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Unveiling the switching mechanism of robust
tetrazine-based memristive nociceptors via
a spectroelectrochemical approacht

JiYu Zhao,?*¢ Kun Liu,® Wei Zeng,® Zhuo Chen,® Yifan Zheng,? Zherui Zhao,?
Wen-Min Zhong, ©° Su-Ting Han,® Guanglong Ding,*¢ Ye Zhou & *®
and Xiaojun Peng ® *a¢

Threshold-switching memristors exhibit significant potential for developing artificial nociceptors as their
working principles and electrical characteristics closely mimic biological nociceptors. However, the
development of high-performance artificial nociceptors is hindered by the randomness of conductive
filament (CF) formation/rupture, caused by low-quality resistive switching (RS) films, and complex and
uncontrollable RS mechanisms. Organic small-molecule materials are favored in electronic devices for
their designability, low cost, easy synthesis, and high stability. In this study, we meticulously designed
two D-m—-A-m—D structured molecules, designated as TZ-1 and TZ-2, to serve as the RS layer in
artificial nociceptors. By precisely modulating the electron-donating ability of the donor groups in these
molecules, some key electrical properties of the memristor, such as the low SET voltage (0.42 V) and
variation (0.055), high current ON/OFF ratio (~107°) and nanosecond level switching time (60 ns), can be
successfully optimized. Moreover, a spectroelectrochemical strategy was employed for the first time to
investigate the RS mechanism at the molecular level, elucidating the critical role of molecular design in
modulating the device's working principles and electrical characteristics. The optimized memristor is
capable of accurately emulating the four key behaviors of nociceptors. This achievement not only
advances the application of organic materials in neuromorphic devices but also opens up new
possibilities for the specialized customization of nociceptors.

system.*® It targets the sensing and perception of harmful
stimuli for avoiding danger, reflected in four typical special
features, that is, “threshold”, “no adaptation”, “relaxation”, and

The sensory nervous systems serve as a vital conduit for
communication between the human body and its external
environment, enabling the perception of necessary conditions
for biological survival.'™* Specifically, in a sensory nervous
system, sensory receptors receive external stimuli and transmit
signals to neurons for analysis and processing.® The nociceptor
is a specific type of sensory receptor in the sensory nervous
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“sensitization”.>™ Owing to the easily achievable threshold
switching (TS) behavior, memristors with an electrochemical
metallization (ECM) mechanism are promising for constructing
artificial nociceptor systems.***> In this system, when the input
electrical signal, which can be converted through an in-/near-
sensor strategy from an external noxious stimulus, surpasses
the operational threshold of the memristor, the artificial noci-
ceptor will generate a warning signal. This biomimetic
threshold response mode effectively filters out numerous
harmless external stimuli, facilitating high-efficiency and low-
power data processing while holding significant implications
for intelligent robot construction.

Up to now, a large variety of materials have been utilized as
resistive switching (RS) layers in memristors, including perov-
skites,”** metal oxides,>>'* and organic materials."”>"” We have
compiled a selection of relevant literature and compared four
key parameters and nociceptive thresholds (Table 1). Through
a systematic comparative study of the key characteristics of
nociceptors, it was found that organic, inorganic and hybrid
systems exhibit similar performance advantages. However,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Organic, inorganic and hybrid material nociceptors using memristors

Device structure Iisrs (Vread) Iirs Ion/OFF VsEr Nociceptive threshold Ref.
Ag/ZrO,/Pt — 10 pA (Io) 10° =04V 6V 36
Ag/2D-Ga0,/Si0,/Si — — 10* =23V 5V 37
P-Si/CZO/Au =10 nA (3 V) =10 pA 10° =15V 11V 38
Ag/C1C/ITO <10 nA (0.2 V) 100 pA >10* =04V 0.6V 39
Ag/PMMA & CsPbCl;/ITO =100 nA (0.1 V) 5 mA 10° 0.85V 09V 40
ITO/ZnO/TiO,/ITO =10 nA (0.1 V) 1 mA 10 1.23 V 0.6V 41
Ag/PMMA&CSs;Bi,1/ITO <100 nA (0.1 V) 1 mA (I.o) 10° =0.6V 0.6V 42
Pd/MAPbI,/ITO <10 nA (—) 100 pA (L) 10" =15V 1.5V 43
Pt/LiSiO,/TiN <500 nA (0.3 V) 5 mA 10* =1V 1V 44
Al/2DPTPAK ' TAPB/Ag ~31.8 nA (0.1V) =721 pA 2 x 10* =174V — 45
Ag/TZ-1/ITO <1 nA (0.05 V) =10 pA >10* 0.39V 0.6V This work

leveraging the designable structural characteristics of organic
materials, organic memristors achieve a notably high ON/OFF
ratio while significantly reducing the turn-on voltage
threshold, a feature that effectively highlights their unique
advantages in the field of biomimetic neural simulation. For
example, Wang et al. constructed a molecular-scale reconfig-
urable device through molecular design, achieving electronic
functions such as variable resistors and diodes.'® Through
precise molecular-level regulation, organic devices also
demonstrate substantial development potential in the fields of
neuromorphic computing®? and reservoir computing.**
Although the ECM-based memristor has excellent performance
in mimicking the behaviors of a biological nociceptor, factors
such as the uniformity of the thin film, the random formation/
fracture of conductive filaments (CFs), and others can affect the
accuracy and reliability of the simulated nociceptor.****~>*
Among them, organic materials receive much attention due to
their excellent intrinsic flexibility, solution-treatable feature,
and structural designability. However, traditional investigation
models (such as morphological characterization and first-
principles calculations) often fail to consider the functional
groups of organic materials, thus falling short in adequately
addressing the underlying mechanisms.?” There is an urgent
need to conduct mechanism studies on organic materials.
Spectroelectrochemical technology, which integrates spectros-
copy with electrochemical analysis, provides valuable insights
into reaction mechanisms, intermediates, and associated
details by synchronously measuring electrochemical and spec-
troscopic signals. Therefore, this technology can be applied for
elucidating the influence of molecular properties on ECM
mechanisms.

