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Ultrafast reaction kinetics is essential for rapid detection, synthesis, and process monitoring, but the
intrinsic energy barrier as a basic material property is challenging to tailor. With the involvement
of nanointerfacial chemistry, we propose a carbonization-based strategy for achieving ultrafast chem-
ical reaction. In a case study, ultrafast Griess reaction within 1min through the carbonization of N-
(1-naphthalene)ethylenediamine (NETH) was realized. The carbonization-mediated ultrafast reaction is
attributed to the synergic action of reduced electrostatic repulsion, enriched reactant concentration,
and boosted NETH nucleophilicity. The enhanced reaction kinetics in o-phenylenediamine-Cu?* and o-
phenylenediamine-ascorbic acid systems validate the universality of carbonization-engineered ultrafast
chemical reaction strategy. The finding of this work offers a novel and simple tactic for the fabrication
of multifunctional nanoparticles as ultrafast and effective nanoreactants and/or reporters in analytical,
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biological, and material aspects.
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Chemical reactions with ultrafast kinetics are extremely attrac-
tive for diverse aspects, such as steady-state and dynamic sensing,
rapid synthesis, and complicated process monitoring [1-7]. The
current applications of ultrafast chemical reaction indicate that the
intrinsic energy barrier as a basic material property is challenging
to tailor. It is recommended that the interfacial reaction possesses
fast kinetics due to the altered electric field effect and electron
transport, which diminish the reaction energy barrier [8]. Typically,
many chemical and photochemical reactions can be dramatically
accelerated on aqueous interface, usually called as on-water cataly-
sis [9]. Noteworthy that the different aqueous interfaces endow di-
verse contributions on reaction kinetics, and considerable research
effort has been devoted to the development of ultrafast reactions
on different interfaces [10]. Therefore, it is essential to pursue fea-
ture aqueous interface contributes to designed and universal ultra-
fast reaction kinetics.

It is generally accepted that interface area decides the reaction
site and is proportional to the reaction kinetics [11,12]. Unfortu-
nately, the construction of large interface area with limited ma-
terials is difficult because of the mutually independent phases. A
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possible solution toward this issue is to form colloidal solution,
which provides complete immersion of all interfaces [13]. Recently,
carbon nanodots (CDs) synthesized from the carbonization of or-
ganic molecules attracts growing attention in various fields due to
its strong fluorescence and rich surface reactive residues [14-18].
In consideration of the high specific area, nanoparticles may act
as good candidates for realizing ultrafast nanointerfacial reaction.
Hence, it is possible to exploit ultrafast chemical reactions on CD
surface with effective utilization of the full nanointerface through
carbonization strategy.

In this work, we proposed a nanointerfacial chemistry strategy
to distinctly accelerate the chemical reaction kinetics based on car-
bonization. The electrolysis of raw material produced fluorescent
CDs and led to the surface attachment of reactive residues with
high localized and spatial concentration and enhanced reactivity.
Additionally, the formed hydrophilic oxygen-contained group en-
dowed charming nanointerface and facilitated reactant approach-
ing. The synergic action of these factors endows the largely en-
hanced kinetics of chemical reaction. As a case study, the kinetics
of N-(1-naphthalene)ethylenediamine (NETH)-involved Griess re-
action became ultrafast (within 1min) on formed NETH-CD sur-
face, which is 15-fold faster than that in typical solution (Fig. 1).
The Griess reaction induced rapid responses in both fluoromet-
ric and colorimetric variation. The dramatically boosted reaction

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



T. Long, H. Luo, J. Sun et al.

HNO,S

Colorimetry
Fluorometry: _0"\-

N HNO2 -
15 min + <1min

Q N y J
FOm \ gt 7
K
— . aNg

Carbonization Ob

Colorimetry

+242 mV -3.96 mV

Fig. 1. Schematic representation for the carbonization-engineered ultrafast Griess
reaction on nanointerface.
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Fig. 2. Characterization of NETH-CDs: (a) UV-vis absorption spectra, (b) fluores-
cence spectra, (c) HRTEM, (d) Raman, (e) FT-IR, and (f) XPS spectra. Inset of (c) The
statistical size distribution from HRTEM result. (g-i) Fitted C 1s, N 1s and O 1s XPS
spectrum.

kinetics in o-phenylenediamine (OPD)-involved ascorbic acid (AA)
and Cu?* reaction systems powerfully validated the universality of
carbonization-engineered ultrafast chemical reaction strategy. The
discovery that nanointerfacial chemistry markedly enhances the
reaction kinetics provides valuable guidance for the manufacture
of multifunctional nanomaterials towards analytical, biological, and
industrial performances.

