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SUMMARY

Considering the intermittent solar energy availability, storing excess photon
energy for subsequent use in dark represents a decoupled solar energy utilization
strategy, resembling dark reduction process in natural photosynthesis.
Multielectron accumulation is key to such dark photosynthesis. However,
accompanied by energy loss of stored photoelectrons, dark hydrogen generation
suffers from low efficiency. Here, we demonstrate the efficient release of
hydrogen from methanol-reforming in the dark over a TiOx/CN faradaic junction.
Under irradiation, photoelectrons generated from polymeric carbon nitride (CN)
were stored in an electron pool at the TiOx/CN interface with negligible energy
loss via a quasi-isoenergetic process. Those stored photoelectrons slowly release
active electrons for proton reduction, resulting in decoupled hydrogen generation
in dark. This storing process describes accumulation and gradual release of
photoelectrons in a faradaic junction, which enables the on-demand utilization of
solar energy for hydrogen generation, thereby alleviating the mismatch between
solar hydrogen demand and sunlight availability.

INTRODUCTION

Intermittent solar energy at spatial and temporal scales mismatches the energy
demand of our daily activity and industrial production while storing excess solar energy
in batteries or transmitting electricity across regions adds unsustainable financial and
environmental costs. Decoupling solar energy supply from sunlight availability remains
a major challenge for sustainable solar energy consumption. Delayed solar energy
utilization in the dark was first developed by Fujishima et al. for anticorrosion
applications with TiO,@WO3!. V,0s, Ni(OH),, WO3;, and ZnO were subsequently
investigated for multi-photoelectron storage because of their diverse chemical states,
which can reduce O, for bactericidal disinfection, heavy-metal reductions, or leave
oxidative holes for pollutant degradations in dark?*. Photocatalytic hydrogen evolution
offers us the possibility to use green hydrogen for fuels and industrial applications.
However, accompanied by energy loss during charge accumulation, that stored
photoelectron rarely has sufficient redox potential for hydrogen generation in the dark.

THE BIGGER PICTURE

Storing excess photon energy
for the subsequent use in the
dark represents a decoupled
solar energy utilization
strategy, resembling the dark
reduction process in natural
photosynthesis.  This  work
demonstrates a promising
strategy for decoupled
hydrogen production from
methanol-reforming, which
represents a more feasible and
efficient way for solar energy
utilization. It may deal with the
existing dilemma of low-
efficiency photocatalytic
reactions, including CO;
reduction, N, fixation, CH,4
conversion etc. and on-
demand solar energy utilization
under intermittent sunlight. It
further encourages human
beings to learn from the nature
in photosynthesis.
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Dark photosynthesis emerged as a promising strategy for controlled hydrogen
production independent of sunlight since a few pioneering research works from Lotsch
et al. They stored reducing radicals on long-lived photo-induced states in modified
carbon nitride under irradiation, and then released them into hydrogen when coupled
with an electrocatalyst in the dark.> © It establishes a new concept for releasing solar
hydrogen on demand. During dark photosynthesis processes, multi-photoelectron
storage is believed to be the key to hydrogen release. Based on previous findings that
ruthenium(ii) dimer can store up to four electrons in ligands’, Schulz et.al. achieved
light harvesting and storage on a Cu(l) 4H-imidazolate complex and proposed a
proton-coupled electron transfer mechanism, extending the charge storage for 14 h to
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cope with the day/night cycle®. Recently, Streb, Rau and Dietzek-Ivansi¢ et al. realized
two photoelectrons storage in a single covalent photosensitizer—polyoxometalate (PS-
POM) dyad molecular®. 2.5 h after the irradiation, the addition of a proton donor led to
the instantaneous evolution of H,. They achieved multi-electron storage, visible-light
absorption, charge separation, and hydrogen release in a purely molecular
photochemical device. Although comprehensive studies on dark photosynthesis focus
on the prolonged lifetime of accumulated electrons, the energy loss of the stored
photoelectron is scarcely investigated but is vital in hydrogen release. In a TiO»-Cu,O
junction, multielectron trapping in an intermediate band between conduction bands
(CBs) of TiO, and Cu,0 was found to be active for hydrogen release'. However, those
trapped electrons were superficially attributed to a large potential difference between
the CBs of TiO, and Cu;O. For dark solar hydrogen production, an in-depth
understanding of the energy loss of photoelectrons in charge accumulation and
strategies to minimize the energy loss are highly demanded.

Very recently, path-breaking work from Luo et al. demonstrates a faradaic junction
at TiO,/CdS semiconductor/semiconductor interface!. A faradaic junction does not
resemble the classic band-alignment process which is usually seen in physical
junctions (such as Schottky junctions®?, p-n junctions'3, or Z-scheme junctions'4) by
showing a chemical redox reaction at the interface when photo-charges transfer
across. In such a faradaic junction, isoenergetic charge transfer at the interface occurs
via a reversible redox reaction of Ti**O,-x(OH)ax /Ti*301-x(OH)2x+1%. The isoenergetic
charge transfer mechanism describes that high-energy photoelectrons can be stored
in the form of photoredox chemicals at semiconductor-semiconductor junctions, that
experience negligible redox potential loss despite the CB variations. The isoenergetic
charge transfer in faradaic junctions was verified in several semiconductor junctions
such as Si/WOQOs, CoPi/BiVO,, Fe,O3/Ni(OH), and generated a series of solar
rechargeable devices'>?2, This theory of preserving high-energy photoelectrons at
faradaic-junction interfaces should have great potential for solar hydrogen dark
photosynthesis.

