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ABSTRACT

The ability of diverse carbon nitride materials to store electrons and develop a blue color through unbalanced consumption of

half-charges is well described to occur during photocatalytic reactions. Herein, a similar effect was observed and quantified via
electrochemical biasing of a poly(heptazine imide) (PHI)-based electrode in organic media containing various electrolyte species.
Thus, by instrumentalizing Faradaic processes in the conduction band of PHI, electron storage is observed, the amount and voltage
of which depend on the density of states of the material. Thus, a maximum charge density of 82 C g™' was achieved after charging
the PHI-based electrode for 30s at an applied potential of —1.9V versus Ag/Ag". Notable performance differences arose from
screening different organic electrochemical media, mainly influenced by the physicochemical characteristics of chosen cationic

species and organic solvent. Our herein contribution describes a novel approach to achieving a bias-dependent chromatic effect

of PHI-based materials, with implications in e~ accommodation rates and outputs, and potential prospects for electrocatalytic

chemical transformations.

1 | Introduction

Carbon nitrides and related heptazine-based polymers have
emerged as versatile semiconductors for photocatalytic [1-3] and
photoelectrochemical [4-6] energy conversion. A peculiarity that
stands apart in comparison with other conventional semiconduc-
tor catalysts is described as the ability of melem-based polymeric
networks, particularly poly(heptazine imide) (PHI), to run either
reductive or oxidative processes in an alternating sequence, as
such materials can buffer to a large extent photogenerated elec-
trons [7, 8]. In the ideal case of fast oxidation kinetics, electrons
accumulate in the semiconductor nanostructure, resulting in
a distinctive photochromic phenomenon in which the catalyst
changes optically from mainly yellow to distinctively blue. Under
photocatalytic conditions, this electron-loaded state can be ach-
ieved when photogenerated holes are consumed rapidly, allowing

electrons to persist in the material, even in the absence of inci-
dent irradiation, and to be used subsequently in delayed reduc-
tion processes, conditioned by thermodynamic requirements
for the chemical conversion of said substrate. This nonconven-
tional approach was later denoted “dark photocatalysis” [9] and
was employed for time-delayed reactions such as H, evolution
[10, 11], O, reduction to H,0, [12, 13], and the reduction of
organic substrates [14, 15]. The number of stored charges at
the beginning of such studies was reported to be relatively low,
corresponding to only one uncoupled e” per nine to ten heptazine
units [11] in melem-based polymeric networks, although later
studies increased this value for other carbon nitride polymorphs
by more than a factor of two, reaching approximately one stored
electron per four heptazine units [8]. Altogether, these findings
established PHI as an unusual class of light absorbers combining
photoactivity with intrinsic charge-storage capability.
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Beyond photochemical charging, previous work also showed
that PHI can be charged electrochemically in aqueous media by
application of a negative bias, under assistance of incident light
irradiation [16]. In that case, the amount of stored charge depends
on the attained potential and on the nature of the compensating
cation. Importantly, that study was developed in the context of a
solar-battery concept, employed a 2D cyanamide-functionalized
PHI (NCN-PHI), and remained confined to aqueous electrolytes,
where the accessible cathodic window and charge-storage behav-
ior are inherently shaped by water-based interfacial chemistry.
By contrast, the behavior of more conventional K-PHI materials
under purely electrochemical charging in non-aqueous media
remains insufficiently understood. This question is important
because moving from water to organic electrolyte does not merely
expand the reductive window; it also changes ion pairing [17],
solvation [18], and interfacial charge-compensation processes
[19] that are expected to influence both the amount and rate of
stored charge.

Here, we focus exclusively on the electrochemical generation of
the blue charged state in non-aqueous media, where broader
reductive stability and different ion-solvation environments offer
a distinct regime for PHI charging. In this context, we ask how
the applied bias, cation identity, solvent, and electrolyte concen-
tration govern the extent and kinetics of electron storage in freeze-
dried, mechanically exfoliated K-PHI (FK-PHI) films. Our aim is
not to re-establish the existence of electrochemical charge storage
in PHI, but rather to determine how the extent and rate of electron
accumulation depend on the applied bias and on the properties
of the electrolyte environment. Specifically, we examine the influ-
ence of cation identity, solvent, and electrolyte concentration on
the charging behavior of FK-PHI in organic media.