At the starting point, the synthesis of NETH-CDs was performed
through the electrolysis of 0.2 mol/L phosphate buffer (pH 7.4) di-
luted NETH solution at a voltage of 10V based on previous reports
with modifications [19]. After 15 min electrolysis reaction, the so-
lution showed dark yellow color and emitted blue fluorescence un-
der UV irradiation, indicating the formation of new species (in-
set in Figs. 2a and b). The as-resulted solution was character-
ized with UV-vis absorption spectrometry, steady-state and time-
resolved fluorescence spectrometry, HRTEM, and XPS. As shown in
Fig. 2a, a strong absorption peak around 330nm and a weak ab-
sorption peak around 431 nm were observed. The former is gen-
erally assigned to the characteristic absorption of NETH, while the
latter is attributed to the formation of NETH-CDs. Through fluo-
rescence measurements, a fluorescent species with maxima excita-
tion and emission wavelengths of 359 and 431 nm appeared (Fig.
2b), suggesting the possible production of NETH-CDs. The absolute
fluorescence quantum yield of NETH-CDs was determined to be
4.7%. As manifested in Fig. 2c, the HRTEM image revealed that the
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as-synthesized NETH-CDs possess quasi-spherical morphology with
average diameter of 2.59 nm. The Raman spectra (Fig. 2d) showed
two bands centered at 1373cm~! and 1610 cm~!, which belong to
D band and G band, respectively. As referred in previous reports,
the D band represents the vibration of the defective sp? carbon
region, while the G band represents the vibration of the intact sp?
carbon region [20]. In this case, the intensity ratio of D band and G
band (Ip/Ig) can be used to describe the content of graphitized car-
bon in carbon nanomaterials. The Ip/I; was calculated to be 0.95
(<1), indicating the existence of high graphitization content and
low defective carbon structure.

To understand the surface composition, FT-IR spectra of both
NETH and NETH-CDs were measured. As shown in Fig. 2e,
wide absorption peak around 3200-3350cm~! belongs to the
stretch vibration of N-H was observed in both NETH and NETH-
CDs, implying the preservation of amine group of NETH. The
peaks at 2410cm~! and 1458 cm~! were ascribed to -C=N- and
C-0-C, respectively [21]. The peak around 1398cm~! represented
the stretching vibration of C-N, the deformation of N-H and
C-H groups, while C-OH is at 1162cm~!. The absorption bands
near 974, 685 and 505cm~! were attributed to the stretching vi-
brations of C-H of aromatic ring. The peak at 1082cm~! was as-
cribed to C-O vibration and C-N group stretching, while C=C vi-
bration at 1682cm~! was observed [22]. The FT-IR characteriza-
tions demonstrated the existence of O-H, N-H, -C=N-, and C-0-C
groups on NETH-CDs surface.

The surface functional groups of NETH-CDs were further charac-
terized with XPS analysis. It was seen that the characteristic peaks
of C 1s, K 2s, N 1s, Na 1s, and O 1s appeared in XPS spectra (Fig.
2f). The Na and K elements are possibly from PBS electrolyte. The
content ratio of C, N, and O elements was determined to be about
6:1:12. These three elements are important to CDs function and
optical characters, and were individually analyzed. As shown in
Fig. 2g, through Gaussian fitting, the C 1s XPS spectra were di-
vided into three peaks, which located at 284.5, 285.2 and 286.1¢eV,
respectively. These peaks can be assigned to C-C/C=C, C-OH, and
C-0/C-N bonds based on previous reports [23]. Accordingly, the
N 1s XPS spectra were classified into peaks located around 399.5,
400.7 and 401.5eV (Fig. 2h), respectively [24]. They could be at-
tributed to N-H, C-N-C, and N—(C)3. In addition, the O 1s XPS
spectra comprised C=0, C-0-C, and C-O-H were identified with
531.6, 532.4, and 533.3 eV peaks (Fig. 2i). Taken together, all results
demonstrated the successful preparation of NETH-CDs.

