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Abstract

Colorimetric sensing has been widely used for centuries across diverse fields, thanks to
easy operation with no electricity and uncompromised high sensitivity. However, the
limited number of chromogenic systems hampers its broader applications. Here, we
reported that carbon nitride (CN), the raw materials-abundant and cheap
semiconductors with photoelectron storage capability, can be developed as a new
chromogenic platform for colorimetric sensing. Beyond most photoelectron storage
materials that only demonstrated blue color in the excited state, CN could also exhibit
brown color by terminal group functionalization. The experiments and DFT theoretical
calculation revealed the origin of the unusual two types of color switches. Cyano and
carbonyl terminal groups in CN elongated the centroids distance of electron/hole and
stabilized the excited states through a physical and electrochemical pathway,
respectively; meanwhile, the counter cations strengthened these processes. As a result,
the CN-derived colorimetric Oz sensors demonstrated excellent reversibility in
recycling hundreds of times for detection, and exhibited adaptable limit of detection
and linear detection range, which was superior to commercial Oz sensors, especially for

complex systems with broad variable concentrations.
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Colorimetric sensors, accompanied by color switches visible to naked eyes, have
attracted significant attention in chemical and biological fields during the past decades,
owing to easy operation without electricity meanwhile maintaining high sensitivity.!?
For instance, pH test papers are the most popular colorimetric sensors using dissociation
or acquisition of protons in organic indictors.> More complicated catalytic oxidation of
chromogenic substrates, such as 3,3°,5,5’-tetramethylbenzidine (TMB),* into colored
products have also been developed for well-known enzyme-linked immunosorbent
assay (ELISA)®7. Apart from chemical approaches, physical processes, such as local
surface plasmon resonances in which the collective oscillation of electrons occurs at
the metallic interface, are explored for colorimetric sensing with ultrahigh sensitivity.®
? Nonetheless, in contrast to numerous dyes, only a minimal number of chromogenic
systems have been reported so far for colorimetric sensors.!%!! One can imagine that
developing new mechanism-based chromogenic system with multiformity and high
reversibility is of great interest for more demanding future applications.'?

Photoelectron storing materials, including conventional metal oxides (e.g., WO3!314,
TiO2!>!7 and ZnO') and recent polymeric carbon nitrides (CN),'° can accumulate
electrons upon light excitation. Interestingly, all their long-lived excited states generally
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demonstrated a unique blue color, indicative of a new type of chromogenic

2425 metastable

mechanism. Compared to previous chromogenic principles,
charging/discharging of photoelectrons do not bring any permanent molecular or
geometric structure transformations, making the color switch high reversibility.
However, the modulation of such intriguing photoelectron storage towards multiple
colors and the associated applicability for further development of colorimetric sensors
have been rarely studied.

Here, we report a CN-based photoelectron accumulation platform for colorimetric
sensing. Interestingly, beyond the typical blue color for most photoelectron storing
materials in excited states,’®?’ brown color was realized by modulating the terminal

functional moieties on CN. Comprehensive structure characterization and DFT

calculations revealed the critical roles of variable functional groups and counter cations
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for CN in photoelectron accumulation, revealing a unique physical and chemical mixed
mechanism. As a result, taking detection of O as an example, the CN-derived
colorimetric sensors demonstrated excellent reversibility in recycling hundreds of times
and adaptable limit of detection and linear detection range, holding significant

advantages to accommodate varying application requirements, especially for complex

systems.
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Figure 1. Reversible color switch based on varied CN via photoelectron
accumulation. (a) Photographs of color evolution of CN, CN-K, and CN-Na
suspensions under the irradiation of light and O. backfilling. (b) Reversible color
switching between pale-yellow and dark blue of CN-K suspension after irradiation and
O backfilling. UV-vis absorption spectra of CN-K (c) and CN-Na suspension (d)

before and after irradiation.

To understand the intrinsic structures that determine the color of carbon nitrides upon
irradiation, conventional pristine CN, potassium-doped CN (CN-K) and sodium-doped
CN (CN-Na) were prepared by a two-step condensation method (see details in

Supporting Information). The suspension of different carbon nitrides in the presence of
4



triethanolamine (TEA or TEOA) sacrificial electron donors was purged with N> to

obtain an O,-free environment.?® As shown in Figure 1a, the original color of the CN-

K suspension was pale yellow. The blue color evolution was observed after irradiation,

while the discoloration occurred when exposed to air. This color switch was highly

reversible upon continuous cycling (Figure 1b). Interestingly, the CN-Na suspension

demonstrated a unique switch between yellow and brown (Figure 1a) with high

reversibility (Figure S3). In contrast, the pristine CN suspension did not show any color

change under the same conditions.?**! The detailed absorption spectra in Figure 1c

showed the blue suspension exhibited a broad tail from 500 to 800 nm apart from the

primary absorption at 400 nm, consistent with the previous reports.’> An enhancement

across the broad range of 400-800 nm was observed in the absorption spectrum of CN-

Na after irradiation, enabling the color switch from yellow to brown (Figure 1d).