Using this approach, we show that FK-PHI can be driven
rapidly into the blue electron-loaded state in organic electro-
lyte, reaching charge densities of up to 82Cg™" after 30s of
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potentiostatic charging at —1.9V versus Ag/Ag*. We find that
the charging response depends strongly on the electrochemical
environment, with marked differences between Li*, Na*, and
tetrabutylammonium-based electrolytes, as well as clear solvent
effects. To probe the charged state, we combine electrochemical
analysis with optical spectroscopy and in-situ electron energy-loss
spectroscopy (EELS). Taken together, the data support a picture
in which electrochemical bias injects electrons into the PHI
framework, while the achievable charge density and discharge
behavior are governed by coupled ion-electron compensation
processes that are highly sensitive to the surrounding electrolyte.
Thus, this work extends electrochemical PHI charging into the
non-aqueous regime and clarifies how external electrochemical
conditions control the formation and stability of the blue stored-
electron state.

2 | Results and Discussion

2.1 | Material Preparation and Structural
Validation of FK-PHI

A standard K-PHI sample was synthesized via a previously
reported procedure, essentially involving the polycondensation of
heptazine-based framework in a eutectic salt flux [20] (Figure 1a).
Specifically, a 5-aminotetrazole precursor was thoroughly com-
bined with LiCl and KCI, the mixture, which was thereafter
thermally treated at 600°C under N, gaseous atmosphere to yield
the desired crystalline carbon nitride analogue. After washing,
the sample was mechanically exfoliated via intense ultrasound-
sonication in an aqueous dispersion and freeze-dried under
vacuum. The final product is denoted as FK-PHI. A schematic dia-
gram illustrating this synthetic protocol is displayed in Scheme 1.

The final FK-PHI product was chemically, structurally, and mor-
phologically characterized in comparison with the non-exfoliated
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SCHEME1 | (a)Illustration of the synthetic protocol followed for the synthesis of K-PHI, followed by (b) mechanical exfoliation and freeze-drying,

which yields FK-PHI.
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sample (K-PHI). HR-TEM surveys of samples under investiga-
tion highlight a successful textural alteration achieved for the
FK-PHI analogue, as compared to the parent K-PHI (Figure 1a—c).
Comparing micrographs of these two specimens reveals slightly
altered morphologies, as large rod-like crystalline domains with
strong agglomeration are observed in the case of K-PHI, whereas
thinner units that retain a large degree of crystallinity are evident
for the FK-PHI sample. It must be noted that, due to this strong
agglomeration between particles in both cases, differentiation of
domain edges is difficult to assess. The efficacy of the freeze-drying
pretreatment is further supported by N, physisorption measure-
ments of these samples. As shown in Figure 1d, FK-PHI exhibits
higher N, uptake than K-PHI, corresponding to calculated specific
surface areas of 93 and 54 m> g_l, respectively. It must be noted that,
despite this difference not being substantial, FK-PHI may exhibit
larger effective surface areas upon redispersion and subsequent
casting onto electrode substrates, as this processing would perturb
the particle agglomeration observed under TEM screening.

PXRD diffraction patterns of investigated samples reveal charac-
teristic crystalline reflexes associated with poly(heptazine imide)
networks (Figure 1e). The in-plane order of repeating heptazine
units appears unperturbed after the mechanical exfoliation proto-
col, as both K-PHI and FK-PHI exhibit a well-developed diffrac-
tion line at 8.15°(20) associated with the (100) in-plane repeat,
and an additional crystalline mode at 14°(26) corresponding to
the (110) reflection [21]. Notably, substantial diminishing of the
(002) stacking reflection at 28.2°(20) is apparent for FK-PHI,
further confirming the successful K-PHI delamination to thinner
particles without structural disintegration of the polyheptazine
framework. Additionally, FT-IR spectra of all investigated sam-
ples (Figure 1f) exhibit vibrational contributions at 801cm™,
characteristic of out-of-plane bending modes of heptazine units,

and a broad absorption feature between 1200 and 1650cm™

arising from C—N and C=N stretching vibrations in the heterocy-
clic frameworks [22]. For K-PHI and FK-PHI, the band present
at 987cm ™" denotes the presence of K* cations in the nitrogen-
rich structural cavities of poly(heptazine imide) [23]. Notable
chemical significance must be attributed to signals appearing at
2190cm™" that correlate with edge-terminating —C=N function-
alities [24], which exhibit similar contribution for both analogs,
and furthermore indicate that exfoliation occurs without major
in-plane covalent alterations.