Organic molecules exhibit a relatively wide range of appli-
cations in the electronic device field, including transistors,>*?*
solar cells,””*® sensors,***” and memristors.>'** For example, in
the field of memristors, Yi et al. fabricated an organic polymeric
memristor using poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV) as an RS material for
mimicking biological synaptic properties (including
potentiation/depression, spike-rate-dependent plasticity, spike-
timing-dependent plasticity).** Furthermore, the straightfor-
ward configuration of small molecules and the effortless

© 2025 The Author(s). Published by the Royal Society of Chemistry

fabrication of high-quality films (simple vacuum evaporation or
solution spin-coating processes)*® make it more conducive to
the verification of mechanistic models. In this study, modified
spectroelectrochemical technology was employed for in-depth
analysis of the effects of the small-molecule functional groups
on the ECM mechanism, demonstrating that this approach is
an effective method for elucidating the device RS mechanism.
Leveraging the multiple advantages (i.e. simple synthesis route
and high-quality films), and combining the structure/property
designability, two organic tetrazine (TZ) molecules with
different electron-donating groups were designed and synthe-
sized to controllably regulate the electron transmission prop-
erties. These novel TZ molecules can serve as an RS layer for
fabricating ECM-based memristors, which are also applicable to
the exploration of underlying mechanisms. Additionally,
memristors incorporating these TZ molecules can emulate key
properties of biological nociceptors, including “threshold”, “no
adaptation”, “relaxation”, and “sensitization”.

Results and discussion
Molecular design and structural analysis

The TS behaviors can be achieved and modulated by adjusting
the electron-donating ability of the substituent groups of the
small molecules in the RS layer. Generally, in the molecular
design of semiconductor materials, lowering the energy levels of
frontier molecular orbitals (FMOs) and extending the 7-conju-
gated structures are effective strategies for improving charge
transport properties.*>*®

Tetrazine compounds exhibit high electron affinity and
demonstrate excellent stability under electrochemical condi-
tions, rendering them ideal as electron transport materials that
can boost electron injection and transfer efficiency.*’*" As
a bridge functional group, thiophene has been demonstrated to
have excellent electron transport properties, connecting elec-
tron donors and acceptors, and facilitating charge transfer
between molecules.”® In this work, we explored different
electron-donating groups, namely a methyl group with triphe-
nylamine and a methoxy group with triphenylamine.*® The
synthesis procedure is illustrated in Fig. 1a. All molecular
structures of the new compounds were characterized and
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Fig.1 Molecule synthesis pathway and spectral expression. (a) Synthesis routes for TZ-1and TZ-2. (b and c¢) UV-vis absorption spectra of TZ, TZ-
1 (b) and TZ-2 (c). Dissolved in dichloromethane (DCM); wavelength: 800-240 nm. Insets: CV curves of TZ-1 (b) and TZ-2 (c); DCM containing
0.1 M BusNI[PFg] as the supporting electrolyte, Ag/AgNOs as the reference electrode; ferrocene (Fc/Fct) was used as an internal reference. Scan

rate: 50 mV s,

confirmed by 'H NMR and mass spectroscopy (ESI,} Materials
and synthesis). The thermogravimetric analysis (TGA) results
for both molecules in Fig. S17 indicate that these small mole-
cules maintain their structural integrity even at high tempera-
tures (200 °C), demonstrating their robust and dependable
environmental stability.

To gain further insights into the photophysical characteris-
tics, UV-vis (ultraviolet-visible absorption spectroscopy) and CV
(electrochemical cyclic voltammetry) were employed. As illus-
trated in Fig. 1b and c, compared to that of TZ (maximum
absorption wavelength: 347 nm), the UV-vis spectra for TZ-1 and
TZ-2 have two obvious absorption peaks (TZ-1: 305 and 498 nm;
TZ-2: 310 and 487 nm), of which the peaks at 305 nm and
310 nm can be attributed to the absorption blue shift of the -
7* transition of TZ (300 nm), and those at 498 and 487 nm to
intramolecular charge transfer.”** The maximum absorption
wavelength of TZ-1 exhibits a red shift of approximately 11 nm
relative to TZ-2, suggesting that the strong electron-donating
group effectively stabilizes the positive charges within the
molecule and enhances charge transfer.>*** From the CV results

12364 | Chem. Sci., 2025, 16, 12362-12371

depicted in the inset figures in Fig. 1b and c, the reversible
oxidation peaks of TZ-1 and TZ-2 are observable at 0.51 and
0.58 eV, respectively, while their reversible reduction peaks are
located at 0.35 and 0.49 eV, respectively. The fact that TZ-1
exhibits a lower oxidation potential compared to TZ-2 indi-
cates its greater propensity to donate electrons, thereby facili-
tating charge transfer. The HOMO, LUMO and energy band
gaps can be derived from the UV-vis and CV results (ESI, Energy
band gaps of TZ molecules) (Fig. S27).

Experimental outcomes confirm the successful synthesis in
this study of two organic small molecules possessing identical
LUMO energy levels via a meticulous molecular design
approach, effectively eliminating the disruption caused by
energy level barriers to electron transport. This achievement
furnishes an ideal sample for advancing spectroelectrochemical
research. Not only does this design highlight the potential of
spectroelectrochemical techniques in probing memristor
mechanisms but also establishes a robust platform for future
investigations into the interplay between electron transport
behavior and molecular structure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Memristor fabrication and electrical characteristics