Building on these concepts, here we design and develop a TiO,/CN faradaic
junction for photoelectron storage and gradual release through a quasi-isoenergetic
charge transfer process under irradiation, that achieves subsequent highly efficient
hydrogen release from alkaline methanol in a dark condition for the first time. This
TiO«/CN junction photocatalyst produces a remarkable dark hydrogen yield of 2.4
mmol/g from alkaline methanol within 0.5 h after turning off irradiation. Alkaline
methanol reforming reaction is exothermal (negative enthalpy)?, therefore, is
favorable for hydrogen release even though the proton concentration is extremely
small. Also, methanol acts as both the proton source and the hole scavenger.
Deprotonation of methanol would enhance the proton concentration around the
catalysts for easier hydrogen generation. The alkaline environment would benefit the
storage of photoelectrons because proton donors would trigger photoelectron release
into hydrogen in the presence of co-catalyst such as Pt.5 ° Isotope-labeling
experiments, time-of-flight secondary-ion mass spectrometry (TOF-SIMS), and
density functional theory (DFT) calculation show the origin and formation pathway of
dark-released hydrogen. In-situ X-ray photoelectron spectroscopy (XPS), quasi-in-situ
UV-Vis absorption, quasi-in-situ electron paramagnetic resonance (ESR), and
photoelectrochemical techniques, etc. elucidated the quasi-isoenergetic charge
transfer, storage and release process, which distinguished this faradaic junction from
Z-scheme and type Il heterojunctions. This work demonstrates the feasibility of a
faradaic junction for highly efficient hydrogen synthesis after irradiation, which may
potentially deal with the existing dilemma of solar energy utilization under intermittent
sunlight.

RESULTS AND DISCUSSION
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Figure 1. a) Hydrogen evolution of CN, TiOx and TiOx/CN loaded with 3 wt% Pt under full arc
illumination (300 W, Xenon lamp), b) cycling test of Pt loaded TiOx/CN sample under illumination
(4 cycles are presented as 1%, 2", 314, 4t cycle), c) dark hydrogen release of TiOx/CN and CN
loaded with 3 wt% Pt, d) dark hydrogen release of Pt loaded TiO«/CN upon various light intensity
(intensity: 680, 260, and 180 mW/cm?), e) hydrogen generation of TiOx/CN loaded with 3 wt% Pt
under intermittent illumination (switching on/off light per 6 min, 15, 2", 3 cycle) and continuous
illumination (4% cycle), f) Isotope labeling experiment: Methanol-D4 (CDsOD) was added into the
reactor after the light was turned off, and the resulting D2 generated from CD3OD in the dark was
captured with methylene blue and detected by mass spectrometry (MS).

MXene (d-TizC,, a two-dimensional transition metal carbide) was chosen as the
precursor of TiOyx because MXene is a two-dimension material that can be well-
exfoliated and dispersed on the substrate after oxidation in the form of nano-
particles.?* Since MXene has variable valences (Ti?*-Ti**), MXene oxidation products
may also present variable valances in the presence of reductive photoelectrons,
therefore, is beneficial to photoelectron storage. The preparation of MAX (TizAIC,, a
polycrystalline nanolaminate of ternary carbides and nitrides) as a precursor of MXene
and MXene was detailed in the experimental section, and XRD patterns confirmed
their crystal structures in Figure S1. TiO«/CN faradaic junction was synthesized via
loading MXene on polymeric carbon nitride (CN), followed by in-situ oxidation by H>O,
in an ice-water bath. The crystal structure and light absorption properties of CN, TiOy,
and TiO/CN samples are shown and analyzed in Figure S2. XPS Ti 2p and O 1s
spectra and the Raman spectrum in Figure S3 showed more structural details of TiOy.
The Ti 2p XPS spectrum showed two predominant Ti 2ps» and Ti 2p1, peaks at 458.8
and 464.7 eV, which could be further divided into four subpeaks corresponding to Ti%*
2pzs2, Ti** 2psp, TiS* 2p1p, and Ti** 2pyp, respectively.?® The binding energies (529.3
eV, 530.7 eV, and 532.0 eV) of O 1 s are observed in Figure S3b and assigned to the
lattice O?, lattice OH" and adsorbed H,O molecules.!! The presence of lattice OH"
confirms a TiOy.1(OH) layer on the surface of TiOx. Raman spectrum of TiOy in Figure
S3c showed the rutile structure!?, however, due to abundant surface hydroxyl groups,
the crystallinity of TiOy is rather low. CN in TiO,/CN was characterized by FTIR, $3C
NMR, and XPS spectra in Figure S4, confirming its polymeric carbon nitride
structure.?®

