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Abstract

This study addresses the light intensity dependence of charge accumulation in a photocatalyst suspension, and its impact
on both charge recombination kinetics and steady-state H, evolution efficiency. Cyanamide surface functionalized
melon-type carbon nitride (N“NCNy) has been selected as an example of emerging carbon nitrides photocatalysts because
of its excellent charge storage ability. Transient spectroscopic studies (from ps to s) show that the bimolecular
recombination of photogenerated electrons and holes in NNCNy can be well described by a random walk model.
Remarkably, the addition of hole scavengers such as 4-methylbenzyl alcohol can lead to ~ 400-fold faster recombination
kinetics (lifetime shortening to ~ 10 ps). We show that this acceleration is not the direct result of ultrafast hole extraction
by the scavenger, but is rather caused by long-lived electron accumulation in NNCNy after hole extraction. The
dispersive pseudo-first order recombination kinetics become controlled by the density of accumulated electrons. H.
production and steady-state spectroscopic measurements indicate that the accelerated recombination caused by electron
accumulation limits the Hz generation efficiency. The addition of a reversible electron acceptor and mediator, methyl
viologen (MV?"), accelerates the extraction of electrons from the N°NCNy and increases the H, production efficiency
under one sun irradiation by more than 30%. These results demonstrate quantitatively that whilst long-lived electrons
are essential to drive photoinduced H, generation in many photocatalysts, excessive electron accumulation may result
in accelerated recombination losses and lower performance, and thus highlight the importance of efficient electron and
hole extraction in enabling efficient water splitting photocatalysts.
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Introduction

Artificial photosynthesis, a process employing sunlight to drive the generation of fuels from water and COg, is attracting
extensive research interest due to its potential for developing sustainable and carbon neutral alternatives to fossil fuels.:
% Its operational principle involves photon absorption, charge separation and transfer of photogenerated electrons and
holes to either electrochemical interfaces to drive surface chemistry (e.g., the formation of the H—H bond from proton
reduction) and/or an external electrical circuit. In artificial photosynthetic systems, many of the processes determining
device efficiency are non-linear in either light or charge carrier density. These phenomena include the intrinsic
photophysical processes of the light absorber. For example, bimolecular recombination processes*® and multiexciton
interaction®’ have been shown to be strongly nonlinear with respect to the carrier densities in metal oxide electrodes*®
and quantum dots.®’ In addition, photocatalytic systems often exhibit large asymmetries in the kinetics of charge transfer
and extraction, dependent upon the nature of the extraction processes. Recently, we have recently reported that for water
oxidation on metal oxide photoanode, the reaction order of hole extraction can change from 1 to 3 with the increase of
the surface carrier density.®® As such, the photophysics and performance of these systems can be strongly dependent
upon irradiation light intensity.*1° These non-linearities and asymmetries in kinetics are not only of fundamental
importance to understanding device efficiency but relevant to practical device application under the broad range of light
intensities supplied by solar irradiation. Therefore, understanding the impact of such non-linear processes upon
photocatalytic efficiencies is a key, but relatively unexplored, challenge and can provide vital insights for the
development of efficient artificial photosynthetic systems. *

In studies of photocatalyst suspensions, hole (or electron) scavengers are often added to remove one charge carrier
efficiently from the light absorber, in order to facilitate studies of the complimentary oxidation/reduction reaction (e.g.,
water oxidation to O2/proton reduction to Hy). This scavenging process can, however, create a strong kinetic asymmetry
in the carrier extraction from the light absorber, resulting in the accumulation of one type of charge, as detailed illustrated
in Scheme S1. Surprisingly, while several studies have indicated large kinetic differences in the electron and hole
transfer processes,'*!® the impact of such asymmetries on charge accumulation and their correlation to device
performance has been rarely studied.*®* Such studies are important both for the technological function of devices under
variable solar irradiation and for the correct interpretation of the pulsed laser spectroscopic measurements, where the
irradiation differs substantially in temporal profile and intensity from solar irradiation. Herein, we focus on the study of
the light intensity dependent asymmetric charge accumulation for a particularly promising photocatalytic material,
carbon nitride (CNy) (also referred to in the literature as graphitic carbon nitride, g-CsN.).

CNy is an important class of organic photocatalysts,'>" which has attracted particular research interest since its first
demonstration of photocatalytic H, production in 2009.28 Further research has been motivated by their tunable band-
gap, low cost of synthesis and ease of surface functionalization. By simply thermally treating melon?®, urea® and other
carbon-nitrogen precursors, a variety of CNy photocatalysts can be easily synthesized typically with a 2D graphitic
structure,? or as polymeric ribbons connected by H bonds.? Its suitable band edge positions, strong light absorption,
and high stability have facilitated CNy to achieve wide application for both CO, reduction®2* and H; production® in the
presence of sacrificial donors. However, very few detailed photophysical studies of CNx have been reported to date,'2%6-
%0 limiting our understanding of the carrier dynamics determining its photocatalytic performance. This is partially due
to its tendency to aggregate in solution and therefore form optically scattering suspensions, which are more challenging
to study spectroscopically.?® Elucidation of the carrier dynamics in the CNy and their correlation with efficiency is
therefore needed to enable further development of this promising photocatalytic system.?®