Taken together, these results show that the freeze-drying/
exfoliation treatment modifies the texture and morphology of
K-PHIwithout altering the essential PHI framework, thus provid-
ing a suitable model material for probing electrochemical charge
storage in non-aqueous media.

2.2 | Electrochemical Generation of the Blue
Charged State in Non-Aqueous Electrolyte

Having established the structural integrity of FK-PHI, we next
examined whether the material can be driven electrochemically
into the characteristic blue charged state in a non-aqueous envi-
ronment. FK-PHI was deposited on conductive FTO substrates,
with carboxymethyl cellulose (CMC) as a binder, and tested in
acetonitrile-based electrolyte, chosen to provide a broader catho-
dic stability window than water and thereby allow access to more
negative charging potentials. In addition, it is a common solvent
used for photocatalysis of organic substrates.

Cyclic voltammetry revealed that the FK-PHI film remains visually
unchanged at modest cathodic bias, but undergoes a gradual
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FIGURE 1 | HR-TEM micrographs recorded for (a,b) FK-PHI and (c) K-PHI; (d) N, adsorption-desorption isotherms of investigated samples,
while the calculated BET specific surface area are displayed in the inset; () PXRD diffraction patterns recorded for carbon nitride analogs, with (100),
(110), and (002) reflection modes of PHI appearing at 8.15°, 14°, and 28.2°(26), respectively; (f) FT-IR spectra recorded for investigated samples, with

characteristic vibrational modes of PHI networks highlighted in the inset.
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yellow-to-blue transition once the potential is swept beyond
approximately —0.9 V versus Ag/Ag", as depicted in Figure 2a. This
color change is accompanied by a pronounced cathodic current
and is followed by an asymmetric anodic response upon reversal
of the scan. It means that electrons introduced at negative bias
remain temporarily stored in the film and are released only upon
re-oxidation. The evolution of the CV thus directly links the elec-
trochromic response to electrochemical charging of the PHI-based
film. The onset potential (—0.9V vs. Ag/Ag") overcomes the theoret-
ical conduction band (CB) minimum of PHISs, i.e., the additional
electrons are doped into the empty CB once the energy is sufficient
[20]. Due to the increasing density of states in the CB, charges
quickly accumulate into the film, accompanied by the development
of characteristic blue color. To confirm the nature of this charged
state, in-situ UV-vis spectroscopy was performed (Figure 2b). In
the blue state, FK-PHI exhibits a broad absorption band centered
around 600nm, a spectral signature identical to that of the stable
ionic species generated in carbon nitrides under illumination [25]
without appropriate organic partners to reduce (photocharging).

These results establish that FK-PHI can be driven reproducibly
into the characteristic blue reduced state by purely electrochemi-
cal meansin organic media, without hole scavenger, providing the
basis for quantitative analysis of its charge-stored response. The
voltammetric response indicates a (pseudo)capacitive process:
cathodic scanning generates negative currents that are partly
recovered as anodic currents during the reverse sweep. The pro-
nounced asymmetry further shows that charging and discharging
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proceed with different kinetics, while the amount of stored charge
depends on the applied potential window. This is consistent
with distinct charging regimes arising from a potential-dependent
density of states that increases at more negative potentials.

2.3 | Charge Storage in FK-PHI

To quantify the charge-storage response of FK-PHI (electron
accumulation capacity), the films were charged potentiostatically
(chronoamperometry) for 30s at progressively more negative
potentials and then discharged galvanostatically at 100mAg™"
(Figures S1 and 2c). Storage capacity has been quantified via
integrating the discharge currents over time (see supplementary
material and Equation S1). This protocol reveals a clear depend-
ence of extracted charge on the charging bias. Above the onset
potential for reduction, progressively more negative potentials
lead to steadily increasing discharge capacity, as displayed in
Figure 2d, reaching up to 82C g™ (853umolg™") after charging
at —1.9V versus Ag/Ag*. In chemical terms, this corresponds to
approximately one stored electron per 4.5 melem units, assuming
an ideal poly(heptazine imide) structure, in which the molecular
weight of a K-PHI monomer is 223 gmol ™" [8].