CN, TiOy, and TiO/CN powders have been photo-deposited with 3 wt% Pt and
measured for photocatalytic hydrogen generation from alkaline methanol under
illumination in an inert atmosphere. All samples tested in Figure 1 have been
preloaded with 3 wt% Pt unless otherwise stated. As a control experiment, TiOx did
not show any solar hydrogen activity in Figure 1a. TiO/CN exhibits a hydrogen yield
of 51.7+8.5 mmol/h/g, which is 3 times of pure CN (17.4 mmol/h/g). The cycling test
of Pt-loaded TiO,/CN in Figure 1b confirmed its good stability. Delayed solar hydrogen
generation rates for TiO,/CN and CN were monitored in the dark in Figure 1c. Within



0.5 h after the illumination, TiO,/CN showed an outstanding hydrogen yield of 2.4
mmol/g in the dark (the integral of hydrogen production rate over time derived from the
red region in Figure 1c). Roughly 20% excited electrons can be used for dark hydrogen
release on TiO,/CN junction as the hydrogen yield deceased from 45 mmol/g/h under
illumination to ca. 10 mmol/g/h in the dark. To show the extraordinary performance, a
video was recorded under the illumination of a 300 W Xenon lamp and after turning
off the illumination (Supplementary information). A summary of dark hydrogen
production over various photocatalysts have been displayed in Table S1 although
absolute comparison between photocatalysts is not applicable as the performance
may also depend on illumination geometry, light source, illumination duration, reactors
etc. As a control experiment, CN showed negligible hydrogen release in dark,
suggesting its poor photoelectron accumulation ability. Varying the light intensity from
680 mwW/cm? to 180 mW/cm? resulted in a decrease in the total dark hydrogen yield
over TiO4/CN from 2.4 mmol/g to 0.4 mmol/g as shown in Figure 1d, suggesting that
dark hydrogen release was affected by the photoelectrons accumulation under
illumination through a light-intensity-dependent dynamic equilibrium. This dynamic
equilibrium can be likened to the accumulating and releasing of photoelectrons.

In Figure 1e, we stimulated a short-cycle intermittent irradiation condition in nature
by switching on/off light per 6 min. There is sample activation in the 1 cycle and the
activity became stable for the 2" and 3™ cycles. For 60 mins intermittent irradiation
(30 min illumination, 30 min dark), the junction evolved 29.2+2.1 mmol/g hydrogen on
average, which is 16% more efficient than continuous irradiation for 30 mins (purple
line; hydrogen yield: 25.2 mmol/g). It indicates that this faradaic junction could store
photoelectrons, which would have been wasted in continuous irradiation, for the
following dark photosynthesis. Isotope-labeling experiments were performed to
confirm the generation of hydrogen in the dark as shown in Figure 1f. The Pt-preloaded
TiOW/CN was initially suspended in alkaline CH3zOH under illumination. Immediately
after turning off the light, CD;OD was injected into the airtight reactor. The dark
synthesized D, was captured using a solution of colloidal platinum in methylene blue
(MB, Ci6H1gN3S*, m/z=284) to form leucoMB (CisH1gN3SD*, miz = 287)?". The
transition from Ci6H1sN3S* to C16H1sN3SD* was identified by mass spectrometry in
Figure 1f, validating the generation of HD or D, from CD3OD in the dark by pre-stored
photoelectrons. It is worth noticing that NaOH may also act as a proton source in
alkaline methanol reforming (Methanol photo-oxidation: CH;0H + 6h* + 20H™ -
C03%~ + 6H*; Proton reduction: 6H* + 6e* — 3H,).2
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Figure 2. a) TEM lattice spacing of TiOx/CN (inset: images of TiOx nanoparticles on CN); In-situ
XPS b) Ti 2P and c) O 1s spectra of TiO«/CN in dark and under illumination; d) quasi-in-situ ESR
spectra of TIOx/CN before and immediately after illumination; e) quasi in-situ UV-Vis absorbance
of TiOx, CN and TiOx/CN right after illumination and leaving in the dark for 10 mins; f) ex-situ Zeta
potential of TiOx, CN and TiOx/CN under different illumination conditions.

The lattice spacing of TiOx nanoparticles on CN is 0.32 nm in Figure 2a
corresponding to the (110) crystal plane of rutile!!. However, due to its small particle