In this study, we focus upon post-synthetically modified (KSCN treated) melamine-derived carbon nitride, referred to
herein as N°NCN,. The introduction of cyanamide (NCN) terminal groups has been previously shown to significantly
improve H, production efficiency,®! and to achieve rapid hole extraction by 4-methylbenzyl alcohol (4-MBA) to produce
selectively the desired product benzyl aldehyde with high conversion yields.®2 NCNCNy suspensions were also
demonstrated to accumulate electrons for several hours during irradiation, making them appealing for photocatalysis
using light/dark irradiation and solar battery applications.*** Moreover, unlike in urea-derived CNy,'? these long-lived,
accumulated electrons retain sufficient driving force to reduce protons following discharging in the dark with a suitable
co-catalyst. The long-lived electrons generated in this system offer an ideal opportunity to study the impact of electron
accumulation upon carrier kinetics and H, production as a model photocatalytic system.

Herein, we conduct photophysical studies on N°NCNy suspensions on timescales ranging from ps to s with two aims: (i)
to contribute to the current understanding of photophysical properties of this particular CNyx material and (ii) to utilize
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the strong electron accumulation observed in NNCNy to investigate the impact of charge accumulation on carrier
dynamics and its correlation with photocatalytic performance. We start by detailing a procedure to produce a well-
dispersed suspension of this system, enabling detailed spectroscopic studies, and discuss its basic material and optical
properties. We subsequently study the photophysical processes for the stable N°NCNy suspension and then focus on the
impact of electron accumulation within this N°NCNy induced by irradiation in the presence of 4-MBA and discuss the
resultant acceleration of recombination kinetics under these conditions. These kinetic studies are further correlated with
the H, production efficiency of the system under various steady-state illumination intensity. Finally, we explore the
usage of a redox mediator to mitigate the negative impact of electron accumulation on the photocatalytic H, production.
These results provide insights regarding the photophysical properties of the CNy materials and, more importantly,
demonstrate that the efficiency bottleneck of such photocatalysts could result from the accelerated recombination caused
by charge accumulation.

Result and Discussion.

Steady-State Characterization
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Figure 1. Basic properties of the N°NCNy photocatalyst used in the present study. (a) Chemical structure. (b) UV-
vis and PL spectra of N“NCNy dispersed in water (1 mg/ml). (c) The visible change of the sample in the electron
accumulated state (blue, left) as compared to the original state (yellow, right) caused by hole extraction by 4-MBA. (d)
Absorption spectra of N°NCN, samples before and after illumination (~10 min) in argon and air in the presence of 4-
MBA. Yellow line: the spectra before illumination; Blue line: after illumination under argon; Black dash line: after
illumination under air. Inset: the corresponding absorption difference spectra due to light illumination.

Figure 1a shows the chemical structure of the N°NCNy photocatalyst used in the present study, which was synthesized at
550 °C using melamine as the precursor, followed by a KSCN post-synthetic treatment as reported previously.®3? To
produce a stable and well-dispersed solution for optical measurements, the N°NCNy suspension (3 mg/ml) was firstly
sonicated in water overnight to disperse the particles and then centrifuged to remove the remaining large aggregates. 3%
Dynamic light scattering (Note S1, Figure S1 and Table S1) and scanning electron microscopy measurements (Figure
S2) show that the resulting translucent solution consists of particles with an average size of ~150 nm. X-ray
photoelectron spectroscopy (Figure S3) on the sonicated samples shows the presence of Nis peaks at 401.1 eV and 398.8
eV and Ko, peak at 293 eV, verifying the presence of both the NCN~ terminating group and K* ions in agreement with
previous reports on the bulk sample.®! Such sonicated samples are often referred as exfoliated layer structures.®
However, the particles studied herein, whilst forming a stable suspension, are still too large to be considered as 2D
structures of a few atomic layers.®” The sonicated samples used here were found to possess similar properties as the bulk,



unsonicated (and more scattering) samples, evidenced by their indistinguishable transient absorption decay kinetics
(Figure S4).

Figure 1b shows the absorption spectra of the sonicated suspension (NNCNy, 1 mg/ml in water) which exhibits a
characteristic absorption band edge at ~450 nm (2.75 eV). This is consistent with previous DFT calculations, which
predict a delocalized band structure of amino terminated CNx with a direct bandgap of ~ 2.7 eV.?® The apparent
absorption tail beyond 450 nm is attributed to Rayleigh scattering by the particles. Consistent with this, the PL of the
NENCNy samples shows a main peak at 455 nm, with a slight shoulder at 475 nm.*?