Griess reaction is a nitrite-induced NETH-aniline coupling reac-
tion under acidic condition [25], which has been listed as an In-
ternational Standard (ISO 6777-1984) for colorimetric nitrite iden-
tification. In general, raw materials or relevant functional groups
are preserved on the CD surface during carbonization; such char-
acter has been extensively explored for constructing functional CDs
with specifically discriminating or antimicrobial properties [26]. In
view of this factor, we hypothesized that the preservation of NETH
on CD surface is possible and the remained NETH may also sup-
port the Griess reaction. To understand whether the Griess reaction
is feasible, chromogenic agent (p-aminobenzene sulfonic acid, SA)
was introduced into NETH-CD solution in the presence of HCI and
NaNO,. It was observed that the NETH-CD solution color changed
from light yellow to purple within 1 min (Fig. 3a inset), suggest-
ing that azo compounds might form. Meanwhile, control experi-
ments with only SA, HCl, or NaNO, were also conducted. As shown
in Fig. 3a, simultaneous introduction of SA, HCl, and NaNO, into
NETH-CD solution resulted in the appearance of new UV-visible
absorption peak around 538 nm, which is assigned to the charac-
teristic peak of azo dye. In contrast, the addition of NaNO, or mix-
tures (SA+ HCI, SA+ NaNO,, or HCl+NaNO,) didn’t cause compa-
rable variation to the UV-visible absorption spectra. The formation
of azo dye also led to the fluorescence quenching of NETH-CDs. As
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Fig. 3. Griess reaction-induced colorimetric and fluorometric variation of NETH-CD
solution. UV-vis absorption (a) and fluorescence emission (b) spectra of NETH-CD
solution without and with the addition of various species.

shown in Fig. 3b, the blue emission of NETH-CDs was dramatically
suppressed upon adding SA, HCl, and NaNO,. Similar to the colori-
metric variation, addition of sole or two chemicals did not induce
distinct fluorescence inhibition.

To verify the formation of azo dye, FT-IR and XPS characteriza-
tion on NETH-CDs with the addition of NaNO, were performed. It
was seen that the out of plane bending vibration of C-H on aro-
matic ring shifted from 937 cm~! to 974cm~! upon adding NaNO,
(Fig. S1 in Supporting information), indicating the formation of
new chemical bonds. Meanwhile, a new peak around 1494 cm™!
belongs to N-N stretch vibration was observed, revealing the for-
mation of azo structure [27]. The binding of SA onto NETH-CDs
was also proved by XPS spectra. The full XPS spectra of NETH-
CDs with the addition of NaNO, showed enhanced C and N sig-
nals (Fig. S2a in Supporting information), implying the increased C
and N contents NETH-CDs. The element ratio of C:N:0 was calcu-
lated to be 7:1:11, which is higher than that of NETH-CDs. The C 1s
spectrum was fitted with three components (Fig. S2b in Support-
ing information), including C-C/C=C (284.8eV), C-OH (285.8eV),
and C-0/C-N (286.8¢eV). The content ratio of three components
was determined to be 0.7:1:3, which is lower than that of NETH-
CDs (2:1:3). Accordingly, the N 1s spectrum was also fitted with
three components (Fig. S2¢ in Supporting information), including
N-H (399.7eV), N-N (400.3eV), and C-N (401.8eV). The N-N con-
tent was calculated to be 47.5%, which further suggests the for-
mation of azo dye. Therefore, both FT-IR and XPS characteriza-
tions demonstrate the feasibility of Griess reaction on NETH-CDs
surface, which induces the colorimetric change and fluorescence
quenching. The emission profile of NETH-CDs did not show visi-
ble change during Griess reaction, ruling out the inner filter ef-
fect. It should be noticed that the absorption spectra of resulted
azo dye showed overlap with the emission spectra of NETH-CDs,
which may result in the occurrence of inner filter effect or fluo-
rescence resonance energy transfer. As the addition of nitrite, on
profile changes in fluorescence emission spectra was observed, rul-
ing out the occurrence of inner filter effect. Therefore, the occur-
rence of fluorescence resonance energy transfer is possible, accom-
panying with the decreased fluorescence lifetime of donor. To fig-
ure out this hypothesis, fluorescence lifetimes of NETH-CDs before
and after Griess reaction were recorded. The fluorescence lifetime
decreased from 17.19ns to 4.18 ns after Griess reaction (Fig. S3 in
Supporting information), suggesting the occurrence of fluorescence
resonance energy transfer.

To investigate the reaction kinetics, time-dependent absorbance
and fluorescence intensity variations of NETH-CD solution were
monitored after adding of SA, HCl, and NaNO,. As displayed in
Fig. 4, the absorbance at 538 nm rapidly increased in a short time
upon adding SA, and reached a flatform within 1min. The rela-
tive fluorescence decrement also showed a rapid increase in 1 min
reaction window. However, traditional Griess reaction with same
concentrations of reactants showed complete reaction after 15 min.
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Fig. 4. Griess reaction kinetics on NETH-CD nanointerface. (a) Time-dependent pho-
tographs of NETH and NETH-CD solution upon adding nitrite under room light and
UV light illumination. (b) Plots of the time-dependent 538 nm absorbance of NETH-
CD solution upon adding nitrite. (c) Plots of the time-dependent 461 nm fluores-
cence intensity of NETH-CD solution upon adding nitrite.