size and abundant surface hydroxyl groups, the crystallinity of TiOy is rather low.
Figure 2a (inset) displays the TEM images of the TiO./CN junction. The corresponding
Ti, C, N, and O elements mapping in Figure S5 fit the shape of particles, suggesting
the loading of TiOx on CN nanotubes. To differentiate the faradaic junction from the
type Il heterojunction and the Z-scheme heterojunction, photoelectron transfer
conditions were investigated. TiOy and TiO,/CN junction were characterized by in-situ
XPS under illumination in Figures 2b and c. Under illumination, TiOyx showed a
negligible shift in Ti 2p binding energy compared to its ground state (dark condition) in
Figure S6, suggesting that photoelectron accumulation is difficult in the single TiOy
material. For TiO/CN junction, both Ti 2P3;, and Ti 2P1, experienced an obvious shift
to lower binding energy (458.8 eV to 458.5 eV, 464.7 eV to 464.4 eV). As a result,
peaks attributed to Ti%* 2ps/» (457.6 eV), Ti** 2p12 (463.2 eV), Ti?* 2pa2 (456.1 eV), and
Ti?* 2p12 (461.7 eV) arise upon illumination?, indicating a conversion from Ti** to Ti®*
and Ti?* upon photoelectron injection from CN. It suggests that photoelectrons can be
stored in a form of Ti®* or Ti?* and hence TiOJ/CN junction is not a Z-scheme
heterojunction where holes in CN recombined with electrons in TiOx as illustrated in
Figure S7, leaving electrons on CN. In TiO4/CN, illumination also increased the
proportion of lattice O% and decrease the lattice OH- as shown in XPS O 1s spectra
(Figure 2c) due to the hole oxidation of lattice OH". C 1s and N 1s XPS spectra show
no obvious change before and under illumination in Figure S8, suggesting that CN
only supplied photoelectrons but did not store them. It is worth noticing that there are
previous reports on terminal groups modified polymeric carbon nitride can store
photoelectrons® ¢, however, such photoelectron storage terminals were excluded by
Fourier Transform Infrared Spectrometer (FTIR) and *3C Nuclear magnetic resonance
(NMR) spectra in our CN or TiOx/CN in Figure S9.

To investigate the change of TiO, and CN in photo-electron accumulation, photo-
induced vacancies in TiO,/CN upon illumination were investigated by quasi-in-situ
ESR in Figure 2e. An intensive ESR signal (g = 2.004) was observed in dark,
representing single-electron-trapped oxygen vacancy (V,') due to the presence of Ti®*
in TiO,?8. The red line indicates the ESR spectrum upon light illumination, which can
be split into three signals with g factors of 1.988, 2.004, and 2.010 as illustrated in
Figures 2d and S10. The enhanced signal of Vo' under illumination was due to the
presence of more Ti®* by electron injection, which is accompanied by an enhancement
of the Ti®* signal at g=1.988 upon illumination.?® A new signal (g=2.010) emerged as
a result of surface O species generated from the interaction of O, with the
photoinduced surface Ti®* species®®. As a comparison, CN showed the same ESR
signal (g=2.003) before/after illumination in Figure S11, suggesting that no
photoinduced vacancies occurred, that is no photoelectron storage on CN.

Quasi-in-situ UV/Vis was applied to further verify the photoelectron accumulation
on Ti sites at the TiOx and CN interface. TiOy, CN, and TiO/CN were deposited on the
FTO substrate and illuminated in 0.1 M Na,S aqueous solution. With hole scavengers
(0.1 M Na,S), the UV-Vis absorbances of three films were collected right after the light
was turned off and after 10 minutes in the dark, respectively. The comparisons were
shown in Figure 2e. TiO, exhibits higher light absorbance upon illumination, which has
been interpreted as photoelectron storage in the space charge layer with the reduction
of Ti** to Ti*3.3! The broad absorption band at 400-800 nm likely arises from the metal-
to-metal intervalence transitions.®? The more prominent absorbance enhancement of
TiO,/CN after illumination, therefore, verified the electron accumulation on Ti*® atoms
at TiO4/CN interface after photoelectron transferring from CN. As a control, CN has
shown a negligible change of absorbance upon illumination. Such a charge
accumulation behavior on TiO,/CN sample distinguished the faradaic junction from the
type Il junction.



Moreover, the photo-electron accumulation condition is investigated by ex-situ
Zeta potential measurements. In Figure 2f, TiO,/CN showed a negative Zeta potential
of -19.88+1.25 mV, which changes to -24.6+0.88 mV right after UV irradiation. The
more negative zeta potential is due to the formation of hydrophilic reducing chemicals
in a faradaic junction that might be TiOxHy. 10 mins after the illumination, the
suspension recovered the zeta potential to -21.73+0.80 mV due to partial reoxidation
of TiOxHy. In Figure 2f, the change of Zeta potential on irradiation conditions for CN or
TiOx is less prominent. Therefore, the photoelectron accumulation ability of TiO./CN
faradaic junction outweighs single CN or TiOyx. The Zeta potential change of CN is
probably due to the change of its space charge layer. (Photogenerated holes diffuse
to the surface along the upward band bending, resulting in the absorbance of hydroxyl
groups on the surface.® Therefore, the zeta potential became more negative upon
illumination.)
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Figure 3. Photocurrent onset potentials of CN, TiOx, and TiOx/CN in argon atmosphere a) under
full-arc illumination and b) under visible-light illumination (A>400 nm), (photocurrent densities of
CN, TiO«/CN and TiOx have been amplified by 5, 2 and 10 times, electrolyte: 1M Na2S aqueous
solution); c) schematic of electron storage and transfer at the interface of TiOx/CN faradaic
junction; d) photovoltage of TiOx/CN in alkaline methanol in argon and air, €) TOF-SIMS positive
ion mapping for D on the surface of TiIO«/CN films immersed in methanol-D4 with and without
illumination, f) depth profile of secondary ion intensities of D for TiOx/CN in methanol-D4 with and
without illumination.