Similar to previous studies,®3® simulated solar irradiation (AM 1.5G, 1 Sun) of a yellow N°NCNy dispersion in the
presence of 4-MBA (10 mM) for 10 min under Argon produced a blue coloration of the sample (Figure 1c, left). The
blue color can persist for hours or even days in an anaerobic environment. The associated change of the absorption
spectrum demonstrates both a bleach signal (full range data shown in Figure S5) and a characteristic photoinduced
absorption (PIA), which is peaked at 680 nm and has broad and featureless absorption extending to the near IR (Figure
1d). This PIA feature is assigned to electron accumulation in N°NCNy, by both our results (vide infra) and by previously
reported experiments where addition of proton reduction catalysts in the dark led to the loss of the blue color and the
simultaneous generation of H..3® This electron accumulation in N°NCNy can be attributed to efficient scavenging of
photogenerated holes by the 4-MBA (Scheme S1). In the presence of oxygen, no blue coloration can be detected,
indicating that oxygen can act as an electron acceptor, as previously reported.®®“° For this reason, all measurements
reported herein were conducted in an anaerobic environment unless otherwise noted. The bleach signal can be either
attributed to the state-filling effects of band edge excitons as widely observed in quantum dots or a simple ground-state
bleach as in a molecular picture. Investigation of the growth kinetics of the PIA feature at 680 nm indicates that the
electron accumulation is a slow process (timescale of mins under one sun illumination) with its kinetics depending on
both the 4-MBA concentration and the illumination light intensities (Figure S6), as we will discuss below.

Photophysical studies of N°NCNy in solution and their fluence dependent dynamics
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Figure 2. Transient absorption spectra of N°NCNy dispersed in water (1 mg/ml) in the absence of 4-MBA and its
fluence-dependent electron recombination kinetics. (a) Transient absorption spectra of N°NCNy measured up to 6 ns
time delay after excitation at 355 nm, ~73 pJ/cm?. (b) Comparison of the transient spectra averaged from 1 to 10 ps and
from 1000 to 6500 ps. Intermediate spectra are shown in Figure S7 for clarity. Inset: the corresponding normalized
difference spectra; the grey curve is taken from the inset of Figure 1c of the Argon sample. (c) Comparison of decay
kinetics averaged from 660 nm to 680 nm, assigned to photogeneration electrons, and from 1160 nm to 1180 nm. The
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black curve is the difference in the kinetics by normalizing both at 6 ns and subtract the former from the latter. (d)
Excitation fluence dependent electron decays kinetics monitored at 680 nm. The overlaid orange dashed curves are fits
from the power-law decays. Inset: the normalized data. (e) Dependence of the initial amplitude (m), decay half time (e)
and % of residual signal () at 6 ns relative to initial signal for the photogenerated electron signal at 680 nm as a
function of excitation energy determined from the data in Figure 2d.

Frist, we employed ultrafast transient absorption spectroscopy (TAS) to investigate the photophysical processes of
NCNCNy dispersed in water without hole scavenger (Figure 2a). Two transient PIA bands are resolved after excitation,
namely a visible band peaking at 680 nm (PIA 1) and a broader band in the near IR range from 900 to 1300 nm (PIA
11).28 The spectral shape in the PIA | region agrees with the spectra of accumulated electrons obtained under steady-state
irradiation with 4-MBA (Inset in Figure 2b, the grey line) and is therefore assigned to the PIA of electrons in NNCNy
following excitation. Similar electron absorption in the UV-Vis region has also been previously assigned for the melon-
based CNy with amine terminations.'22641 Comparison of the decay kinetics in PIA | and PIA Il region shows that the
decay kinetics in the PIA 1l region are significantly faster than the PIA | region (Figure 2c). Detailed kinetic analysis
indicates that the PI1A 11 is contributed from the superposition of the above-mentioned electron signals and a faster decay
component, with a half-life ~ 4 ps at 73 pJ/cm? (See Note S2 and Figure S8). The physical origin of this fast phase
remains unclear. PIA signals in this spectral region have been previously attributed to be from the overlap of both
electrons and hole signals in CNx.?® However, as shown in Figure S8 and discussed in Note S2, this interpretation is
unsatisfying in the current system, where our data indicates a more complicated photophysical origin of PIA 11 band,
which still requires further clarification. As the study herein focuses on the electron dynamics and their correlation with
H2 generation, we therefore concentrate hereafter only on the electron decay measured in the PIA | region.

Figure 2d shows the decay kinetics of the electron signal at 680 nm as a function of excitation fluence from 18 pJ/cm?
to 291 pJ/cm?. The initial AA amplitude (~ 300 fs) is found to increase linearly with excitation fluence, with a slope
near unity (~0.94, Figure 2e), indicating that the efficiency of initial electron generation is independent of excitation
fluence. However, the normalized decay kinetics show a strong fluence dependence (Inset in Figure 2d) with the half
time, tos, decreasing from 4500 ps at 18 pJ/cm? to only 100 ps at 291 pl/cm? (Figure 2e). In the absence of scavengers,
the decay of electrons in excited photocatalysts can normally be attributed to electron trapping, electron-hole
bimolecular recombination or trap-assisted electron-hole recombination. We found the decay kinetics can be well-fitted
by a power-law relationship: A « t =5, similar to previous results,22"*2 with B lying within 0.20 + 0.02 for all decays
(Figure 2d, with more details shown in Note S3, Figure S9 and Table S2). Such fluence-dependent, power-law decay
kinetics have also been widely observed in the study of bimolecular recombination of both metal oxides such as TiO2*
and organic semiconductor blends.>?” An exponential distribution of tail states, resulting in trapping/detrapping
mediated recombination has been suggested to account for the dispersive nature of this bimolecular recombination (i.e.,
B < 1).%% As further discussed below, these results indicate the existence of tail states and analogous
trapping/detrapping mediated recombination processes in the N°NCN,.'246 We observe that the residual electron signal
at 6 ns decreases from 55% to 20% of the initial amplitude when the excitation power increased from 18 pJ/cm? to 290
pJ/em?, indicating a larger loss of photogenerated electrons through faster bimolecular recombination at higher fluences.
These results highlight that the recombination kinetics, and the resulting proportion of long-lived electrons, are highly
dependent on the concentration of photogenerated charges in N°NCNL.