Volatile memristors exhibiting TS behavior are well-suited for
developing artificial nociceptors and emulating the function-
alities of biological nociceptors. To verify the electrical
behaviors of the synthesized novel molecules, and develop
stable and reliable artificial nociceptors, TS memristors (TSMs)
with a cross-bar sandwich structure were fabricated, and their
electrical properties were systematically investigated. The
device structure consists of pre-patterned indium tin oxide
(ITO, 23 nm) as the bottom electrodes (BEs) and silver (Ag, 50
nm) as the top electrodes (TEs, Fig. 2a). The synthesized TZ
molecules were employed as RS materials, and the two mole-
cules were utilized as independent RS layers, which were
fabricated via spin-coating acetonitrile solutions of these
molecules using an all-solution approach (ESIL, T Device fabri-
cation and characterization). According to the atomic force
microscopy (AFM) results in Fig. 2b and c, the TZ molecule
films exhibit uniform and flat properties with sub-nanometer
roughness [(root-mean-square roughness (R,), TZ-1:
0.429 nm; TZ-2: 0.629 nm)]. The device structures were char-
acterized by cross-section scanning electron microscopy
(SEM). According to the results in Fig. 2d, the thickness of the
TZ-1/2 molecule films is approximately 60 nm, which is also
verified by the AFM measurements (Fig. S37).

Fig. 2e and f display the typical RS behaviors of TZ-1 and TZ-
2, respectively. In contrast, the HRS of the TZ-2-based TSM
increased with increasing I., indicating relatively weaker
stability. Additionally, the TZ-1 TSM demonstrated a lower Vggr
than that of the TZ-2 TSM, which facilitates low-energy opera-
tion. Consequently, TZ-1 enables the formation of stronger and
more stable CFs, offering greater versatility for biomimetic
simulations.>>*®

b
ITO electrodes

View Article Online
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Based on the conclusions from UV-vis spectra and CV, and
incorporating the device's electrical properties, it becomes
evident that the highly potent electron-donating group of TZ-1
and the easy charge transfer property facilitate the realization
of a reduced Vggr, a notably stable HRS, and a highly tunable
Ionjorr- Therefore, the strategy of structurally designing organic
small molecules to modulate device electrical performance in
this study can establish a new paradigm for advancing organic
electronic materials.

Device working mechanism analysis

The FMOs of the synthesized TZ molecules were obtained from
DFT calculations (ESI, Study of device working mechanisms,
Note S17).°**7** According to the FMO ESP (electrostatic
potential) results in Fig. S4,1 the thiophene, as a bridge func-
tional group consisting of a conjugated skeleton with a contin-
uous cloud of electrons, constructed a free pathway for charge
transfer. Compared to TZ-2, TZ-1 exhibits greater energy depth
due to the introduction of a methoxy group with triphenylamine
as the electron donor. This modification facilitates more effi-
cient charge transfer and enhances charge transport capacity.

Based on the ECM mechanism and incorporating a molec-
ular structure design strategy, the device working mechanisms
of these two TZ-based TSMs were investigated using spec-
troelectrochemical techniques to elucidate the differing elec-
trical performances of the two similar molecules at the
molecular level. The ECM RS mechanism commonly involves
the redox process of Ag atoms (ESI, Study of device working
mechanism, Note S21), containing three steps: oxidation reac-
tion of Ag atoms to Ag" (Fig. 3a(i)), migration under the voltage
bias (Fig. 3a(ii)), and the reduction of Ag"' to Ag atoms for
forming metallic CFs (Fig. 3a(iii) and (iv)).****

— f
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Vacuum l z 107 e 7 107
Evaporation Agelectrcdes‘g 108 }-:: -S- 108
= 9 . ’3“.‘-'} = g
101 p K5 101
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Fig. 2 Device preparation, thin film and electrical characterization. (a) Schematic illustration of the fabrication process for the TZ-based TSM
using an all-solution approach and thermal evaporation. (b and c) AFM images of TZ-1 (b) and TZ-2 (c) films. (d) Cross-section SEM images of the
TZ-1 (top) and TZ-2 (bottom) based TSMs. RS behaviors of the TZ-1/2 TSMs under different /.. values (100 nA and 10 pA): (e) TZ-1; (f) TZ-2; the

ball-and-stick models of TZ-1 and TZ-2 are shown in the insets.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Migration mechanism of Ag* and spectroelectrochemistry. (a) The schematic diagram of the ECM RS mechanism [oxidation (i), migration
(i), reduction (iii), and formation of CFs (iv)] of the TZ-based TSMs. (b) The spectroelectrochemical setup (UV-vis spectroscopy coupled to CV)
used to investigate the reaction mechanism between the active electrode atoms (Ag) and the organic small molecules. (c) In situ UV-vis
absorption spectra of TZ-1/2 in the applied bias cycles (left: TZ-1; right: TZ-2). UV-vis absorption spectra from 1500 to 600 nm; CV curves at
ascan rate of 7 mV s~ from 0 to 1.2 V cycles. (d) Switching time for TZ-1 and TZ-2. TZ-1: 60 ns; TZ-2: 110 ns; amplitude: 5 V; width: 500 ns:

interval: 10 ns. (e) Energy levels for TZ-1 (left), TZ-2 (right), Ag, and ITO.

Spectroscopic techniques, including Raman and X-ray
diffraction (XRD) analysis (ESI, Fig. S5c, d, and S6%), were
initially employed to investigate the structure, composition, and
molecular state of the TZ films. Raman spectra showed less than
5% variation (Fig. S71) in all characteristic peaks over the full
spectral range. Based on these findings, we believe that the TZ
molecule in DCM solution can be utilized to investigate the
device RS mechanism, even though they are not in a solid film
state (ESI, Study of device working mechanisms, Note S37).

Spectroelectrochemical technology examines molecular
structures and electron transfer during electrochemical reac-
tions, due to its capacity to monitor real-time variations in
reactant species during reactions, capture detailed molecular
vibration spectra at the electrode/solution interface, and offer
profound insights into material properties at the molecular
level. UV-vis spectroelectrochemical studies, by tracking alter-
ations in UV-vis light absorption during the reaction, is well-
suited for studying redox reactions. This technique closely
corresponds to crucial steps in ECM mechanisms and offers
insights into reactions between organic molecules and silver
ions (ESI, Study of device working mechanism, Note S27).
Therefore, to gain insights into the discrepancies in electrical
performance exhibited by the two distinct types of molecular

12366 | Chem. Sci., 2025, 16, 12362-12371

memristors rooted in the ECM mechanism, we conducted
spectroelectrochemical studies tailored to organic solution
systems. The testing setup is shown in Fig. 3b (ESI, Study of
device working mechanisms, Notes S4 and S57).