The shape of the discharge curves also evolves with charging
potential. At lower charging bias, the discharge is dominated by
a sloping profile reminiscent of (pseudo)capacitive storage, indi-
cating toward a multi-factor mechanism governed by both charge
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FIGURE2 | (a)CV scanat20mVs " in 0.1 M LiClO, in acetonitrile under a potential window between 0 and —1.5 V versus Ag/Ag"; (b) UV-vis
spectra of FK-PHI under original state and charged state. (c) Discharge profiles at 100 mA g™ showing increased charge storage after increasing charging

potentials. (d) Extracted charge as a function of the corresponding electrode potential before the discharge and evaluation of the charge density resulting

from the charge difference between the respectively attained voltage values.
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insertion into the polymeric network, and ion diffusion/insertion
for the electrostatic stabilization of said charges, whereas at
more negative potentials a more pronounced plateau-like region
emerges, which we propose as being an outcome of sluggish
release of incorporated Li*. This transition suggests that, at more
negative charging potentials, charge release becomes increasingly
dominated by states within a narrower potential range. At the
same time, stable cycling is more readily maintained under milder
charging conditions, whereas prolonged operation at strongly
negative bias leads to partial film detachment from FTO, high-
lighting the difference between maximal apparent storage and
the more robust operational window.

A peculiarity previously described for charge accumulation in
PHI-networks is the long-lived nature of these e, thus enabling
time-delayed redox processes. Thus, the herein described FK-
PHI electrodes were charged for 30s at —1.9V versus Ag/Ag™,
and further discharged after incremental delay times, ranging
from 5 to 60 min (Figure S3a). Results indicate gradual charge
losses, up to 83.5% after 1 h, potentially due to circuit losses,
whereas 95% in the presence of O, after 5min of exposure
(Figure S3c). Therefore, compared to parallel photochemical
approaches, where accommodated charges may persist for
extended periods, up to days, electrochemical loading allows a
narrower window for time-delayed processes.

To gain insights into the kinetic character of the discharging
process, we analyzed the dependence of CV anodic peak current
on scan rate using the power-law relationship between the anodic
peak current (i,) and the scan rate (v) (Figure S3a), according to
Equation (1):

i, =a’ (1)

A linear fit of log(i,) versus log(v) over a scan rate range of 10—
100mVs™" yielded a b-value of 0.61 (Figure S3 and Table S1),
situated between the ideal limits of 0.5 (diffusion-controlled) and
1.0 (surface-controlled). This indicates that the electrochemical
response contains both fast and slow contributions. We interpret
this as a mixed charge-storage mechanism, where a fast surface-
controlled process first introduces the electrons and counterions
into the materials, followed by a significant diffusion-limited com-
ponent toward the deeper layers of the materials, presumably by
diffusion of the Li-ions through the structural micropores of PHI.

Additional support for this mixed kinetic behavior is provided by
the pronounced hysteresis in the CV response and by impedance
spectroscopy. The CV traces (Figure S4) show that electrons stored
at negative potentials are not released immediately upon reversal
of the scan, but require a broad return to more positive potentials
before full deloading is achieved. Consistently, EIS measurements
reveal a drastic reduction in charge-transfer resistance upon
charging. Recorded Nyquist plots (Figure S5 and Table S2) reveal
a reduction in the charge-transfer resistance from the MQ range
in the pristine state to a mere 91.2Q in the fully charged state.
This provides evidence that electron injection improves the elec-
tronic conductivity of the FK-PHI film and lowers the barrier
for interfacial charge transfer: the carbon nitride semiconductor
is ionotronically doped. The kinetic bottleneck is the sluggish
ion diffusion required for charge compensation, which is visually
manifested as the discharge hysteresis in the CV scans.