Apart from the photoelectron accumulation ability, the TiO4/CN faradaic junction
is different from the type Il heterojunction because of its (quasi)-isoenergetic charge
transfer feature. Therefore, we investigate the charge transfer process in TiO./CN
faradaic junction through photoelectrochemical methods. The intimate contact
between TiOx and CN was proved by photocurrent vs. time plots under chopped light
and Electrochemical impedance spectroscopy (EIS) in Figure S12. The band
structures of TiOx and CN were determined by Ultra-Violet Photoelectron
Spectroscopy (UPS) in Figure S13. The conduction band (CB) position of TiOy is +0.1
Vreue, Which is insufficient for hydrogen evolution, agreeing with its negligible hydrogen
evolution rate as shown in Figure 1a. The CB of CN is determined to be -1.0 Vgue. The
photocurrent onset potential of CN and TiOy, at which the inversion between cathodic
and anodic photocurrents occurs in chopped LSV plots in argon atmosphere 34,
located at -0.18 Vgrpe and +0.09 Vgpe under full-arc illumination in Figure 3a,
respectively, representing the flat-band potentials of materials. The flat-band potential
of TiOy agrees with its conduction band, while that of CN is roughly 0.8 V lower than
its conduction band due to abundant surface terminal states as shown in Figure S4c,



d.35 Under full-arc illumination, TiO,/CN exhibited a slightly lower onset potential of -
0.14 Vgrue compared to CN (-0.18 Vgrue), indicating that photoelectrons experienced
only a small potential drop when transferred at the junction interface.

As a comparison, TiOx, CN, and TiO,/CN photoelectrodes were tested in argon
under visible-light illumination (A>400 nm) in Figure 3b. Under visible-light illumination,
TiOx exhibits negligible photocurrent response, suggesting defect-induced charge
recombination dominates under visible light. The onset potential of CN positively
shifted to +0.03 Vgue under visible light compared to that under full-arc illumination,
suggesting the energy of excited electrons depreciated under visible light.®* However,
TiOx/CN maintained the same onset potential of -0.14 Vrue under visible illumination
as that under full-arc illumination suggesting that energy levels of photoelectrons do
not depreciate under visible-light, which is explained by photoelectrons storage at
TiO4/CN junction through an quasi-isoenergetic charge transfer. Such a quasi-
isoenergetic charge transfer not only maintained the energy of photoelectrons but also
improved photocurrent density by helping charge separation, which is verified by the
enhanced hydrogen performance in Figure la. As a result, TiO,/CN still showed
hydrogen generation in the dark (Figure S14), although TiOx showed no photo-
response under visible-light illumination. For a type Il heterojunction, if most TiOy is
attached to the FTO substrate, photoelectrons transferred from CN to TiOx should fall
on the CB of TiO, showing an onset potential around +0.10 Vgrue.* Under visible-light
illumination, if most CN attached the FTO, the onset-potential of TiO,/CN should follow
the onset potential of CN, that is +0.03 Vryue. Therefore, the maintained onset potential
(-0.14 Vgee) of TiIOW/CN under visible-light illumination verified the quasi-isoenergetic
charge transfer at TiOx and CN interface rather than a type Il heterojunction. The
mechanism of photocatalysis on faradaic junctions was illustrated in Figure 1c.
Photoelectrons excited to the CB of CN were iso-energetically transferred and
accumulated at the CN and TiOy interfaces, which subsequently reduce protons into
hydrogen in the dark.

To investigate the lifetime of (quasi)-isoenergetic electrons stored in a form of
reducing chemicals for hydrogen release from alkaline methanol, we measured the
Open circuit photovoltage (OCP) decay of TiO/CN in alkaline methanol with argon
and air, respectively, in Figure 3d. In the argon atmosphere, TiO,/CN experienced a
very slow OCV decay over 200 s, suggesting that this faradaic junction can store
quasi-isoenergetic photoelectrons and release them slowly in the dark. The decay of
OCV can be due to stored photoelectrons consumed by electron scavengers such as
protons or oxidative intermediate products in methanol reforming. For example, with
oxygen, OCP decays within 20 s and the OCP is smaller than that in argon because
oxygen as an electron scavenger prevents the photoelectron accumulation and
accelerates its dark release as proved in Figure S15. The reducing chemical for
photoelectron storing at the TiO,/CN faradaic junction interface is crucial, whose
elemental composition was therefore investigated by time-of-flight secondary-ion
mass spectrometry (TOF-SIMS). TiO,/CN was compressed into films and immersed
in methanol-D4 for 3 h in the dark or under illumination. The D element mapping on
the surface was shown in Figure 3e. The ion intensity of D is significantly stronger for
the illuminated sample than that in the dark, suggesting the formation of TiOxHD under
illumination. However, the surface of Ti is hydroxylated (generally H-containing) and
the weakly bound H* may be exchanged by D* in methanol-D4.3” Therefore, we
sputtered the surface of TiOx/CN with an ion gun for 400 s to get a depth profile of D
ion in Figure 3f. The D ion intensity decreases with depth for the illuminated sample
but remained almost constant for the sample in the dark. It indicates that D ion can
penetrate the surface and react with TiOy under illumination rather than exchanged



with surface H*. Since D is derived from methanol-D4, TiOxHD is, therefore, the
reducing chemical for quasi-isoenergetic photoelectron accumulation.
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(110)-H surface; the energy of methanol dissociation on c¢) TiOz2 and d) TiO2-H, (blue atom is H,
the red atom is O, the black atom is C, light blue atom is Ti).

