly, PPi not only pro-
motes adsorption but also promotes desorption. This information is of great
significance to adjust the balance of adsorption of reactants and desorption
of products to improve the chemical reactivity of heterogeneous catalysts or
catalyst carriers.

To understand the origin of the different kinetics and thermodynamics of
adsorption and desorption of CDs and CDs', X-ray photoelectron spectros-
copy (XPS) experiments were further carried out. As for adsorption, we inves-
tigated chemical shifts of the binding energies (E) of N1s in CDs with and
without PPi. It is worth noting that the N sites on CDs are considered as
the active sites in the adsorption process according to XPS results: for
N1s, itis shown that the N atoms mainly exist in two different chemical states
in CDs (Figure 3A), i.e,, 399.07 and 400.07 eV, corresponding to pyridinic N

4 The Innovation 2, 100137, August 28, 2021

www.cell.com/the-innovation


http://www.cell.com/thennovation

and pyrrolic N, respectively.** When CDs are loaded on GO, the content of pyr-
idinic N and pyrrolic N decreases significantly. Meanwhile, a new peak ap-
pears at an E;, of 402.80 eV, which is ascribed to the graphite N (Figure 3B).
When PPi was added to the mixture, the graphite N is decreased and pyrrolic
N and pyridinic N is recovered in content (Figure 3C). This suggests that the
element of N should be the adsorption sites of CDs and evolves into graphite
N when binding with GO. Therefore, we mainly discussed the chemical shifts
of N1s. Compared with N1s in CDs, the N1s of pyridinic N shifted to a lower £;,
position and the N1s of pyrrolic N shifted to a higher E;, position in the mixture
of CDs and PPi, as shown in Figure 3D. The regulation of Ej, is determined by
the role of N in the conjugated structure: in the structure of pyridine, the N
atom is an electron-withdrawing group, and in the conjugated structure of
pyrrole, N is the electron-donating group.*® Therefore, when a compound
with satisfactory electronegativities, such as PPi here, is added to the system,
pyridine N further acquires electrons from PPi, resulting in the lowered E,, for
the pyridinic N1s as observed. Meanwhile, electron-donating pyrrole N further
loses electrons to PPi, which is accompanied by the higher £, for pyrrolic N1s.
These results suggest that PPi plays the role of the electronic regulator to
different states of N atoms. The regulation may be responsible for the
enhanced adsorption equilibrium constants of CD'.

For the process of desorption, the XPS data of O1s for GO and a mixture of
GO and PPi could be used to explain the specific pathway of desorption. As
shown in Figure 3E, the peaks at about 530.92, 532.54, and 534.46 eV corre-
spond to carbonyl C=0, carboxyl C=0, and C-O in GO, respectively.*
Compared with O1s of GO, the OTs peak positions of the mixture of GO
and PPi totally move to the lowered Ej, at 530.38, 532.37, and 534.28 eV (Fig-
ure 3F). This slightly changed E, indicates the existence of weak electron
transfer between PPi and GO. This weak adsorption of PPi on GO may
lead to the substrate-assisted desorption of CDs from GO.

Based on the above analysis of XPS spectra, it can be concluded that PPi
and CDs have an obvious interaction, which is reflected in the chemical shifts
of the £, of the N1s peak position. In the presence of PPi, the interaction be-
tween CDs and GO is enhanced due to the strong interaction between PPi
and CDs, which results in much higher K, values. While, for the desorption
process, the XPS spectra of O1s for GO and the mixture of GO and PPi imply
a weak interaction between GO and PPi. On the one hand, this weak interac-
tion between PPi and GO could lead to the substrate-assisted desorption
pathway, resulting in the overall phenomenon of fluorescence recovery; on
the other hand, the existence of PPi also reduces the adsorption rate vy
due to the steric effect as mentioned earlier.