Electron accumulation (or N-type doping) achieved in the N°NCNy in the presence of 4-MBA during the ultrafast
measurement and its impact on charge dynamics
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Figure 3. Electron accumulation in N°NCNy induced by the addition of 4-MBA, as measured by its impact on the
electron decay kinetics. (a) Transient absorption spectra of N°NCNy in the presence of 4-MBA (10 mM) at different
time delays after excitation at 355 nm. (b) Comparison of the corresponding electron decay kinetics measured at 680
nm with and without 4-MBA.. The kinetic traces over 9 orders of magnitude from fs to ms are obtained by combining
both ultrafast and microsecond TAS measurements excited at the same laser intensity. (c) Effect of stirring on the
electron decay kinetics of N°NCNy in the presence of 10 mM 4-MBA. Measurements are conducted in the following
orders: Stationary, with stirring, stop stirring and then stirring again. Stirring had no effect on equivalent data for the
NCNCN, sample without 4-MBA (Figure S13). Data measured at ~ 69 pJ/cm? (d) Fluence dependent electron decay
kinetics of N°NCNy in the presence of 4-MBA, measured without stirring. Inset graph: the normalized kinetics. (e)
Dependence of the initial amplitude (m), decay half time (e) and % of residual signal () relative to initial signal for
the photogenerated electron signal at 680 nm as a function of excitation energy determined from the data in Figure 3(d).
For (a) to (c), the pulse energy is controlled within 37 pl/c m?to 70 pJ/cm?.

With the above spectral assignment of the N°NCNy samples and its decay behavior, we now focus on the electron
accumulation and dynamics in N°NCNy in the presence of 4-MBA during the pulsed TAS measurement. Figure 3a shows
the ultrafast transient absorption spectra of the N°NCNy in the presence of 10 mM 4-MBA. The spectra (Figure S10)
show almost identical spectral shape to those in the absence of 4-MBA (Figure 2b), demonstrating that photogenerated
electrons are again being monitored. However, the decay kinetics of these electrons is dramatically accelerated by the
addition of 4-MBA (Figure 3b), with the decay half-times of 3000 ps and 10 ps for the system without and with addition
of 4-MBA, respectively. The addition of other commonly used hole scavengers, triethanolamine and methanol, was
found to lead to analogous accelerations of the electron decay kinetics (Figure S11). As we demonstrate below, such
accelerated electron decay kinetics arise from faster charge recombination kinetics triggered by electron accumulation
in the presence of hole scavenger. This was first evidenced by the appearance of a blue spot in the sample suspension at
the point of laser excitation, directly indicating the existence of electron accumulation during the fs measurement (Figure
S12, See Note S4 for further discussion). More importantly, stirring of the solution led to essentially identical decay
kinetics in the presence and absence of 4-MBA (Figure 3c). Stirring cannot be expected to impede hole scavenging by
4-MBA but does disperse N°NCNy particles containing accumulated electrons throughout the sample solution. Further
control experiments show that stirring does not affect the decay kinetics of the N°NCNy in the absence of 4-MBA (Figure
S13). The possibility of photodegradation of N°NCN, at the laser excitation port is therefore excluded. Additional control
experiments show that pre-illumination of the N°NCNy samples with 4-MBA under continuous simulated solar

6



illumination (i.e., turning the suspension completely blue as in Figure 1c) produces identical decay kinetics at 680 nm
to those measured for N“NCN in the presence of 4-MBA without stirring (Figure S14). These above results therefore
confirm unambiguously that the accelerated electron decay observed in the presence of 4-MBA results from the
photoinduced electron accumulation, rather than resulting directly from an ultrafast scavenging process. The PL decays
of excitons also provide evidence of faster charge recombination when electrons are accumulated in N°NCNx (Figure
S15). To the authors’ knowledge, this is the first reported observation of charge accumulation in ultrafast spectroscopy
studies of carbon nitride photocatalysts and the resultant dramatic acceleration of electron recombination kinetics.

As demonstrated below, this finding of accelerated charge recombination kinetics under conditions of charge
accumulation are important not only in terms of the correct interpretation of the pulsed spectroscopic studies, but also
as they provide new insights regarding the light intensity dependence of photocatalytic performance under continuous
irradiation. This electron accumulation is consistent with the fact that the 500 Hz repetition frequency of the pump laser
is much faster than the previously characterized ~s time scale electron extraction from the N°NCN,.32 On the other hand,
although not resolved directly, the hole extraction is estimated in the order of ns to us timescale (Figure S16), consistent
with a previous study.? Therefore, in the presence of 4-MBA, electrons can be accumulated in N°NCNy during the
ultrafast laser measurements due to unbalanced hole and electron extraction kinetics, resulting in the remarkable ~ 400-
fold acceleration of electron decay Kinetics.