To understand the mechanism behind (quasi)-isoenergetic photoelectron
accumulation and release processes of a TiOx/CN faradaic junction, a DFT calculation
was carried out. In Figure 4, a hydrogen atom was added onto the surface of rutile
TiO;, to stimulate the reducing chemical TiOxHy at the interface of a faradaic junction.
In Figure 4a, b, the addition of the H atom lifts the CB of TiO, (e.g., by 0.6 eV) for
photoelectron accommodation at higher energy levels, reducing the energy loss of a
photoelectron transferring from CN. This results in the (quasi)-isoenergetic
photoelectron accumulation. Regarding the release of accumulated photoelectrons,
we evaluated the feasibility of methanol dissociation on the TiO, surface with/without
H addition in Figure 4c, d. With a surface H atom, the methanol dissociation energy
difference between the initial state (IS) and transition state (TS) increased, e.g., from
0.18 eV (TiOy) to 0.25 eV (TiO2-H). It suggests that photoelectrons stored in the form
of TiOH, have difficulties in directly grasping the H atom from methanol for the
following hydrogen release. This can be explained by the repulsion force between
electron clouds of adjacent hydrogen atoms as illustrated in Figure S16. Thus, the
hydrogen release process is likely due to the reverse redox reaction between TiO, and
TiOxHy, during which the electron was released and proceeded the following proton
reduction.

Photoelectron storage Electron release
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Scheme 1. Photoelectron storage and release scheme in a faradaic junction for
decoupled solar hydrogen production from alkaline methanol. To be precise, TiOx was
represented by TiO2.a(OH)2a, and TiOxHy was represented by TiO1.a(OH)2ax1.

To understand the photoelectron release pathway, the location of Pt on TiO,/CN
as a co-catalyst was investigated before and after the reaction in Figure S17. Pt shows
two prominent peaks at 71.05 eV and 72.15 eV referring to Pt° and Pt?*, respectively.
Loading Pt also shifts the O 1s peak to lower binding energy, suggesting the existence
of PtO,. After depositing Pt on TiO,/CN, XPS spectra of Ti 2p experienced a 0.4 eV
shift to lower binding energy, indicating the injection of electrons from Pt to TiOx.
Combining with the Pt mapping of Pt-TiO,/CN in Figure S18, we can conclude that Pt
atoms were loaded on both TiOyx and CN in TiO,/CN sample. Therefore, the release of
stored electrons from TiOxH may directly transfer to adjacent Pt active sites for proton
reduction reaction. After 3h reaction, no obvious change was observed for C 1s, N 1s,
and Ti 2p spectra, suggesting the stability of this photocatalyst, while Pt° was partially
oxidized after reaction probably due to formation of Pt— (OH).4s intermediates in
alkaline condition following Pt + OH™ — Pt — (OH),qs + €7 %

Finally, we described the scheme of photoelectron storage and gradual release
for delayed solar hydrogen production from alkaline methanol in Scheme 1. Upon
sunlight irradiation, photoelectrons are lifted to the CB of CN, leaving holes to oxidize
methanol into COz% and release H*. Photoelectron storage occurs at the TiOx/CN
interface, where electrons flow from CN reduced Ti**O5.a(OH)24 into Ti¥*O1.a(OH)2a+1 iN
the presence of H*. The redox potential of Ti**Oz.a(OH)2a/Ti®*O1.a(OH)2a+1 is more
negative than H,/H* redox potential) due to a quasi-isoenergetic electron transfer
process. A window of this faradaic junction is the gap between Ti**O,.5(OH),a/Ti®* 0.
a(OH)2a+1 redox potential and the CB of TiOy, where charge accumulation can occur.
This distinguishes the TiO/CN faradaic junction from the type Il and Z-scheme
heterojunction. The reversible redox reaction between Ti**O.4(OH)2a/Ti®*O1.a(OH)2a+1
releases high-energy electrons that further reduce H* into hydrogen without
illumination. The photoelectron storage process at the faradaic junction interface
stores excessive photoelectrons and delays the release of solar hydrogen, thereby
decoupling the photocatalytic hydrogen evolution from immediate sunlight irradiation
and improving the efficiency of photocatalysis.