In summiary, adsorption and desorption were regulated here to reveal the
kinetics of the adsorption/desorption process on the surface of GO nano-
sheets. The activity of adsorption sites and the kinetics mechanism of the
adsorption/desorption process were revealed at the single turnover level
based on TIRFM. Importantly, it was found that the adsorption/desorption
process between the sorbate (fluorescent CDs) and GO can be manipulated
by an external species, i.e., PPi used herein. Due to the strong electronic effect
between PPi and CDs, the equilibrium constant of adsorption was enhanced,
resulting in high adsorption activity. The addition of PPi also provided a new
substance-assisted desorption pathway for the desorption of CDs. This new
desorption pathway resulted in the promoted desorption of CDs from GO and
fluorescence recovery of the CDs. In other words, PPi, which is used as a
desorption accelerator, plays a satisfactory double action, i.e., adsorption pro-
moter on thermodynamics and desorption promoter on kinetics. It is antici-
pated that such a new discovery at single turnover level resolution would pro-
vide a fundamental instruction toward the controllable synthesis of
heterogeneous catalysts with high chemical reactivity by balancing the
adsorption of reactants and desorption of products.

MATERIALS AND METHODS
Materials

P-phenylenediamine and PPi were purchased from Aladdin Chemistry (Shanghai,
China). Hydrochloric acid (HCI), sulfuric acid, potassium permanganate, potassium di-
hydrogen phosphate, and dibasic sodium phosphate were purchased from Guangzhou
Chemical Reagent Factory. Graphite powder was purchased from Alfa. All chemicals

were obtained from commercial sources and used without any further purification.
Dialysis bags (MWCO 1,000 and 10,000) were supplied by Yuanye Biotechnology. Dou-
ble-distilled water was used for the preparation of all the solutions.

Sample preparation

CDs. CDs were synthesized using a hydrothermal method according to previous
work.® Firstly, the pH of 20 mL of an aqueous solution containing 2 mmol P-phenyl-
enediamine was adjusted to 3.2 by adding HCI. After stirring, the solution was trans-
ferred to a poly(tetrafluoroethylene) Teflon-lined autoclave (50 mL) and heated in an
oven at 200°C for 8 h. To remove large particles, the obtained purple-red suspensions
were centrifuged at 10,000 rpm for 15 min. Then, excess ions and small particles were
removed by dialyzing in a cellulose ester membrane (MWCO 1,000) against deionized
water for 3 days. The retentate was collected and dried by lyophilization to obtain the
powder. Then the powder was dispersed in 0.01 M phosphate buffer solution (pH 7.4)
to obtain a solution containing 0.32 mg/mL CDs. In this work, we convert the mass
concentration to molarity by the following method.

GO. GO was synthesized by oxidation of graphite according to the modified Hum-
mer's method.®**" In brief, 60 mL of the sulfuric acid was placed in a 250 mL beaker,
then graphite (2.0 g) was added under stirring. Potassium permanganate (6 g) was
slowly added with vigorous stirring while keeping the beaker in an ice bath to ensure
the temperature of the suspension was maintained lower than 20°C. Then, the solution
was stirred in a thermostatic heating cover for an extended amount of time until the
water was almost removed. Water and 1:10 HCI aqueous solution (1 L) were added
followed by slow addition of 3 mL of H,0,. The color of the solution changed from
black to brown and then to yellow. The mixture was washed with dilute hydrochloric
acid and centrifugation three times to remove metal ions and the acid. The precipitate
was diluted with water and dialyzed for 3-5 days.

Characterization

The pH measurements were performed with a pH-meter FE-28 (METTLER
TOLEDO). Fluorescence measurements were carried out using an F-4600 Hitachi
spectrometer. HRTEM and TEM images were obtained using a JOEL JEM-2100F
TEM/STEM operating at 200 kV. XPS was investigated via an ESCALABMKII X-ray
photoelectron spectrometer using a monochromatic Al Ko X-ray source.

TIRFM experiments

The quartz slides with two holes connecting polyethylene tubings and the quartz
coverslips, sandwiched with a double-sided tape, were assembled to form a shallow
sample chamber with a syringe pump to achieve flow control of substrate solution.
Before assembly, 50 uL of GO solution (0.05 mg/mL) was dropped onto the slide
and washed with a large amount of water to remove unbound substances after incu-
bation for 40 min. A homebuilt prism-type total TIRFM was used to measure the fluo-
rescence of GO surface with a continuous-wave circularly polarized 532 nm laser
beam as excitation light source. A series of videos were collected at different sub-
strate concentrations and analyzed with a home-written IDL program, then the fluores-
cence intensity time trajectories of individual GO sheets were obtained. To calibrate
the drift of stage and the flow cell transition, we use large and bright fluorescent
dots as markers to calibrate the relative displacement of the sample. If the mark
has drifted, adjust the sample stage carefully to keep the drift at an acceptable level.
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