We now turn to consider the excitation fluence dependence of the electron decay kinetics at 680 nm in the presence of
4-MBA and under these charge accumulation conditions (Figure 3d and 3e). Similar to the data in the absence of 4-
MBA (Figure 2¢), the initial amplitude of the electron signals still increases linearly with excitation fluence (Figure 3e¢)
even under charge accumulation. However, the electron decay kinetics in the presence of 4-MBA show strikingly almost
no fluence dependence, in all cases exhibiting a decay half-time of ~ 10 ps (Figure 3d Inset). This is substantially faster
than the fastest decay kinetics observed in the absence of 4-MBA (100 ps). Consequently, only around 5% of
photogenerated electrons survive to 6 ns for samples with 4-MBA regardless the excitation fluence. Combining these
ultrafast data with analogous microsecond TAS measurements (Figure 3b), it is apparent that these residual electrons
do not decay significantly up to ms timescales and should therefore be assigned to the long-lived electrons potentially
capable of driving H production.

The fast, and fluence independent, electron decay dynamics observed under electron accumulated in N°NCNXx suggest
that the steady-state density of electrons accumulated in these experiments is much greater than those generated by a
single pulse in the absence of 4-MBA, even for the highest excitation densities used herein. We quantify the absorption
of the accumulated electrons in the beam path of the ultrafast TAS system by using it as an in situ double beam UV/vis
spectrometer (see Note S5 in Sl). The absorption changes at 680 nm was measured to be ~ 70 mOD, corresponding to
an accumulated electron density of 4x10” cm, assuming an extinction coefficient of electrons to be 1000 Mt cm* 4
(Note S6). In contrast, the measured maximal TAS signal at an excitation density of ~ 267 uJ cm2 is only 4.5 mOD,
corresponding to an electron density of 2.5x10'® cm3. These results confirm that under conditions of electron
accumulation in the presence of 4-MBA, accumulated electrons are in large excess compared to photogenerated
electron/holes densities by a single laser pulse. Therefore, using semiconductor nomenclature, the N°NCNy is heavily n-
doped by irradiation when adding 4-MBA into the suspension.



Relationship between the electron accumulation (N-doping) amount in N°NCNy and its carrier decay dynamics
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Figure 4. Electron recombination kinetics as a function of 4-MBA concentration. (a) Electron recombination
kinetics probed at 680 nm when varying the [4-MBA] in the N“NCNy solution. The dashed lines represent the stretched
exponential fits by Eq 1. Inset figure: the differential absorption measured in situ at the laser excitation spot before and
after the fs laser measurement (details in SI Note 4). The solid grey curve in the Inset figure is the electron spectrum
taken from Figure 1c (Light, argon) and scaled. (b) Correlation between electron accumulation density in N“NCNy and
their decay half-time under different 4-MBA concentrations. The accumulated electron densities are calculated by taking
the steady-state difference absorption shown in the inset of Figure 4a and applying the Lambert-Beer relationship with
the assumption of electron extinction to be 1000 Mt cm™.# Excitation density for all the samples: ~ 34 — 37 pJ/cm?.

To further quantify the relationship between electron accumulation and charge recombination kinetics, we undertook
ultrafast TAS measurement as a function of 4-MBA concentration. A variation of the 4-MBA concentration is expected
to change the rate of hole scavenging and therefore affect the concentration of accumulated electrons in N°NCN. Indeed,
as shown in the inset Figure 4a, an increase of 4-MBA concentration leads to an increase in the amplitude of the steady-
state AA at 680 nm generated in situ by the laser excitation beam. This blue state absorption saturates when the 4-MBA
concentration is around 0.9 mM, similar to the saturation concentration observed under continuous Xenon lamp
irradiation (Figure S18). This indicates the concentration where the hole extraction rate is no longer the yield
determining step in the electron accumulation. Kinetically, increasing the concentration of 4-MBA from 24.4 uM to 900
MM is found to lead to a decrease of the electron decay half time from ~ 300 ps to ~ 10 ps, all significantly faster than
the ~ 3000 ps observed in the absence of any 4-MBA at this fluence. By calculating the accumulated electron density
through the in-situ absorption changes and applying the Beer-Lambert law, we correlate the decay half time with the
accumulated electron densities in the Figure 4b. At all 4-MBA concentrations tested, the accumulated electron density
far exceeds the one pulse photogenerated electron density, 5x10%° cm™ (~ 34 pJ/cm? excitation). As such, pseudo-first
order conditions (i.e. electrons in far excess compared to holes) should apply, resulting, in the presence of
trapping/detrapping mediated recombination, in stretched exponential kinetics.** Consistent with this expectation, the
electron decay kinetics in the presence of 4-MBA were observed to follow stretched exponential decay behavior (Eq
1), with the decay half time increasing with the carrier density following the equation (Eq 2)*:

A=Ajexp ((— a) ) Eq 1.
tos < [n] " %and a = % Eq 2.

where n is the accumulated electron density. As shown in Figure 4a, stretched exponential fits are found to show
excellent agreement with the experimental results, resulting in a  value ~ 0.15 to 0.4 (Table S3) depending on the 4-
MBA concentration. Log/Log plots of tsos Versus [n] yield a straight-line behavior, consistent with equation 2, with o
~ 2.5 (Figure 4b) in reasonable agreement with the fits to Figure 4a. We therefore conclude that the electron decay
kinetics measured both in the presence and absence of 4-MBA are consistent with dispersive recombination kinetics.
This dispersive behavior most likely originates from charge trapping/detrapping, and the change from power law to



stretched exponential behavior results from the change of conditions where [e™] ~ [h*] (power-law) to [e™] > [h™]
(pseudo-first order; stretched exponential) in the presence of 4-MBA.