A useful comparison can be drawn between photo- and electro-
chromic charging of PHI materials. Under photocatalytic condi-
tions, K-PHI has previously been reported to store up to 92Cg™
after 24h of irradiation in the presence of a hole scavenger,
whereas in the present electrochemical approach, FK-PHI rea-
ches comparable charge densities within seconds under applied
bias. Although the two charging modes differ in operation, both
are ultimately limited by the energetic accessibility of charge-
storing states and by the onset of competing side reactions at
more negative potentials. In our case, FK-PHI retained a stable
discharge capacity of 29.7Cg™" when charged at —1.1V, where
decomposition processes are not yet activated, demonstrating
good stability at moderate bias, while prolonged cycling at more
negative potentials led to partial film detachment from the FTO
support (Figure S2). It must be mentioned that related precedents
of PHI-related electrochemical systems tackle electrode robust-
ness through direct growth of carbon nitride films onto conduc-
tive substrates [26], strategy worth exploring for electrochemical
loading of PHI, conditioned by controllable film thickness and
crystalline consistency. Compared with earlier electrochemical
charging of PHI in aqueous electrolyte, which reached about
45Cg™" at —0.75V versus Ag/AgCl, the non-aqueous medium
used here offers a wider cathodic window and thereby enables
faster and more extensive charge accumulation.

Overall, the electrochemical behavior of FK-PHI in non-aqueous
medium is consistent with a potential-dependent, ion-coupled
electron-storage process in which charging enhances film
conductivity but remains kinetically influenced by slower
compensating-ion motion. In order to gain direct insight into
the alterations of the band structure arising from electrochemical
e -Li" injection into the FK-PHI semiconductor, valence electron
energy-loss spectroscopy (VEELS) surveys were acquired after
deposition of the target specimen onto 4-finger gold electrodes
designed for in-situ TEM investigation. Since the electron counts
in EEL spectra are proportional to the local density of states of
the probed volume, a semiconductor’s electrical bandgap can
be estimated by the onset of the valence-electron spectra in the
low-loss (<50eV) region. Additional experimental details are
described in the supplementary material. It must be denoted
that, due to operational conditions involving high vacuum of
the analysis chamber, acetonitrile-based electrolytes could not be
employed, and in turn [EMIM*][BF, ] was chosen as replacement
due to its negligible volatility and relatively small ions. Thus, in
order to check the feasibility of this chemical system in achieving
PHI electrochromism, a 0.1M solution (in acetonitrile) containing
the ionic liquid (IL) was charged for 30 s under diverse potentials,
from —0.9 to —1.9V versus Ag/Ag" (Figure S6), yielding a maxi-
mum charge density of 19 Cg™". Deposition of investigated K-PHI
specimens onto the TEM chips, and further addition of IL into
the system, is evidenced in Figure S7, while the intimate contact
between solid specimen and IL is confirmed via EDX mapping of
K (originating from K-PHI) and F (present via BF, anions in the
IL) species.

Probing the evolution of recorded bandgaps under different exper-
imental conditions must consider potential physical and chemical
interactions between specimen, IL, electrical bias, and electron
beam. Therefore, FK-PHI was first investigated in absence of IL
and bias, as shown in Figure S8. Fitting the linear region (2.7-
3.2eV)in the thinnest observed analysis region/cluster (Cluster 8),
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resulted in an intercept with the baseline (i.e., highest point of the
valence band) at 2.7 eV, value consistent with previously reported
K-PHI related analogues. Thicker clusters show slightly lower val-
ues, with an average of 2.63 + 0.1 eV. For FK-PHI in the presence of
IL (Figure S9), in comparison with the isolated specimen, the bulk
plasmons (10-35eV) become predominant, and the features of the
K-PHI surface plasmon (2-10eV) are smeared out by the IL states
and possibly by the long tail of the bulk excitations. According
to previous reports [27] on experimental low-energy EELS, the
valence spectrum of this IL exhibits a smooth start at around
4eV, meaning that the bandgap determination by this technique
should not be influenced. A fitting for Cluster 6 shows an intercept
at 2.69eV, while the average is 2.63+0.1eV. Both are consistent
with the reference K-PHI. After applying —1.5V (1Vs™' rate)
to the in-situ chip containing both FK-PHI and IL, the spectra
acquired show a shift of the onset potential, while new states are
also evidenced (Figure S10). Comparison of the averaged EEL
spectra for the described operational and acquisition conditions is
illustrated in Figure 3a, while investigation over similar thickness
of analyzed region is shown in Figure 3b. Though it would
require a momentum-resolved EELS experiment to determine the
band structure and possible transitions, this result is nevertheless
consistent with a shift of the VB to 2.1V, which is indicative of the
presence of a larger population of electrons in the CB, which in
turn also destabilizes to a minor extent the VB. The shift of the
optical spectrum to a broader absorption contribution (Figure 2b)
in the yellow-red region, observed ex-situ, is then in agreement
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with transitions of the new VB position to the CB. Cluster 7 gives
an intercept of 2.16 eV, while the average is 2.03+0.1eV. Thus, a
simplified band structure can be proposed for FK-PHI (Figure 3c),
which explains the experimental observations. There are further
changes in the VEELS spectra pointing to a separation into
different smaller charged domains, as observed for the biased
sample in Figure 2b, yet more definite analysis has to await
detailed molecular modeling.