However, CN did not have a new UV-vis absorption peak after irradiation,

accompanying no color change (Figure S7).
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Figure 2. Structure characterization of functionalized CN. (a) XRD patterns, (b)

Solid-state '*C MAS NMR spectra, and (c) FTIR spectra of CN, CN-K, and CN-Na. (d)

Cl1s XPS spectra and (e) Ols XPS spectra of CN-K and CN-Na.



To reveal why CN-K suspension was able to generate blue color but CN-Na
displayed brown color, the texture of the as-prepared CN-K and CN-Na was firstly
investigated. As shown in Figure 2a, the XRD pattern of the conventional CN
demonstrated two major diffraction peaks at 13.1° and 27.3°, which can be assigned to
the (100) and (002) crystal planes of graphitic materials, representing in-plane packing
and interfacial stacking of aromatic segments, respectively.>? Different from pristine
CN, the XRD features of CN-K and CN-Na evidenced structural changes. The
diffraction peak of (002) of CN-Na was sharper and slightly shifted relative to CN from
27.3 ° to 28.3 °, suggesting enhanced crystallinity and decreased interlayer distances
from 0.326 to 0.313 nm. It could be attributed to enhanced interactions between
conjugated aromatic layers when K atoms existed in the CN interlayer, which was
supposed to benefit the transfer and separation of charge carriers.>** Moreover, the
signal of (100) at 13° disappeared accompanied by a low angle reflection was observed
at 20 of 8.1°. It suggested that the original in-plane structure was partially changed.
Similarly, the lattice fringes, corresponding to an interval of 10 A and 3.1 A within the
layer planes and interlamination, were observed in the high-resolution TEM image. The
fitted fast Fourier transformation (FFT) image from large crystallites (Figure S1d, inset)
consisted of the XRD result (Figure 2a).>° In contrast, a broad and weak peak centered
at 27° (range from 26.5° to 28.4°) was revealed for CN-Na, indicative of the disorder in
interlayer stacking of aromatic structure and weaker crystallinity, which were possibly
desirable to introduce more surface states or defects compared with CN-K.

To probe more insight into the chemical structure, solid-state '*C magic angle
spinning nuclear magnetic resonance (MAS NMR) spectroscopy, Fourier transform
infrared (FT-IR) spectroscopy and X-ray photoelectron spectroscopy (XPS)
measurements were carried out. As shown in Figure 2b, the two strong peaks for
heptazine units at about 164.8 and 156.6 ppm were observed, corresponding to C3N (3)
and Can-nux (4) in all carbon nitride samples, respectively.>® Consistently, characteristic

peaks located at 810 and 1000-1700 cm™, attributed to the plane bending of the



heptazine units ring and the stretching and bending modes of conjugated CN
heterocycles were also all observed in the FT-IR spectra (Figure 2c¢).?” Notably, three
new peaks at 122.4 (C5), 168 (C2), and 171.8 (C1) ppm appeared in the MAS NMR
spectrum of CN-K.3® These typical peaks were assigned to the carbon atoms in C=N
and the neighbor carbon atoms of C=N. This important structure could also be
evidenced by the FT-IR spectrum in the asymmetric stretching vibration ranging from
2150 to 2178 cm™ (Figure 2¢) and the Cls spectrum of CN-K centered at 286.8 eV in
the XPS survey spectra (Figure 2d).>* More interestingly, the '*°C NMR of CN-Na
showed a new peak at 220 ppm (C6), which was assigned to the carbon atom from the
carbonyl (C=0) of CN-Na,***! consistent with the XPS Ols spectrum at 534.2 eV
(Figure 2e) and XPS Cls spectrum at 287.4 eV.***** The C=0 stretching vibrations in
the FT-IR spectrum of CN-Na were overlapped but still demonstrated a relatively a
stronger peak at around 1650 cm™!'.** Thus, compared to CN-K, CN-Na not only had
C=N terminals but also functionalized with C=0O groups.