Methanol reforming involves many other intermediate products apart from CO.
(Figure S19). The current doubling effect is an important phenomenon in methanol
oxidation, especially on titanium oxide species*® 4! Current Doubling effect is the
current multiplication due to the formation of unstable «CH,OH radicals followed by
electron injection into the conduction band of a photocatalyst in a
photoelectrochemical cell functioning in the presence of methanol*?. The current
doubling effect leads to additional electron injection into the TiO,/CN faradaic junction
in our work, which can be a part of the source of stored electrons. At this stage, it is
difficult to distinguish additional electrons released by radicals from photogenerated
electrons, however, it would be interesting to explore the impact of the current doubling
effect on electron storage in the future.

CONCLUSION



In summary, this study reports photoelectrons stored in a TiO/CN faradaic
junction for highly efficient solar hydrogen release in the dark from alkaline methanol.
The delayed utilization of photoelectrons at the interface of TiO,/CN is a result of the
accumulation and gradual release of quasi-isoenergetic photoelectrons, characterized
by in-situ XPS, quasi-in-situ UV-Vis absorption, quasi-in-situ ESR, and
photoelectrochemical techniques, etc. Isotope experiment and TOF-SIMS confirmed
that those photoelectrons are stored in a form of reducing chemicals (TiOxHy) in the
absence of oxygen. DFT calculations revealed that those stored photoelectrons are
inactive to methanol, but they can gradually release active electrons for proton
reduction into hydrogen in the dark. This study, therefore, demonstrates a promising
strategy for temporally decoupling sunlight and the efficient release of hydrogen. It
may potentially overcome the dilemma of solar energy utilization under intermittent
sunlight.

EXPERIMENTAL PROCEDURES

Preparation of TiOx

Firstly, MAX (TizAIC,) was synthesized by pressureless sinterin®. TiC (2-4 um,
99%, Aladdin), Al (300 mesh, 99.7%, ZhongNuo Advanced Material), and Ti (300
mesh, 99.99%, Aladdin) were mixed in a powder mixer at a molar ratio of 1.8:1:1 for
24 h. The mixed powder was placed in an alumina crucible in a tubular furnace (KedJin,
GSL-17800X) in the argon under the condition of temperature increasing to 1450 C
at a heating rate of 10 ‘C/min and held for 2 h, the mass TisAIC, was collected after
naturally cooling. TisAIC, powder was obtained through vibration crushing, mechanical
grinding, and 300 mesh sieving. XRD pattern of MAX(TizAIC,) is shown in Figure S1.

Then, MXene (Ti3C,) was prepared by etching the TizAIC, powder using LiF (AR,
99%, Aladdin)/HCI (AR, 38%, Sinopharm) solution. In detail, 2.0 g of TizAIC, powder
was slowly added into LiF/HCI solution (2.0 g LiF dispersed into 40 mL of 12 M HCI),
which was continuously stirred for 24 h at 40 “C. Afterward, the turbid suspension was
centrifuged to collect the precipitate, followed by washing it with deionized water
several times until the pH turned neutral. The precipitates were further rinsed with
ethanol three times before vacuum-drying at 80°C for 12 h, resulting in multilayered
TisCs. Then 2.0 g of multilayered TisC, was dispersed into 100 mL of deionized water,
followed by ultrasonication in an ice-water bath for 1 h. The dispersion was
centrifugalized at 3500 rpm for 1 h**. Finally, TisC, was collected from the supernatant.
XRD pattern of MXene (Ti3C,) is shown in Figure S1.

10 mL of 3.0 wt% H,0, (AR, 30 wt%, Aladdin) was dropwise added into 100 mL
of 2.0 mg/mL TizC,Tx suspension under vigorous stirring in an ice-water bath. The
mixture was kept vigorously stirring for 10 min and subsequently immersed in liquid
nitrogen. After the dispersion was completely frozen, it was subjected to a vacuum
freeze drier for at least 24 h. The obtained powder was labeled as TiOy.

Preparation of CN

The carbon nitride (CN) was prepared by calcining the mixture of urea (99.5%,
Aladdin) and melamine (99 %, Aladdin) at the mass ratio of 12:1 in a cylindrical crucible
with a cover in a muffle furnace (Boyuntong, KF1200) in the air. The temperature was
increased room temperature to 180 °C at a heating rate of 2.5 “C/min and hold for 30
min, followed by heating to 550 C at a rate of 2.5 “C/min and keeping for 120 min.
After cooling, the material was obtained and labeled as CN.

Preparation of TiOx/CN faradaic junction

50 mg CN was dispersed into 25 mL of deionized water, followed by
ultrasonication for 0.5 h. And 5 mL of 2.0 mg/mL TizC,Tx MXene nanosheet solution
was dropwise added into the CN suspension under vigorous stirring for 2 h in an ice-
water bath. And 2.5 mL of 3.0 wt% H.O, was dropwise added into suspension under
vigorous stirring for 10 min, then subsequently immersed in liquid nitrogen. After
completely frozen, the suspension was subjected to a vacuum freeze drier for at least
24 h, which was labeled as TiO4/CN.

Preparation of CN, TiOx, TiOx/CN photoelectrodes
1 mg sample was dispersed in 10 mL of deionized water with the addition of 10
uL Nafion (Aladdin), followed by ultrasonication for 0.5 h. Whereafter, 250 ulL



suspension was dropped onto 2cm x 2cm Fluorine Doped Tin Oxide (FTO) substrate
and was dried at 80°C.