2.4 | The Charge-Storage Response is Governed by
the Electrolyte Environment

A central objective of this work was to determine how the
non-aqueous electrolyte environment regulates charge storage
in FK-PHI. It is crucial to recognize that charge storage in the
FK-PHI electrode occurs at a complex interface consisting of the
conductive substrate, the semiconductor material, and the liquid
electrolyte. Therefore, the charge transfer dynamics are governed
not only by the electronic properties of the semiconductor, but are
fundamentally coupled with the behavior of ions which need to
migrate into the porous PHI, as well to the as-formed dynamic
electrical double layer at the solid-liquid interface. Electron
injection and ion compensation are synergistic and inseparable
processes. The properties of the cation and its surrounding solvent
shell act as a powerful external lever to regulate the overall storage
kinetics and capacity.
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FIGURE 3 | (a) Average of acquired EEL spectra for K-PHI (green), K-PHI in IL (brown), and biased K-PHI in IL (blue) over different scanning
regions from inner to outer parts of selected analysis regions; (b) comparison between K-PHI (green), K-PHI in IL (brown), and biased K-PHI in IL (blue)

over comparable thicknesses of analyzed regions; (c) proposed band structure for FK-PHI and the induced VB energy level shift as a consequence of

charging, the VB maxima value being adopted from related literature precedents [28, 29].

6 of 9

Advanced Energy and Sustainability Research, 2026

85U8017 SUOLILLIOD @A 18810 3deoljdde ayy Aq peusenob a1e ssjoie YO ‘8sn Jo 3. 10y ArIqi8UIIUO AB[IA UO (SUONIPUCD-PUe-SLLIBY/WIOY"AB | IM*ARIq 1 U1 UO//SdNL) SUORIPUOD PUe SWB | 8L 88S *[9202/80/9T] U0 Afiq1T8UllUO A8]IM ‘IBSSeH 1BIsieAluN Aq Z£20/"S3e/200T 0T/I0p/W0d A8 |im' Afe.d 1 jeuljuo"peoueADe// Sy o) papeolumod ‘. ‘9202 ‘ZT¥66692



Comparative electrochemical studies were performed in electro-
lytes containing Li*, Na*, and TBA™ cations with the same C10,
anion. As shown in Figure 4a, smaller cations such as Li* and
Na* promote more efficient diffusion into the structural cavities
of K-PHI, thereby enhancing charge storage and lead to a more
pronounced color change (grades of blue). In contrast, the bulky
TBA™ primarily contributes to double-layer capacitance rather
than intercalation. This trend was observed across all potentials
in the range tested (Figure 4b), as charge densities of 54, 42,
and 12Cg™" were obtained for Li*, Na¥, and TBA™, respectively,
after charging at —1.5V (vs. Ag/Ag+) for 30s and discharging at
a rate of 100mAg™". Notably, considering the solvated forms of
investigated cations, FK-PHI charge stabilization shows a clearly
distinguishable preference for Li* moieties, despite having a
comparable or slightly larger size than that of Na™ (solvated radius
of ~4.8 and ~4.6 A, respectively), while the size TBA* (solvated
radius of ~5.3 A) is beyond the range of incorporation and is expec-
ted to inhibit the process [30-32]. This strong cation dependence
indicates that the compensating ion is not a passive spectator
but an integral part of the charging process. Smaller inorganic
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cations support substantially more efficient charge stabilization
than the bulky TBA™ species, which appears to contribute mainly
to interfacial charging without enabling efficient storage in the
PHI film. In order to probe whether K* ions present in the
K-PHI ionic structure are unaffected by these charge/discharge
cycles, post-process ICP analysis was carried out. As-synthesized
FK-PHI incorporates K* ions up to 9.91 wt.%, while trace amounts
of Li* are also present (0.2wt%), due to the salt flux synthetic
process. After electrochemical processing, K* content decreased
to 3.11 wt%, while a notable Li* content of 2.64 wt% was detected.
Thus, these results indicate a dynamic exchange between K*
and Li* during electrochemical loading, further evidencing that
charge uptake is directly dependent on ion diffusibility through
the structural channels of PHI.