The composition of different carbon nitrides was quantitively evaluated using
combustion elemental analysis and inductively coupled plasma mass spectroscopy
(ICP-MS, Table S1). It was found that the atom ratios of C/N in CN-K (0.693) and CN-
Na (0.696) were slightly altered, compared to pristine CN (0.679), indicating the carbon
nitride framework mainly was retained after the doping.*> Nonetheless, an evident
increase of O was observed for CN-Na, which possibly originated from the absorbed
water of Nal.*® A control experiment by vacuum drying Nal and melon before the full
condensation was undertaken to verify this assumption. It was found that the '*C NMR
signal at about 220 ppm for C=0O became weaker (Figure S8a), and the brown color
after illumination was also lighter (Figure S8b), both of which were in line with the
expectations. The content of K and Na in CN-K and CN-Na were 4.31 wt% and 4.33
wit%, respectively, verifying that the K* or Na* were introduced into the heptazine-
based melon framework of carbon nitrides.*’ It was also proved by two new peaks at
979 cm™! and 1143 cm™ in the FT-IR spectrum in Figure 2¢, corresponding to

symmetric and asymmetric vibrations of NC> bonds of metal-NC> groups.*® Therefore,
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K* and C=N were cooperated into tri-s-triazine units of CN-K, while Na*, C=N, and
C=0 were modified on the CN-Na.

As known, structural control of carbon nitride by introducing functional groups or
“defects” had been the efficient pathway to tune electronic band structure and charge
carrier transfer, which can improve optoelectronic or photocatalysis properties.*®
Figure S2a demonstrated that the intrinsic absorption edge of CN-K had an obvious
red-shift concerning CN, associated with a decreased bandgap of ca. 0.1 eV; in contrast,
CN-Na did not display such a significant change. To better understand the charge
separation processes, photoluminescence (PL) and electron paramagnetic resonance
(EPR) spectroscopy measurements were performed. It is known that PL is frequently
used to probe the charge separation and recombination, owing to photo-induced
electron-hole pairs recombining and accompanied by emitting light.® Compared with
CN, the PL peak intensity of CN-K and CN-Na exhibited a significant reduction
(Figure S2c), elucidating that radiative charge recombination was less probable.>?
This was further evidenced by the gradually decreased lifetimes of charge carriers
determined by the time-resolved fluorescence decay spectra, as shown in Figure S2d.>*
% Apart from the optical measurements, another noticeable change was in the electronic
properties of samples, as demonstrated by the solid-state ESR spectra measured at room
temperature (Figure S2e). All samples exhibited a single Lorentzian peak at g value of
2.003, which is originated from the unpaired electron of sp2-carbon the aromatic rings
within n—conjugated heterocycle, but the peak intensity of CN-K and CN-Na powders
slightly increased, compared to CN. It was probably due to the delocalization of m-
electrons in the conjugated system, contributed by C=N and C=0 moieties, generating

more unpaired electrons.®
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Figure 3. Chromogenic mechanism of CN-K/-Na under photoelectron
accumulation. (a) ESR spectra of CN-K and CN-Na suspension after irradiation. (b)
OCP measurements of CN-K and CN-Na suspension under continuous chopped light.
(c) Recovery efficiency of CN-K and CN-Na suspension given consuming oxygen after
irradiation. (d) Differential pulse voltammograms (DPV) of bare electrode, CN-K, and
CN-Na. (e) Calculated smooth description of electron (orange isosurface) and hole
(blue isosurface) spatial population distribution in different carbon nitrides for the most
vital electronic excited states between 600-700 nm. Gray coloring indicates carbon
atoms, blue indicates nitrogen, white indicates hydrogen, purple indicates K, red
indicates O, and orange indicates Na. Calculated absorption spectra of (f) CN-K and (g)
CN-Na before and after irradiation. (h) Proposed color-switch mechanism for

photoelectron storage by CN-K and CN-Na.

To further verify the properties of electrons stored in CN-K and CN-Na, ESR
spectroscopy was used to determine the nature of the trapped electron species in the

blue suspension in the presence of TEOA as sacrificial electron donor under O-free
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conditions after irradiation. The blue suspension showed a distinctly enhanced ESR
signal with a g value of 2.0021 near the free electrons, which revealed the characters of
the stored electrons (Figure 3a).?! It was also the case for the brown color system of
CN-Na where the same g value of 2.0021. The photoelectrochemical measurements
were also performed to quantitively evaluate the highly reductive of electrons stored in
CN-K and CN-Na. Figure 3b showed the open circuit potential (OCP) of CN-K
photoelectrode altered from ca. -250 mV (light on in inert atmosphere) to -1080 mV
(light off with O backfilled). Such an apparent OCP switch (ca. 0.8 V) could be cycled
over 100 times, lasting more than 40 hours. Note that the attenuation was partially
attributed to detachment of CN-K film from FTO, demonstrating that the photoelectron
storage in carbon nitrides was highly reversible and stable.*® %657