Characterizations

SEM/TEM (FEI, Sirion)/(Thermal Fisher, Talos F200X) was used to take
morphology images of CN, TiOy and TiO,/CN. XRD (HaoYuan, D8-Discover) was
used to analyze and characterize the crystal structure of the sample, equipped with a
Cu target. UV-Vis (SHIMADZU, UV-2600) was used to characterize the optical
absorption performance of the sample in a wavelength range of 300-800 nm. In-situ
XPS (PHI-Vesoprobe 5000 III) was used to monitor the chemical states of Ti and O
elementals in dark and under illumination, respectively. A xenon lamp was used as the
illumination source during the test. Electron Paramagnetic Resonance
Spectrometer (ESR, Bruker EMX PLUS) was used to investigate the O vacancies of
TiO«/CN and CN before and after the illumination. Firstly, TiO,/CN and CN were tested
in the dark. Data were collected again after 10 mins of illumination (Xenon lamp). Zeta
potential (Nanobrook, Omni) was used to study the surface charge condition of
samples. 10 mg CN, TiOy, and TiO./CN samples were suspended in 10 mL water by
sonicating for 10 mins. 2 mL supernatant was transferred into a quartz cuvette. The
supernatant was stabilized for 5 mins before the test. After that, the supernatant was
illuminated with a 300 W Xenon lamp for 10 min and then tested immediately. Finally,
the supernatant was placed in the dark for another 10 min and tested for the third time.
Time-of-flight secondary-ion mass spectrometry (PHI nanoTOF Il Time-of-Flight
SIMS) was used to investigate the elemental composition beneath the surface. The
ion species is Ar ion, with an energy of 3 kV, 100 nA. The sputtering rate is 0.056 nm/s
on SiO;.

Performance tests

Hydrogen evolution test: The photocatalytic hydrogen evolution was tested in
an airtight quartz reactor under a 300 W xenon lamp. The photocatalytic reactions
were conducted at atmospheric pressure and room temperature. Typically, a 10 mg
sample was per-loaded with 3 wt% Pt and mixed with 50 mL CH3OH and 5 g NaOH in
an airtight quartz reactor. The suspension was degassed by argon for 30 min. The
hydrogen was analyzed by gas chromatograph (GC9790PIus, FuLli).

Isotope-labeling experiment: 5 mg TiO«/CN was per-loaded with 3 wt% Pt and
mixed with 10 mL CH3;OH and 1 g NaOH in an airtight quartz reactor. The reactor was
illuminated with a 300 W Xenon lamp and the reactor was purged with argon until the
light was turned off. 10 mL CD3;OD was then injected into the reactor via a syringe.
The solution was placed in the dark for 30 mins to generate D,. 100 uL colloidal
platinum in methylene blue solution (miz, ENH-1000, Japan) was added into the
reactor. 1 mL of the mixed solution was filtered and transferred into a glass bottle for
mass spectrometry measurements in a Liquid-phase high-resolution time of Flight
mass spectrometer (Agilent, 1260-6224)

Photoelectrochemical measurements: LSV plots were collected in 1 M Na,S
(pH=13.4) aqueous electrolyte. For measurements in oxygen-free conditions, the
electrolyte was degassed with Ar for 10 mins before the test to remove dissolved
oxygen. Photovoltage was collected under a 300 W Xenon lamp in alkaline methanol
(6 g NaOH dissolved in 60 mL methanol) degassed electrolyte. It should be noted that
using a pH meter to measure the pH value of alkaline methanol will introduce an error
due to the different diffusivity of H* in methanol versus water. It is unreliable to adjust
the potential in alkaline methanol to RHE, which is why we did not scale the potential
drop for methanol electrolyte in the manuscript Figure 3d.

Density functional theory (DFT) calculation

All the first-principles calculations in this work were performed by using the
Vienna ab initio simulation package (VASP), in which the interactions of core-electron
were described by the projector augment wave (PAW) potentials and the exchange-
correlation functional were modeled by PBE-GGA. A kinetic cut-off energy of 450 eV
is used for the plane-wave basis set. The van der Waals (vdW) interaction is
considered by adopting the DFT-D3 method (an empirical dispersion correction
scheme of Grimme).

The rutile TiO, (110) surface was modeled by a 3 x 1 supercell of a three-layered
slab model with a vacuum of 15 A. Atoms in the bottom two layers were fixed and the
top layers of the surface were allowed to relax. A 4 x 4 x 1 Monkhorst-Pack (MP) k-
point sampling is adopted for structural optimizations using the conjugated gradient
(CG) method with the convergence thresholds of 1 x 107° eV/atom for the total energy,
0.02 eV A for the maximum force. The dissociation of methanol on the rutile TiO, (



110) surface was evaluated by using the climbing image nudged elastic band (CI-

NEB) method.

SUPPLEMENTAL INFORMATION

Supplemental experimental procedures, Document S1. Figures $1-519, and Table S1

Video S1. Hydrogen evolution under and after irradiation
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