From a functional viewpoint, the most striking aspect of the above results is the rapid acceleration of charge
recombination kinetics caused by photoinduced electron accumulation in the presence of a hole scavenger. We consider
below the impact of this upon the efficiency of H, evolution under steady-state operation.

Implication of the charge accumulation on the photocatalytic H, production performance
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Figure 5. Irradiation fluence dependent H, production of NNCN,. (a) H2 production measured in NNCNy using
simulated solar irradiation (AM 1.5G, 25 °C) with and without neural density filters to generate varied light intensities
(30 to 150 mwW/cm?). Measurement time at each intensity: 1 h. Red dashed line: predicted amount of H, assuming a
constant quantum yield for H, production (same value as 30 mwW/cm?). (b) UV-vis absorption of samples taken after 3
min light illumination. (c) the photoinduced steady-state absorption (PIA) changes of the samples at 660 nm with and
without pre-irradiation. The pre-irradiation samples are 4-MBA containing samples which were first illuminated for few
min under the continuous illumination (100 W Quartz Tungsten Halogen lamp). After turning blue, indicating electron
accumulation in the system, the samples are then subjected to the PIA measurements. Conditions (a-c): 4-MBA (10
mM), NiP (15 pM) and NNCNy (1 mg/ml) in aqueous potassium phosphate solution (KPi; 0.1 M, pH 4.5, 2 mL).

Figure 5a shows the amounts of H, production from N°NCN, aqueous solutions under different illumination intensities
with 4-MBA as the hole scavenger and a molecular DuBois-type Hz production catalyst NiP.*® Due to the slow electron
extraction kinetics from NNCNy by NiP, as we have reported previously,3>* the presence of NiP is expected to have
negligible impact on charge accumulation and associated accelerated charge recombination kinetics discussed above on
the ps-ns time-scale (also confirmed in Figure S19). We found that increasing the light intensity from 30 mW/cm? to
150 mW/cm? only doubles the amount of H; production from 0.032 pmol/h to 0.061 pmol/h. This indicates that the
apparent quantum yield is about 3-fold larger at 30 mW/cm? as compared to 150 mW/cm?. The photocatalytic solutions
turned blue during the measurements, with AA at 680 nm measured to be 0.2 and 0.6 for 30 mW/cm? and 150 mW/cm?
after 3 min illumination (Figure 5b), respectively. In other words, 3-fold more electrons accumulate under the higher
illumination intensity. As shown in Figure 2d, the increase of light intensity can cause faster bimolecular recombination
between the photogenerated charge pairs. However, this acceleration is considerably smaller than the dramatic increase
of charge recombination due to electron accumulation. Therefore, the lower quantum yield at higher light intensities is
more likely due to the electron-accumulation induced recombination loss.

To confirm the impact of electron accumulation on the quantum yield of H, generation, we performed photo-induced
absorption spectroscopy (PIAS) measurements on the system, using a square-wave modulated LED (365 nm) to excite
the system whilst continuously monitoring the sample absorption at 660 nm. Without the addition of 4-MBA, no optical
changes were observed during the light on and off periods (Figure S20), agreeing with fast electron-hole recombination
of this system, ti» ~ ps to ns, impeding H production. With 4-MBA and NiP, light illumination is found to lead to a
continuous absorption increase at 660 nm on the timescale of tens of seconds (Figure 5c), indicating the slow
accumulation of electrons in the system. When light is turned off, these accumulated charges decay slowly, most likely
transferring to NiP to produce H as reported previously.? In contrast, when pre-illuminating the samples to form the
electron-accumulated blue state, the photoinduced absorption changes under the same excitation power is reduced to
only a third. These results therefore quantitatively demonstrate that electron accumulation can indeed impede further
accumulation of photogenerated charges under operating conditions, which therefore limits the performance of the
system.
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Figure 6. Photocatalytic H. production with N°NCNx and NiP in the presence and absence of MV?* as an electron
mediator. (a) Comparison of H production rate with and without MV?*. Conditions: N“NCNy (5 mg), NiP (50 nmol),

4-MBA (30 umol) in KPi (0.1 M, pH 4.5, 3 mL), with and without MV2* (50 pmol), N2, AM 1.5G, 1 Sun. (b) Absorption
spectra of the N°NCNy solution with 4-MBA and MV?* in the solution after illumination.