In contrast, the reversible OCP change of CN-Na was only ca. 0.4 V under the same
measurement condition (Figure 3b). Nonetheless, CN-Na demonstrated a higher
consumption of backfilled oxygen than CN-K (Figure 3c). It suggested another type of
electron storage pathway in CN-Na, except for the well-known capacitor-like
photoelectron charging for blue CN-K. In principle, chemical redox reactions were
probably like that for secondary batteries. Differential pulse voltammetry (DPV) curves
of all carbon nitride samples were measured to support this assumption. Figure 3d
showed that the CN-Na electrode demonstrated a more profound reduction/oxidation
peaks at ca. 0.2 V than pristine CN and CN-K electrode in a deoxygenated electrolyte
solution. These redox waves were often associated with the reduction and oxidation of
C=0 groups. Considering the amount of C=0 in CN-Na was much larger than that in
the other two carbon nitrides, the more substantial photoelectron storage capacity of
CN-Na could be ascribed to both physical and chemical charging processes, enabled by
the dual functional groups.

These speculations were further supported by the DFT calculation of the
electron/hole population during excitation and the absorption spectra of CN-K and CN-
Na (Figure 3e-g). For this, five ideal representative structures were compared. Briefly,

pristine CN (1) was constructed only using heptazine units. An incompletely condensed
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heptazine ring with a cyano end-group was introduced in CN-K (3) with negative
charges stabilized by K*. Similarly, CN-Na (5) was built by adding an amide group
with Na* as the counterions. To understand the role of metal ions, 2 and 4 without K*
and Na* were also explored as controls for 3 and 5, respectively. For pristine CN, the
symmetrical structure made the overall polarity zero, with no significant difference in
electron distribution. When it was excited upon irradiation, the centroids distance of
electron and hole was only 0.32 A, making the electron-hole recombine rapidly.
Interestingly, as shown in 2, the asymmetric structure endowed the centroids distance
of electron and hole increase to 0.70 A. After binding K*, the attraction between metal
ions and electrons was enhanced, further boosting the centroids distance of electron and
hole to 2.03 A. Such significant spatial separation of electron and hole would inhibit
the recombination and produce the long lifetime of the charge-separated pair, which
explained the stable color development of CN-K after irradiation, while bulk CN not.
The centroids distances of electron and hole in 5 was even larger (2.64 A), comparable
to the diameter of the triazine ring, which may be ascribed to the more reactive polar
C=0 group.

To obtain more insights into different colors, the absorption spectra of CN-K and
CN-Na before and after irradiation were further calculated. Before irradiation, the
molecule was electrically neutral, and there were no unpaired electrons. After
irradiation, CN-K and CN-Na underwent electron-hole separation, followed by
accepting electrons from sacrificial TEOA, in which metal ions stabilized the switched
doublet state. Figure 3f showed the stable structure of CN-Na after irradiation could
absorb more visible light between 400-800 nm compared to that before irradiation, with
the most pronounced absorption peak at 601 nm. While for CN-K, the position of the
absorption peak was red-shifted to 638 nm (Figure 3g), well consistent with the
experimental observation (Figure 1c and d). Considering the stabilizing effect of metal
ions on carbon nitride, the binding sites were not limited to the structure in Figure 3g
& 3h, but they demonstrated similar trends in influencing the absorption spectra

(Figure S9).
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At this point, the possible color-switch mechanism for photoelectron storage in CN
was proposed (Figure 3h). Contrast with pristine CN (Figure S7a), the excited
electrons in the conduction band (CB) of CN-K would transfer to the C=N group-
derived state upon irradiation with TEOA as a hole quencher. CN-K had an improved
absorption in the visible light region centered approximately at 640 nm, demonstrating
the characteristic blue color like well-known TiO2 (Figure S7b). Alternatively,
partially excited electrons in CB of CN-Na transferred to the C=0 group-derived state,
a redox reaction rather than physical electron accumulation, presumably lowering the
OCP but enhancing the photoelectron storage capacity.?® % Such an additional state
would enable more absorption in the visible light region centered approximately at 600

nm, finally endowing a brown color.
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Figure 4. Colorimetric sensing of Oz using CN-based photoelectron accumulation
platform. (a) Reflection spectra in the presence of different O» fractions (%). (b) ESR
spectra of CN-K with DMPO in methanol for detecting superoxide radical (O2e-). (c)
Calibration curves of CN-K and CN-Na between reflection and oxygen level. (d)
Recovery efficiency of CN-K for different gases (0.258 vol%). Inset: corresponding
reflection spectra of different gases. (e) Cyclic recovery efficiency in the electrons

released of consuming O (0.008, 0.091, and 0.258 vol%).