An electrochemical workstation is utilized to apply bias to
the system, while UV-vis is concurrently employed to continu-
ously acquire spectral data. In the inert three-electrode system
(ESIL, Study of device working mechanisms, Note S61), it is
noteworthy that, upon completion of the scanning process, TZ-1
reverts to its initial value, whereas TZ-2 fails to do so (Fig. S9a, b,
and S107). This evidences that TZ-2 undergoes “electrical aging”
under the applied bias voltage. It can be deduced that the TZ-1-
based memristor demonstrates a stable HRS (Fig. S117),
whereas the TZ-2-based memristor exhibits fluctuating HRS
under the action of voltage bias, which is consistent with the TS
behaviors mentioned in Fig. 2e and f.

In addition, in the active three-electrode system (ESI, Study
of device working mechanisms, Note S7t) (Fig. S9¢ and df),
during the voltage bias scanning, the intensity of TZ-1 absorp-
tion (Fig. 3c, left) begins to increase at the 1.5 min time point,
while the intensity of TZ-2 absorption (Fig. 3c, right) starts to
rise at the 2 min time point. This observation is consistent with
the low Vsgr property of TZ-1, as demonstrated in Fig. 2e and f.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To gain a more precise understanding of the response charac-
teristics of TZ-1 and TZ-2 to an applied voltage, we measured the
switching time (HRS transition to LRS duration). By subjecting
the same voltage pulse amplitude and width, we found that TZ-1
exhibited a switching time of 60 ns, whereas TZ-2 had
a switching time of 110 ns. These findings further substantiate
that TZ-1 exhibits a shorter switching time and a low Vggr.

The electron injection energy barriers (difference between Ag
work function and LUMO) for TZ-1 and TZ-2 are estimated to be
1.26 eV (Fig. 3e). Despite TZ-2 having the same electron injec-
tion energy barrier as TZ-1, it is TZ-1 that first exhibits a change
in electrical conductivity. This phenomenon suggests that TZ-1
plays an accelerating and facilitating role in the oxidation of Ag
atoms to Ag', thereby causing a faster alteration in electrical
conductivity (that is, a low Vsgr). Ultimately, this verifies that TZ-
1 is important in facilitating the redox process in the ECM
mechanism.

We also observed a clear correlation between spectral varia-
tion and bias voltage. In the inert electrode system, after
completing the voltage scan, the absorption spectrum of TZ-2
did not revert to the initial state, confirming that an irrevers-
ible reaction and unstable HRS occurred due to the voltage
scan. Conversely, in the active electrode system using an Ag
electrode, TZ-1 exhibited a change in absorbance before TZ-2,
and the switching time was less than that for TZ-2, definitively
indicating that the TZ-1-based memristor has a lower Vggr
compared to the TZ-2-based memristor. This finding is consis-
tent with previously reported TS behavior.

Verification of the stability of the TZ-1 memristor

Before mimicking nociceptor behaviors, it was necessary to
verify the RS reliability of TZ-1. Therefore, we conducted a test
on the device RS properties, focusing on the parameters of Vggr
and Ionjorr- TO assess the cycle-to-cycle variation, 60 consecu-
tive I-V cycles were evaluated to extract the corresponding Vsgr
values (Fig. 4a); the average value is 0.42 V. Furthermore, the
Ionorr Values were extracted, and the results, as shown in
Fig. S12,1 also demonstrate the uniformity of the device. To
assess device-to-device uniformity, 12 devices were randomly
selected for recording I-V curves (Fig. S131). Large-scale fabri-
cation and testing of the device were also carried out, as shown
in Fig. S14.F To validate the key characteristics of cross-cycle
consistency and long-term durability of organic memristors in
simulating nociceptor systems, we conducted 60-cycle endur-
ance tests on devices that had been stored in an atmospheric
environment for over 20 weeks. Statistical data reveal that Vggp
of the devices exhibit a notably narrow distribution (with
a mean value u = 0.35 V) (Fig. 4b). A two-dimensional heatmap
constructed based on a 0.05 V read voltage demonstrates
a uniform spatial distribution of the Ion/orr ratio within the
range of 10° (Fig. 4c). Compared to the fresh device, there is
a slight decay in the on-off ratios, but they remain at a relatively
high level. The cycling test of the TZ-1 device was carried out
and the result was shown in Fig. 4d. The experimental results
indicate that the devices can maintain excellent cycling stability
and parameter consistency even after long-term storage,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cross-cycle consistency and long-term durability of mem-
ristors. (a) Statistical distribution graph of Vsgr extracted from 60 /-V
curves for a fresh TZ-1-based memristor. (b) Statistical results for Vser
extracted from 60 /-V curves for a TZ-1-based memristor stored in an
atmospheric environment for 20 weeks. (c) lon/ors ratio extracted
from 60 /-V curves for a TZ-1-based memristor stored in an atmo-
spheric environment for 20 weeks. (d) Cycling test results for a TZ-1-
based memristor stored in an atmospheric environment for 20 weeks.

providing crucial experimental evidence for the biomimetic
simulation of nociceptors in biological neural systems using
organic memristors.

Mimicking nociceptor behaviors

Biological nociceptors are primary sensory neurons that
perceive harmful stimuli and transmit pain signals to the brain
via neurons, eliciting corresponding responses. For example,
when the harm exceeds a threshold, a painful expression is
exhibited (Fig. 5a). Nociceptors are typically situated at the
nerve terminals in biological tissues, and upon stimulation by
painful stimuli, they release neurotransmitters, resulting in the
depolarization of the postsynaptic neuron's membrane poten-
tial.* When the depolarization potential exceeds the threshold
value (Vi,), pain signals are released. After releasing a pain
signal, a biological nociceptor undergoes a hyperpolarization
process, which is considered a “relaxation” process. During the
recovery period, to protect the organism from further damage at
the site of injury, the “sensitization” feature is activated
(Fig. 5b).