The time-dependent absorbance of NETH for sensing nitrite was
also investigated as a contrast (Fig. S4 in Supporting information).
The absorbance gradually increased and reached the maximum at
15 min. This means the Griess reaction is distinctly accelerated on
nanointerface. In partial recent works, fast reaction response were
also found on CDs surface [28-30], and the accelerated reaction ki-
netics may benefit the exploration of CD-based sensitive detection
systems.

The kinetics of chemical reactions is generally related to few
parameters, including molecular collision probability and chemi-
cal reactivity [31-33]. The former is decided by molecular inter-
action and reactant concentration, while the latter dependents on
the electronic distribution of reactants. In order to understand the
mechanism of accelerated Griess reaction, Zeta potential measure-
ments were first performed. As manifested in Fig. 5a, the surface
charge of NETH in acidic condition was +24.2 mV, while the sur-
face charge of NETH-CDs in same condition was —3.96 mV. In con-
sideration of positively charged SA (+3.85mV) in acidic condition,
the negatively charged NETH-CDs can react with SA faster than
NETH because of the electrostatic attraction [34,35]. The NETH-CDs
not only diminish the electrostatic repulsion, but also facilitate the
surface adsorption of SA due to the large specific area. The surface
adsorption leads to the enrichment of reactants and increment of
molecular collision probability, which accelerates the Griess reac-
tion. In addition, the NETH concentration on NETH-CD surface was
determined. After centrifugation of NETH-CDs solution, the gener-
ated azo dye in suspension decreased with the increasing NETH
concentration, while it increased in NTEH-CDs collection (Fig. S5
in Supporting information), indicating high NETH concentration
benifits its carbonization. According the UV-vis spectrometric mea-
surement (Fig. 5b and Fig. S6 in Supporting information), about 3
to 5 NETH molecules existed on one NETH-CD. The localized and
spatial NETH concentration was calculated to be 0.547 mol/L, which
is much higher than that of free NETH in 0.015 mol/L solution. As
a result, the enriched NETH on NETH-CD surface facilitates the oc-
currence of Griess reaction. After reaction, the formed surface azo
compounds led to positive charge (Fig. 5¢). In a word, the increased
electrostatic attraction and localized NETH concentration, as well
as the surface adsorption character, enhances the molecular colli-
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Fig. 5. Griess reaction kinetics on NETH-CD nanointerface. (a) Time-dependent pho-
tographs of NETH and NETH-CD solution upon adding nitrite under room light
and UV light illumination. (b) Plots of the time-dependent 538 nm absorbance of
NETH-CD solution upon adding nitrite. (c) Plots of the time-dependent 461 nm flu-
orescence intensity of NETH-CD solution upon adding nitrite. (d) Time-dependent
538 nm absorbance of NETH-CNT mixture in the presence of SA and HCl upon
adding nitrite without and with 1h incubation.

sion probability, thus distinctly accelerates the Griess reaction on
nanointerface.

It is reported that anion-mr interaction affects the electron-
donating/withdrawing capability of the m-conjugation system,
which changes its fluorescence and/or chemical reactivity [36].
Therefore, on the other hand, the electron-rich CD surface may in-
teract with NETH and enhance its corresponding nucleophilicity. To
demonstrate this assumption, nucleophilicity regulation of NETH
by another electron-rich carbon material, carbon nanotube (CNT)
was conducted. After surface adsorption, the kinetics of Griess re-
action was enhanced on CNT surface, as displayed in Fig. 5d. Fur-
ther incubation did not cause visible increment of reaction kinet-
ics, indicating the electron- interaction is rapid. Notice that the
reaction kinetics of CNT-NETH mixture was slower than that with
NETH-CDs, the enhanced nucleophilicity is not the only reason for
the boosted reaction kinetics. Thus, the carbonization enhanced
electrostatic attraction, reactant concentration and nucleophilicity,
diminish the reaction energy barrier and promote the Griess re-
action. Taken together, carbonization-engineered ultrafast nanoin-
terfacial Griess reaction is attributed the synergic action of re-
duced electrostatic repulsion, enriched reactant concentration and
boosted NETH nucleophilicity. We also tried to prepara CDs with
SA as the raw materials, which may further support the accelerated
nanointerfacial reaction. However, no fluorescence of SA solution
after electrolysis treatment was observed (Fig. S7 in Supporting in-
formation), suggesting the unsuccessful carbonization of SA. This
might be atributed to A possible reason for this phenomenon is
that the strongly negative charge of sulfonic acid group hinders the
approaching of SA monomer, which limits the dehydration, poly-
merization, and subsequent carbonization. Similar results also ap-
peared in citric acid cases, and additives were usually required to
produce CDs [23,24].