The electron accumulation observed in N°NCNy under operating conditions in Figure 5b arises from the slow electron
transfer from N°NCNy to NiP. One way to reduce this electron accumulation, and resultant increased charge
recombination losses, is to extract electrons more quickly from the N°NCNy by adding a redox relay that can shuttle
electrons from the photocatalysts to the proton reduction catalyst.*->2 Here we used MV?* (E® = — 0.45 V vs NHE) as
an example redox relay, which has been previous applied in quantum dots to act a redox shuttle.>*-> The results show
that the addition of MV?* indeed leads to ~ 30 % improvement in H, production (Figure 6a). Figure 6b shows the
absorption spectral changes of N°NCNy (1 mg/ml with 10 mM 4-MBA, in the absence of NiP) after adding MV?* and
after illumination. A characteristic absorption is observed in the range of 400 to 700 nm (AA,;,4, =600 nm), in agreement
with the previously reported spectra MV** (overlaid orange trace®?) and indicating photoinduced electron transfer from
NCNCNy (CB edge: —1.1 V vs NHE) to MV?*, Furthermore, we also found that this reduced MV* can be quenched by the
addition of NiP, indicating the active electron transfer from MV** to NiP (Figure S21). However, we observed that the
addition of MV?* also led to the aggregation of N°NCNy, presumably through ionic interactions®, which limited the
further characterization of detailed charge transfer kinetics. Nevertheless, the above improvement of H, production
caused by addition of MV?* clearly indicates that reducing charge accumulation in NNCNy should be further explored
to improve the performance of the N“NCNy photocatalyst. A recent study® also showed that by using 2D-(reduced)
graphene oxide sheets to improve communication between N°NCNy and NiP, the H, production of the system can also
be improved. All these results indicate that further ways to facilitate electron extraction from NCNCN to reduce the
charge accumulation induced recombination would be vital to improve the performance of the N“NCNy based
photocatalysts.

The effects of electron accumulation on carrier recombination kinetics we report herein may be particularly dramatic
due to the unusually long lifetime of accumulated electrons in N°NCNy. However, the general concept exemplified by
this study, that imbalanced electron and hole extraction rates can result in accumulation of one type of charge and
thereby accelerated recombination kinetics, is likely to be applicable to many photocatalytic systems. CNy synthesized
from other precursors, such as urea, have also been reported to possess a large density of trapping states possibly related
to pendant amino and urea groups, resulting in long-lived photogenerated trapped electrons (ms).1? We note that for urea
synthesized CNy, charge trapping appears to be energetically deeper, such that trapped electrons are unable to drive
proton reduction, unlike the NNCNy studied herein. The charge accumulation is likely to be particularly important for
water oxidation photocatalysts, where four electrons and four protons are involved in water oxidation reaction, resulting
in a kinetically sluggish reaction, typically on the order of ~ s.! This timescale is significantly slower than that of electron
extraction using electron scavengers, typically from ps to ms. As a result, photoinduced accumulation of holes can be
expected for water oxidizing photocatalysts and may also result in accelerated recombination kinetics. Analogous hole
accumulation has also been observed in water oxidation photoanodes, and shown to result in accelerated charge
recombination losses (referred to as ‘back electron/hole recombination’).!*” Such accumulation driven recombination
kinetics have been also reported in other systems. Gamelin et.al.%® has previously applied anaerobic photoexcitation of
CdSe NCs in the presence of a borohydride hole quencher, Li[EtsBH], to yield colloidal n-type CdSe, with a
characteristic electron absorption in the IR region, resulting in a clear (although relatively modest) acceleration of
10



exciton decay times. Similarly, imbalanced electron and hole mobilities in organic solar cells have been shown to result
in photoinduced charge accumulation and increased recombination losses.?®

The photoinduced electron accumulation reported herein for NCNCNy, and the resultant acceleration of charge
recombination Kinetics, is dependent upon the intensity of the incident irradiation, and is most severe for high light
irradiances. This results in the efficiency of H, generation decreasing with increasing irradiation intensity. Such intensity
dependent efficiency will be important for operation under outdoor solar irradiation, and therefore for practical
technological application, but is not widely considered in studies of photocatalysis. It is also important for consideration
of the relevance of transient laser measurements, which often use relatively intense laser pulses. This accumulation is
also dependent on the kinetics of hole scavenging, further emphasizing that the impact of this scavenging upon the
desired functionality of proton reduction, and the danger of extrapolating from systems employing electron or hole
scavengers to systems targeting the technologically desirable function of coupled water oxidation and reduction.

To conclude, the above results allow us to quantify photoinduced electron accumulation in N°NCNy and the resultant
dramatic acceleration of the recombination kinetics in this photocatalyst. This charge accumulation results both from
imbalanced electron and hole extraction as well as the long lifetime of trapped electrons in this system. This produces
an acceleration of charge recombination in N°NCNy by as much as 400-fold. These results are found to be in at least
qualitative agreement with the illumination intensity dependence of the H; yield under simulated sunlight. Charge
extraction by MV?* as a redox mediator is demonstrated to show a promising performance improvement, attributed to
the resultant faster electron extraction kinetics reducing electron accumulation. At the same time, it is important to note
that, given their slow transfer kinetics to NiP, electron accumulation in N°NCNy is necessary to drive a significant flux
of H; generation, such that electron accumulation in this system is both necessary for H, generation but also results in
enhanced recombination losses. As such, these results emphasize the importance of charge carrier kinetics, and their
non-linear dependence upon irradiation intensity, in determining the efficiency of photocatalytic systems, and the
importance of achieving reasonably balanced electron and hole extraction Kinetics to achieve optimum photocatalytic
efficiency.
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Experimental sections