In biological nociceptors, the sensitization phenomenon
usually manifests as “allodynia” and “hyperalgesia”. Theoreti-
cally, allodynia can be defined as a painful response to a no-
injury stimulus, which does not exceed the threshold of the
nociceptors. Hyperalgesia can be defined as an irregular painful
response (i.e., exceeding the normal pain response) to an injury-
causing stimulus. Finally, unlike other receptors, which tend to
gradually adapt to ongoing signal stimuli, nociceptors do not
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Fig. 5 Simulation of four characteristics of nociceptors. (a) Schematic of the anatomical organization of the nociceptor system and the visual
representation of pain perception. (b) After injury, pain sensation can be changed, resulting in allodynia or hyperalgesia. (c) The simulation of the
“threshold” feature. The response current occurs only when the input voltage exceeds the threshold value. Input voltage, amplitude: 0.2-1.2 V;
width: 10 ms, interval: 50 ms. (d) The simulation of the “relaxation” feature. After a normal nociceptor is injured by a strong stimulus, its response
gradually relaxes back to the initial state over time as the stimulus subsides. Input voltage, amplitude (strong stimulus): 2 V, amplitude (weak
stimulus): 0.5 V; width: 10 ms, interval: 1 ms—15 ms—30 ms—50 ms. (e) The simulation of the “sensitization” feature. Effective pulses, amplitude: 2,
3and 4V, 10 ms; pulse trains, amplitude: 0.2-1.2 V; width: 10 ms, interval: 50 ms. (f) The corresponding maximum response currents extracted
from (e) on logarithmic scale (i) and linear scale (ii). Input voltage, amplitude: 0.2-1.2 V; width: 10 ms, interval: 50 ms. (g) The simulation of the "no
adaptation” feature. Input voltage, amplitude: 0.2-1 V; width: 10 ms, interval: 5 ms, pulse number: 60.

exhibit such adaptation, which is the “no adaptation” property.
The aforementioned characteristics constitute the essential
attributes of biological nociceptors. Memristors that operate
based on the ECM mechanism can exhibit analogous behaviors
to those of nociceptors. Leveraging their excellent consistency
and uniformity, TZ-1 devices can be applied to effectively
emulate nociceptors for realizing these four functions.

To simulate the “threshold” feature, a series of voltage pulses
(amplitude: 0.2-1.2 V) with a step of 0.2 V were applied to the
TZ-1 TSM (Fig. 5c). The memristor responds only at a pulse
value exceeding 0.8 V, demonstrating the “threshold” feature,
which depends on the stimulus intensity. Additionally, the pain
(or discomfort) response can also be triggered by increasing the
pulse width at a relatively low stimulus intensity (0.6 V)
(Fig. S151). Fig. S167 illustrates the threshold behavior of TZ-2
in simulating a nociceptor. The elevated HRS results in the

12368 | Chem. Sci, 2025, 16, 12362-12371

generation of electrical signals even at low voltages, which may
compromise the accuracy of pain signal detection. This further
confirms that TZ-2 is not suitable for the simulation of
nociceptors.

For the simulation of the “relaxation” characteristic, after an
initial strong stimulus (2 V, 10 ms) induced a pain signal,
subsequent sub-threshold weaker stimuli (0.5 V, 10 ms) were
applied. The results in Fig. 5d indicate that the pain signal
response can fully return to its initial state, demonstrating the
“relaxation” characteristic.

During the “relaxation” process, nociceptors lower their
threshold to shield the injured tissue from further damage,
a phenomenon regarded as the “sensitization” characteristic.
To study the “sensitization” characteristics, different effective
pulses were applied to the TZ-1-based artificial nociceptor to
induce varying degrees of tissue damage and pain responses.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, pulse trains (0.2 to 1.2 V, step size: 0.2 V, pulse
width: 10 ms) were used to record the current responses. The
results in Fig. 5e show that the stimuli with different intensities
produce distinct responses. Specifically, Fig. 5f exhibits the
averaged response currents extracted from Fig. 5e on both log-
arithmic (Fig. 5f(i)) and linear (Fig. 5f(ii)) scales. With the
increasing severity of the injury, the threshold drops, and the
current response intensifies, suggesting that nociceptors with
greater damage become more sensitive to external stimuli, that
is, “allodynia” and “hyperalgesia” behaviors.

Fig. 5g illustrates the response currents to pulse trains with
varying amplitudes. It is observed that as the pulse value
increases, the nociceptor reaches its threshold more quickly,
and once this threshold is exceeded, it continues to generate
outputs. This behavior demonstrates the “no adaptation”
nature and threshold property of the artificial nociceptor, which
differs from other types of receptors.

In this section, we harnessed the designability of small
organic molecules to manipulate and enhance device perfor-
mance, achieving successful application in the neuromorphic
domain.

Conclusions

This study investigated the working mechanisms of memristors
by employing spectroelectrochemical techniques. Through
meticulous molecular design, TZ-1 and TZ-2 with equivalent
electron transport barriers were synthesized and utilized as the
active layer in memristors. The experimental data reveals a high
degree of alignment between the electrical characteristics and
the outcomes derived from spectroelectrochemical analysis.
Repeated validation between electrochemical and spec-
troscopical results affirmed the applicability of spectroelec-
trochemical techniques in probing memristor mechanisms.
Additionally, our investigation shows that the TZ-1-based TSM
demonstrates remarkable performance, including low device
variability (Vsgr and Ionorr ratio) and pioneering application as
nociceptors. This achievement not only diversifies the applica-
tion landscape of organic small-molecule memristors but also
verifies the application prospects of molecular design in the
semiconductor field. Customizing the active layer can signifi-
cantly reduce power consumption and optimize device
performance.