12



Thanks to the high reduction activity of accumulated photoelectrons and the excellent
reversibility in color switching, CN-K and CN-Na were further applied as a colorimetric
oxygen sensor. As depicted in Figure 4a, the reflection gradually increased as the
oxygen level rose in the range of 0.008—0.25 vol%, corresponding to the disappearance
of the blue color of the system by naked eyes. The sensing mechanism was explored by
the ESR analyses. Figure 4b and Figure S4 showed that O>¢— was generated when
molecular oxygen was introduced into the blue CN-K or brown CN-Na methanol
suspension using 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) as the trapping agent.>®-
61 It suggested that the target molecular oxygen consumed the photoelectrons from the
CB and converted them into O2+—, making the unique blue or brown color lighter. The
calibration curve between reflection and oxygen concentration was plotted in Figure
4c. The limit of detection (LOD, S/N = 3) for CN-K was determined to be 0.002 vol%,
which was superior to the standard of the commercial oxygen sensor in gas (Table S2),
and also comparable to that by fluorescence or UV-vis detection methods in previous

reports (Table S3).

Interestingly, due to the more substantial photoelectron storage capacity, the CN-Na
colorimetric sensor exhibited a broader linear range for Oz detection (0.08—8.33v01%).
It could be explained by the different nature of the physical and chemical pathways for
photoelectrons accumulation, i.e., the former was faster, but the capacity was lower,
while the latter was slower, but the capacity was higher. This correlation was like that
between supercapacitors®? and secondary batteries®. Thus, by rational adjustment of
C=N and C=0 defects in CN, the LOD and the linear detection range could be fully
engineered to adapt to different applications. As known, the concertation of analysts is
quite different in a complex system, making the reliable detection a specific challenge
by the traditional sensors that often have a fixed LOD and detection range. To our
knowledge, such flexibly in sensor construction by CN-derived photoelectron storage
platforms was seldom reported in previous reports.

The potential interferences from other gases and organic molecules were evaluated

under the same conditions. As shown in Figure 4c, only a trivial change in the
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discoloration rate was observed for the CN-K sensor by interferences, such as Ar, Na,
ethanol, and CO at the same concentration of 0.25 vol%. Nonetheless, slightly
increased discoloration rates were found towards air and acetone, which were ascribed
to the existence of oxygen molecules in the air (21 vol%) and acetone (6.79 mM) at
25°C. In this sense, the CN-derived colorimetric sensor demonstrated good selectivity
in detecting oxygen molecules. Moreover, after discoloration, the proposed CN-K and
CN-Na sensors could be recovered by irradiation. As shown in Figure 4d, upon the
different oxygen concentrations, the CN-K sensor demonstrated excellent reversibility
and reproducibility in multiple measurements. This feature is highly envisioned,
especially for less-developed regions or fieldwork, to improve the detection reliability
and lower the sensing cost by multiple measurements.

In summary, we report functionalized carbon nitride, the raw materials-abundant and
cheap semiconductors with photoelectron storage ability, can be developed as a new
promising chromogenic system for colorimetric sensing. Beyond the traditional
photoelectron storage materials that only demonstrated blue color in the excited state,
CN with additional controllable brown color was obtained, thanks to its organic nature
and multiformity. It was disclosed that cyano and carbonyl functional groups enabled a
unique mixed physical and electrochemical process, like the working principle for
capacitors and secondary batteries, which had fast and massive photoelectron storage,
respectively. The DFT theoretical calculation further verified the critical role of
cyano/carbonyl groups and the counter cations as well in elongating the centroids
distance of electron and hole, which essentially inhibited the charge recombination and
stabilized the long-lived excited state for CN, the origin of the different color-switch
before and after the irradiation. As a result, the CN-derived colorimetric O> sensors
demonstrated not only excellent reversibility in recycling hundreds of times for
detection but also adaptable limit of detection and linear detection range, superior to
commercial O2 sensors, especially for complex systems with broad variable
concentrations. Taking advantage of photoelectron storage, this work provides a new

chromogenic platform for colorimetric sensing and highlights the great potential of
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semiconducting carbon nitrides with a tunable functional group in future sensing

applications.
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