Synthesis of the N°NCNy

Melamine was thermally polymerized at 550 °C for 4 h under air, forming benchmark amine terminated carbon
nitride, "NCNy. Bulk N°NCNy was prepared by post-treatment of "2NCN, with KSCN under argon atmosphere at
400 °C for 1 h, then 500 °C for 30 min, following published procedure.3!:%2

Exfoliation process

To produce a stable and well-dispersed solution for optical measurements, the bulk N°NCNy suspension (3 mg/ml) was
firstly sonicated in water overnight (~ 15 hr) to disperse the particles and then centrifuged at 3000 rpm for 10 mins to
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remove remaining large aggregates following a previously reported procedure.® The solid content of the solution
varies between 1.1 to 1.4 mg/ml.

Ultrafast measurement

The fs-TAS were measured with a commercial transient absorption spectrometer (HELIOS, Ultrafast systems). The
laser light was generated from the 1 kHz Solstice (Newport Corp.) Ti: sapphire regenerative amplifier (800 nm) and was
splitted to generate both the pump and the probe pulses. The pump light is passed through a TOPAS-Prime (Light
Conversion Ltd.) optical parametric amplifier to generate the 355 nm excitation light. The energy of the excitation light
was then adjusted by use of a natural density filter wheel. The probe light is produced by focusing the 800 nm light
through a sapphire crystal (~ 2 mm thickness). The time resolution of this setup was 200 fs. The samples are the as
prepared exfoliated N°NCNx samples (~ 1 mg/ml dispersed in water). The solution is kept stationary unless otherwise
mentioned. All the solutions were purged with Argon in advance of the measurements.

ps-TAS measurement

Microsecond to second transient absorption decays were acquired in diffuse reflectance mode with a previously reported
setup.’? A Nd:YAG laser (OPOTEK Opolette 355 I, 7 ns pulse width) was used as the excitation source and produced
355 nm light that was transmitted to the sample through a light guide. Typical excitation power densities of 180-360
pJ/em2 and laser repetition rates of 1.1 Hz were used. The changes of reflectance observed were low (< 1%) and allowed
for the transient signal to be taken as directly proportional to the concentration of excited state species. Probe light was
generated by a 100 W Bentham IL1 quartz halogen lamp. Long pass filters (Comar Instruments) and an IR filter (H20,
5 cm path length) were positioned between the lamp and sample to minimize short wavelength irradiation and heating
of the sample. Diffuse reflectance from the sample was collected and relayed to a monochromator (Oriel Cornerstone
130) through a long pass filter to select the probe wavelength. Acquisitions were triggered by a photodiode (Thorlabs
DET10A) exposed to laser scatter. Time-resolved intensity data was collected with a Si photodiode (Hamamatsu S3071).
Data at times faster than 3.6 ms was amplified by custom electronics (Costronics) and recorded by an oscilloscope
(Tektronics DPO3012) while data slower than 3.6 ms was simultaneously recorded on a National Instrument DAQ card
(NI USB-6251). Kinetic traces were typically obtained from the average of 64 laser pulses. 2 mg/mL carbon nitride was
dispersed in aqueous solution and transferred to 2 mm path length cuvettes. Samples were stirred prior to the start of
each kinetic acquisition and were measured under argon atmosphere. Data was acquired and processed using home-built
software written in the LabVIEW environment.

Photoinduced absorption spectroscopic measurement

The PIA measurement is based on a home-built pump-probe setup. A 355 nm LED was used as the pump source to
excite the samples with a light on and off time to be 5 s and 6 s, respectively. The probe light was generated by a 100
W Bentham IL1 quartz tungsten halogen lamp. The light on/off was controlled by National Instrument DAQ card (NI
USB-6251). The change of transmitted probe light was monitored at specific wavelength by passing the light through a
monochromator (Oriel Cornerstone 130) and detected by a Si photodiode (Hamamatsu S3071). The voltage signal was
recorded by the same DAQ board, and the difference in absorbance (AOD) of the sample before and after the LED light
pulse is calculated as a function of time.

Photocatalytic experiments and Hz production measurement?

Photocatalytic experiments were carried out by preparing suspensions in borosilicate glass reactors (total volume of 7.74
mL). The reaction solutions (3 mL) were prepared by mixing exfoliated N°NCNy and NiP in aqueous potassium
phosphate solution (KP;) at pH 4.5 in the presence of 4-methylbenyzl alcohol (4-MBA). The reactors were equipped
with a magnetic stirrer, sealed using rubber septa and purged with N (containing 2% CHj as internal gas
chromatography standard). The vials were then placed in water-jacketed reservoir kept at 25 °C and irradiated using
solar light simulator equipped with an air mass 1.5 global filter (AM 1.5G) and water filter to remove infrared irradiation,
while stirring. The light simulator was used with and without neural density filters, to provide different light intensities.

The amount of H, produced in the headspace of the reactors were quantified periodically using a gas chromatography
(GC, Agilent 7890A). The headspace gas was injected using an air tight syringe into gas chromatography maintained at
45 °C while N2 was used as the carrier gas.

Data treatment
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All the data are treated with MATLAB and OriginLab 2017. Data are available upon request to the authors.
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