Data availability

The data supporting the findings of this study are available
from the authors upon reasonable request.

Author contributions

JiYu Zhao: conceptualization, investigation, writing — original
draft, methodology; Kun Liu: data curation, software, resources;
Wei Zeng: data curation, formal analysis; Zherui Zhao: visuali-
zation; Zhuo Chen: validation; Yifan Zheng: validation; Wen-
Min Zhong: software; Su-Ting Han: investigation; Guanglong
Ding: writing - review & editing; Ye Zhou: writing - review &

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

editing, funding acquisition; Xiaojun Peng: supervision, fund-
ing acquisition.

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

We acknowledge grants from the National Natural Science
Foundation of China (62304137), RSC Sustainable Laboratories
Grant (L24-8215098370), the Guangdong Basic and Applied
Basic Research Foundation (2023A1515012479,
2024B1515040002, 2024A1515011737 and 2025A1515011274),
the Science and Technology Innovation Commission of Shenz-
hen (JCYJ20220818100206013), RSC Researcher Collaborations
Grant (C23-2422436283), Ministry of Education of the People's
Republic of China (202411080020), State Key Laboratory of
Radio Frequency Heterogeneous Integration (Independent
Scientific Research Program No. 2024010), the Hong Kong
Research Grants Council, Young Collaborative Research Grant
(C5001-24), Research Institute for Smart Energy (U-CDC9) and
NTUT-SZU Joint Research Program.

Notes and references

1 Y.Kim, Y. ]. Kwon, D. E. Kwon, K. J. Yoon, J. H. Yoon, S. Yoo,
H.]J. Kim, T. H. Park, J. Han, K. M. Kim and C. S. Hwang, Adv.
Mater., 2018, 30, 1704320.

2 ]J. Lee, M. S. Song, W.-S. Jang, H. Lee, S. Lee, T. Boynazarov,
Y.-M. Kim, S. C. Chae, H. Abbas and T. Choi, Appl. Mater.
Today, 2024, 39, 102346.

3 G. Kim, Y. Lee, J. B. Jeon, W. H. Cheong, W. Park, H. Song
and K. M. Kim, Adv. Mater., 2023, 35, 2304148.

4 C. Yang, H. Wang, Z. Cao, X. Chen, G. Zhou, H. Zhao, Z. Wu,
Y. Zhao and B. Sun, Small, 2024, 20, 2308918.

5 X. Yan, J. Sun, Y. Zhang, Z. Zhao, L. Wang, J. Niu, X. Jia,
Z. Zhang, X. Han, Y. Shao and Z. Guo, Mater. Today Nano,
2023, 22, 100343.

6 W. Peng, C. Liu, C. Xu, C. Qin, N. Qin, H. Chen, T. Guo and
W. Hu, Sci. China Mater., 2024, 67, 2661-2670.

7 I. H. Im, ]J. H. Baek, S. J. Kim, J. Kim, S. H. Park, J. Y. Kim,
J. J. Yang and H. W. Jang, Adv. Mater., 2024, 36, 2307334.

8 G. Ding, R. Chen, P. Xie, B. Yang, G. Shang, Y. Liu, L. Gao,
W. Mo, K. Zhou, S. Han and Y. Zhou, Small, 2022, 18,
2200185.

9 C.Huang, T. Cheng, C. Wu, K. Chen, T. Wu and Y. Chou, Adv.
Sci., 2024, 11, 2401946.

10 P. Bhatnagar, J. Hong, M. Patel and ]J. Kim, Nano Energy,
2022, 91, 106676.

11 M. Kumar, H. Kim and J. Kim, Adv. Mater., 2019, 31,
1900021.

12 Y. Li, Y. Xiong, X. Zhang, L. Yin, Y. Yu, H. Wang, L. Liao and
J. He, Nat. Electron., 2024, 1-10.

13 Y. Wang, Z. Lv, Q. Liao, H. Shan, J. Chen, Y. Zhou, L. Zhou,
X. Chen, V. A. L. Roy, Z. Wang, Z. Xu, Y. Zeng and S. Han, Adv.
Mater., 2018, 30, 1800327.

Chem. Sci., 2025, 16, 12362-12371 | 12369


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc02710a

Open Access Article. Published on 03 2025. Downloaded on 29/10/2025 04:28:15.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

14 T. Zeng, S. Shi, K. Hu, L. Jia, B. Li, K. Sun, H. Su, Y. Gu, X. Xu,
D. Song, X. Yan and J. Chen, Adv. Mater., 2024, 36, 2401021.

15 Z.Zhao, M. E. El-Khouly, Q. Che, F. Sun, B. Zhang, H. He and
Y. Chen, Angew. Chem., Int. Ed., 2023, 62, €202217249.

16 H. Chen, Y. Cai, Y. Han and H. Huang, Angew. Chem., Int.
Ed., 2024, 63, €202313634.

17 S. Goswami, R. Pramanick, A. Patra, S. P. Rath, M. Foltin,
A. Ariando, D. Thompson, T. Venkatesan, S. Goswami and
R. S. Williams, Nature, 2021, 597, 51-56.

18 Y. Wang, Q. Zhang, C. Nickle, Z. Zhang, A. Leoncini, D.-C. Qi,
A. Borrini, Y. Han, E. Del Barco, D. Thompson and
C. A. Nijhuis, Nanoscale Horiz., 2025, 10, 349-358.

19 C. S. Patil, S. B. Ghode, J. Kim, G. U. Kamble, S. S. Kundale,
A. Mannan, Y. Ko, M. Noman, Q. M. Saqib, S. R. Patil,
S. Y. Bae, J. H. Kim, J. H. Park and J. Bae, Mater. Horiz.,
2025, 12, 2045-2088.