To understand whether observed organic cation effects were
influenced by solvent identity, parallel studies to those performed
in acetonitrile were done in dimethyl sulfoxide and propylene
carbonate, as shown in FigureS11. When the same salts were
examined in different solvents, the charging response decreased
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FIGURE4 | (a)Discharge curves of FK-PHI in 0.1 M LiClO,, NaClO,4, and TBACIO, in acetonitrile at 100 mA g']; (b) charge extraction of FK-PHI
from —0.9 to —1.5V versus Ag/Ag" in 0.1 M LiClO,, NaClO,, and TBACIO, in acetonitrile; (c) Tafel plots of in 0.1 M LiClO,, NaClO,, and TBACIO, in
acetonitrile calculated from the LSV curves in Rotating Disk Electrode Measurement at 900 rpm; (d) schematic illustration of our proposed mechanism
for FK-PHI electrochromism, and different factors influencing the process. The K-PHI structural model displays C atoms in gray and N atoms in cyan,
while H atoms are excluded for the sake of visual clarity. Solvated cationic radii are adopted from literature [30-32].
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with increasing dielectric strength of the medium, effect which
we attribute to enlarged solvation shells and detrimental charge
shielding, thus limiting both diffusion of cations into the PHI
matrix, as well as effective Coulombic stabilization of injected
charges [33, 34]. Likewise, increasing the electrolyte concentra-
tion from 0.1 to 1M did not improve storage but instead reduced
charging efficiency, particularly for larger cations (Figure S12).
Together, these observations point to an important role of ion
pairing, solvation, and desolvation at the interface [35, 36]. In
other words, charge storage in FK-PHI is controlled not only
by the redox energetics of the solid, but also by how readily
the surrounding electrolyte can supply effective compensating
cations under bias.

On the basis of these observations, a working picture for charging
in FK-PHI can be proposed. Cathodic bias injects electrons into
the PHI framework, populating electronic levels in the conduction
band of KF-PHI, as described through recorded EEL, leading
to the formation of the characteristic blue reduced state. We
propose that charging occurs via direct electron injection into the
semiconductor, this behavior being directed by the magnitude
of applied bias potential. Charge accumulation is then stabilized
by compensating cations supplied from the electrolyte, and the
efficiency of this coupled ion-electron process depends strongly on
cation size, solvation, and electrolyte composition. The discharge
behavior and attainable stored charge therefore emerge from an
interplay between the electronic structure of FK-PHI and the phys-
icochemical properties of the surrounding non-aqueous medium.

These results identify the electrolyte as an active design parameter
for electrochemical PHI charging. Rather than merely extending
the cathodic window relative to water, the non-aqueous medium
directly controls how efficiently the reduced blue state can be
generated, stabilized, and accessed electrochemically.

3 | Conclusion

In summary, we have established a purely electrochemical
method to control and quantify the intrinsic charge storage in
an FK-PHI electrode, achieving a high capacity of 82Cg™" at a
rate that is orders of magnitude faster than conventional photo-
charging. Our comprehensive analysis reveals that this process is
governed by an ion-electron pair integration mechanism. In-situ
EELS experiments bring clarity into the electronic alternations of
the PHI semiconductor and the energy levels at which additional
charges are accommodated. Crucially, this work demonstrates
that the entire energy storage process is exquisitely regulated by
the external electrochemical environment, where cation size and
solvent polarity dictate the interfacial and intercalation kinetics.
Besides charge storage, several beneficial properties may accom-
pany this blue-state of carbon nitride, with important implications
in transition states and catalytic turnovers, not to mention about
improved spectral coverage of solar contributions, which in turn
might facilitate chemical reactions.
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