To verify the universality of the carbonization-engineered ultra-
fast chemical reaction strategy, OPD was carbonized by both elec-
trochemical method and hydrothermal treatment (denoted as E-
CDs and H-CDs) for sensing AA and Cu?*, respectively. The FT-
IR and HRTEM images demonsted the production of E-CDs and
H-CDs (Figs. S8 and S9 in Supporting information). The E-CDs
showed excitation and emission maxima at 418 and 565 nm (Fig.
S10 in Supporting information), respectively. However, the H-CDs
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Fig. 6. Reaction kinetics of OPD-Cu?*+ system with and without carbonization treat-
ment. Time-dependent fluorescence emission spectra of (a) E-CDs and (c) OPD so-
lution with the addition of 5pmol/L Cu?*. The corresponding plots of fluorescence
intensity versus reaction time were listed in (b) and (d).

showed only ultraweak emission due to the absence of surface 2,3-
diaminophenazine. OPD can react with AA under alkyline condi-
tion and form quinoxaline [37], which has strong absorbance at
340nm and blue fluorescence at 427 nm (Fig. S11 in Supporting
information). The blue emission from OPD and AA mixture gradu-
ally increased even after 576 s reaction (Fig. 6). Using E-CDs as the
reactants, the fluorescnece at 575nm was immediately quenched
in 20s after adding AA. The quenched fluorescence is probably
due to the photon-induced electron transfer between quinoxa-
line and E-CDs. This means the carbonization strategy is appli-
able to accelerate the raction kinetics of OPD-AA system. In ad-
dition, the Cu?*-catalytic oxidation of OPD forms yellow-emissive
2,3-diaminophenazine product. The H-CDs showed no fluorescence,
and the yellow emission gradually increased after the addition of
5umol/L Cu?*. The fluorescence intensity around 572 nm reached
a flatform after 35min reaction (Fig. S12 in Supporting informa-
tion). In constrast, the emission of OPD-Cu?* solution at 560 nm
remained increment even after 105 min (Fig. S13 in Supporting in-
formation), suggesting the rapid reaction rate after carbonization.
The enhanced reaction rate in both OPD-AA and OPD-Cu?t sys-
tems validate that the proposed carbonization-enhanced reaction
kinetics strategy is applicable in diverse systems. In addition, the
Cu?* had no effect on the fluorescence emission spectrum of E-CDs
(Fig. S14 in Supporting information), indicating the surface chem-
ical bond-related fluorescence and recognition behaviors [38]. In
this case, some limitations of such a carbonization-engineered ul-
trafast nanointerfacial chemical reaction may exist. In our opinon,
three parameters are important. (1) The organic raw materials can
be readily converted into CDs. (2) The preservation of functional
groups during the carbonization treatment. (3) Electrostatic attrac-
tion shows influence on the reaction kinetics. Therefore, the car-
bonization accelerated chemical reaction may not be universally
applicable for all reaction systems. Still, we believe the increment
of reaction kinetics might improve the sensitivity in further ana-
lytical applications.

In summary, we discover that the Griess reaction kinetics
can be greatly improved by changing molecular reactant (NETH)
into fluorescent CDs via carbonization strategy. The carbonization
makes NETH-CDs more reactive to SA in acidic environment. The
accelerated Griess reaction is attributed the synergic action of
carbonization-enhanced electrostatic attraction, enriched localized
and spatial NETH concentration, and boosted NETH nucleophilic-
ity. And such a promotion does not change the reaction speci-
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ficity in comparison to conventional Griess assay. The fluorometric
and colorimetric variations endow NETH-CDs excellent candidates
for achieving ultrafast and dual-channel nitrite sensing. In addi-
tion, the boosted reaction kinetics in OPD-AA and OPD-Cu2* sys-
tems verify the universality of carbonization-engineered ultrafast
chemical reaction on nanointerface. Ultrafast chemical reactions
possess potentials in chemical/biological processes monitoring, ac-
tive intermediate identification, and dynamic variation recording;
this work illuminates that the nanointerface chemistry can signif-
icantly promote the chemical reaction kinetics. We identify that
the incorporation of nanointerfacial chemistry into the ultrasmall
nanoparticles may provide new horizons in developing multifunc-
tional nanomaterials to realize ultrafast analysis in biological, ma-
terial, and industrial aspects. Therefore, we believe our work will
be generally useful for biologists, chemists, nanotechnologists, as
well as engineers for developing next-generation nanoparticles as
effective nanoreactants and reporters.
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