20 A. D. Trofimov, A. V. Emelyanov, A. N. Matsukatova,
A. A. Nesmelov, S. A. Zavyalov, T. D. Patsaev, P. A. Forsh,
G. Liu, V. V. Rylkov and V. A. Demin, Nanoscale, 2025, 17,
8484-8495.

21 M. A. Ryabova, A. N. Matsukatova, A. V. Emelyanov,
A. A. Nesmelov, T. D. Patsaev and V. A. Demin, Nanoscale,
2024, 16, 20628-20636.

22 M.-K. Song, J.-H. Kang, X. Zhang, W. Ji, A. Ascoli, I. Messaris,
A. S. Demirkol, B. Dong, S. Aggarwal, W. Wan, S.-M. Hong,
S. G. Cardwell, 1. Boybat, J. Seo, ]J.-S. Lee, M. Lanza,
H. Yeon, M. Onen, J. Li, B. Yildiz, J. A. Del Alamo, S. Kim,
S. Choi, G. Milano, C. Ricciardi, L. Alff, Y. Chai, Z. Wang,
H. Bhaskaran, M. C. Hersam, D. Strukov, H.-S. P. Wong,
I. Valov, B. Gao, H. Wu, R. Tetzlaff, A. Sebastian, W. Lu,
L. Chua, ]. J. Yang and J. Kim, ACS Nano, 2023, 17, 11994~
12039.

23 X. Zhang, C. Wu, Y. Lv, Y. Zhang and W. Liu, Nano Lett.,
2022, 22, 7246-7253.

24 Y. Liu, X. Zhou, H. Yan, X. Shi, K. Chen, J. Zhou, J. Meng,
T. Wang, Y. Ai, ]J. Wu, J. Chen, K. Zeng, L. Chen, Y. Peng,
X. Sun, P. Chen and H. Peng, Adv. Mater., 2023, 35, 2301321.

25 H. Yue, Y. Wang, S. Luo, J. Guo, J. Jin, G. Li, Z. Meng,
L. Zhang, D. Zhou, Y. Zhen and W. Hu, Sci. Adv., 2024, 10,
eadq0171.

26 Y. Yu, Q. Ma, H. Ling, W. Li, R. Ju, L. Bian, N. Shi, Y. Qian,
M. Yi, L. Xie and W. Huang, Adv. Funct. Mater., 2019, 29,
1904602.

27 Y. Dou, J. Zhang, Z. Zhong, C. Zhu, Z. Chen, K. Zhang and
F. Huang, Adv. Energy Mater., 2024, 2402268.

28 T. Chen, Y. Zhong, T. Duan, X. Tang, W. Zhao, J. Wang,
G. Lu, G. Long, J. Zhang, K. Han, X. Wan, B. Kan and
Y. Chen, Angew. Chem., Int. Ed., 2024, €202412983.

29 W. Wang, P. Guo, X. Liu, M. Chen, ]J. Li, Z. Hu, G. Li,
Q. Chang, K. Shi, X. Wang and K. Lei, Adv. Funct. Mater.,
2024, 34, 2316346.

30 F. He, S. Chen, R. Zhou, H. Diao, Y. Han and X. Wu, Nano-
Micro Lett., 2025, 17, 16.

31 B. Zhang, F. Fan, W. Xue, G. Liuy, Y. Fu, X. Zhuang, X.-H. Xu,
J. Gu, R.-W. Li and Y. Chen, Nat. Commun., 2019, 10, 736.

12370 | Chem. Sci., 2025, 16, 12362-12371

View Article Online

Edge Article

32 J. Li, Y. Qian, W. Li, S. Yu, Y. Ke, H. Qian, Y. Lin, C. Hou,
J. Shyue, J. Zhou, Y. Chen, J. Xu, J. Zhu, M. Yi and
W. Huang, Adv. Mater., 2023, 35, 2209728.

33 J. Oh, S. Kim, C. Lee, ]J. Cha, S. Y. Yang, S. G. Im, C. Park,
B. C. Jang and S. Choi, Adv. Mater., 2023, 35, 2300023.

34 M. Duan, J. Liu, Z. Li, X. Jia, G. Yang, W. Zhang and C. Jia, J.
Mater. Chem. C, 2024, 12, 7377-7385.

35 J. Chen, W. Zhang, L. Wang and G. Yu, Adv. Mater., 2023, 35,
2210772.

36 J. Yang, S. Mao, K. Chen and J. Chen, Adv. Electron. Mater.,
2023, 9, 2201006.

37 C. Huang, T. Cheng, C. Wu, K. Chen, T. Wu and Y. Chou,
Adv. Sci., 2024, 11, 2401946.

38 N. U. Rehman, A. Ullah, M. A. Mahmood, N. Rahman,
M. Sohail, S. Igbal, N. Juraev, K. Althubeiti, S. Al Otaibi
and R. Khan, RSC Adv., 2024, 14, 11797-11810.

39 J. Ge, S. Zhang, Z. Liu, Z. Xie and S. Pan, Nanoscale, 2019, 11,
6591-6601.

40 T. Chen, Q. Ran, Y. Wang, W. Zhang, X. Tang, Y. Han and
K. Zhang, J. Phys. Chem. Lett., 2024, 15, 8555-8561.

41 D. Panda, A. Acharya and C.-Y. Lo, ACS Appl. Electron. Mater.,
2025, 7, 489-499.

42 Y. Wang, Q. Ran, T. Chen, W. Zhang and K. Zhang, J. Phys.
Chem. Lett., 2025, 16, 3177-3184.

43 H. Patil, H. Kim, K. D. Kadam, S. Rehman, S. A. Patil, ]J. Aziz,
T. D. Dongale, Z. Ali Sheikh, M. Khalid Rahmani, M. F. Khan
and D. Kim, ACS Appl. Mater. Interfaces, 2023, 15, 13238-
13248.

44 7Z.1i, X. Lin, J. Wei, X. Shan, Z. Wu, Y. Luo, Y. Wang, Y. Feng,
T. Ren, Z. Song, F. Wang and K. Zhang, ACS Appl. Mater.
Interfaces, 2024, 16, 19205-19213.

45 S. Du, Y. Song, J. Yuan, R. Hao, L. Wu, S. Lei and W. Hu, ACS
Appl. Mater. Interfaces, 2024, 16, 33907-33916.

46 X. Wang, Z. Wang, X. Wang, F. Kang, Q. Gu and Q. Zhang,
Angew. Chem., Int. Ed., 2024, 63, €202416181.

47 F. Miomandre and P. Audebert, J. Photochem. Photobiol., C,
2020, 44, 100372.

48 S. Segawa, J. Wu, R. T. K. Kwok, T. T. W. Wong, X. He and
B. Z. Tang, Angew. Chem., 2024, 136, €202313930.

49 F. Lédée, P. Audebert, G. Trippé-Allard, L. Galmiche,
D. Garrot, J. Marrot, J.-S. Lauret, E. Deleporte, C. Katan,
J. Even and C. Quarti, Mater. Horiz., 2021, 8, 1547-1560.

50 H. Yang, H. Sun, Y. Chen, Y. Wang, C. Yang, F. Yuan, X. Wu,
W. Chen, P. Yin, Y. Liang and H. Wu, JACS Au, 2024, 4, 2853-
2861.

51 N.Li, Z. Chang, M. Zhong, Z.-X. Fu, J. Luo, Y.-F. Zhao, G.-B. Li
and X.-H. Bu, CCS Chem., 2021, 3, 1297-1305.

52 X. Song, N. Gasparini, M. M. Nahid, H. Chen, S. M. Macphee,
W. Zhang, V. Norman, C. Zhu, D. Bryant, H. Ade,
I. McCulloch and D. Baran, Adv. Funct. Mater., 2018, 28,
1802895.

53 L. Fan, L. Chen, H. Zhang, W. Xu, X. Wang, S. Xu and
Y. Wang, Angew. Chem., Int. Ed., 2023, 62, €202314448.

54 H. Chan, H.-L. Wong, M. Ng, C.-T. Poon and V. W.-W. Yam, J.
Am. Chem. Soc., 2017, 139, 7256-7263.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc02710a

Open Access Article. Published on 03 2025. Downloaded on 29/10/2025 04:28:15.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

55 P.-K. Zhou, Y. Li, T. Zeng, M. Y. Chee, Y. Huang, Z. Yu, H. Yu,
H. Yu, W. Huang and X. Chen, Angew. Chem., Int. Ed., 2024,
63, €202402911.

56 S. A. Chekol, S. Menzel, R. W. Ahmad, R. Waser and
S. Hoffmann-Eifert, Adv. Funct. Mater., 2022, 32, 2111242.

57 Z. Chen, J. Li, J. Wang, K. Yang, J. Zhang, Y. Wang, K. Feng,
B. Li, Z. Wei and X. Guo, Angew. Chem., Int. Ed., 2022, 61,
€202205315.

58 X. Tian, X. Zhao, Z. Wang, Y. Shi, Z. Li, J. Qiu, H. Wang,
S. Zhang and ]J. Wang, Angew. Chem., Int. Ed., 2024, 63,
€202406855.

59 X. Chen, A. A. Sukhanov, Y. Yan, D. Bese, C. Bese, J. Zhao,
V. K. Voronkova, A. Barbon and H. G. Yaglioglu, Angew.
Chem., Int. Ed., 2022, 61, €202203758.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

60 Y. Tao, H. Liu, H.-Y. Kong, X.-Y. Bian, B.-W. Yao, Y. J. Li,
C. Gu, X. Ding, L. Sun and B.-H. Han, J. Am. Chem. Soc.,
2024, 146, 16511-16520.

61 O. Ourahmoun, T. Trigaud, B. Ratier, M. S. Belkaid,
L. Galmiche and P. Audebert, Synth. Met., 2017, 234, 106—
110.

62 Y. Yang, P. Gao, S. Gaba, T. Chang, X. Pan and W. Liu, Nat.
Commun., 2012, 3, 732.

63 J. Guo, L. Wang, Y. Liu, Z. Zhao, E. Zhu, Z. Lin, P. Wang,
C. Jia, S. Yang, S.-J. Lee, W. Huang, Y. Huang and X. Duan,
Matter, 2020, 2, 965-976.

Chem. Sci., 2025, 16, 12362-12371 | 12371


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc02710a

	Unveiling the switching mechanism of robust tetrazine-based memristive nociceptors via a spectroelectrochemical approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02710a
	Unveiling the switching mechanism of robust tetrazine-based memristive nociceptors via a spectroelectrochemical approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02710a
	Unveiling the switching mechanism of robust tetrazine-based memristive nociceptors via a spectroelectrochemical approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02710a
	Unveiling the switching mechanism of robust tetrazine-based memristive nociceptors via a spectroelectrochemical approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02710a
	Unveiling the switching mechanism of robust tetrazine-based memristive nociceptors via a spectroelectrochemical approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02710a
	Unveiling the switching mechanism of robust tetrazine-based memristive nociceptors via a spectroelectrochemical approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02710a
	Unveiling the switching mechanism of robust tetrazine-based memristive nociceptors via a spectroelectrochemical approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02710a
	Unveiling the switching mechanism of robust tetrazine-based memristive nociceptors via a spectroelectrochemical approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02710a

	Unveiling the switching mechanism of robust tetrazine-based memristive nociceptors via a spectroelectrochemical approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02710a
	Unveiling the switching mechanism of robust tetrazine-based memristive nociceptors via a spectroelectrochemical approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02710a
	Unveiling the switching mechanism of robust tetrazine-based memristive nociceptors via a spectroelectrochemical approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02710a
	Unveiling the switching mechanism of robust tetrazine-based memristive nociceptors via a spectroelectrochemical approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02710a
	Unveiling the switching mechanism of robust tetrazine-based memristive nociceptors via a spectroelectrochemical approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02710a


