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The photoelectrochemical oxidation of organic molecules into valuable chemicals is a promising
technology, but its development is hampered by the poor stability of photoanodic materials in aqueous
solutions, low faradaic efficiency, low product selectivity, and a narrow working pH range. Here, we
demonstrate the synthesis of value-added aldehydes and carboxylic acids with clean hydrogen (H)
production in water using a photoelectrochemical cell based solely on polymeric carbon nitride (CN) as
the photoanode. Isotope labeling measurements and DFT calculations reveal a preferential adsorption of

benzyl alcohol and molecular oxygen to the CN layer, enabling fast proton abstraction and oxygen
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Accepted 3rd July 2022 reduction, which leads to the synthesis of an aldehyde at the first step. Further oxidation affords the
corresponding acid. The CN photoanode exhibits excellent stability (>40 h) and activity for the oxidation

DOI: 10.1035/d2ta03660f of a wide range of substituted benzyl alcohols with high yield, selectivity (up to 99%), and faradaic
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1. Introduction

The photoelectrochemical (PEC) generation of solar fuel—
typically hydrogen (H,)—is a promising technology for energy
management. However, it is often coupled with oxygen (O,)
production, a low-value product. Hence, some research efforts
have been dedicated towards combining H, production with the
transformation of various chemicals into value-added products,
which should occur on the surface of the photoanode.' In
particular, aldehydes and carboxylic acids are valuable indus-
trial and medicinal compounds on their own and may also be
used for further chemical syntheses.*” Their synthesis usually
involves the selective oxidation of an alcohol using environ-
mentally unfriendly oxidants, such as permanganates, persul-
fates, dichromats, and strong inorganic acids.*® Organic
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synthesis via PEC could be a greener route than traditional
methods for the selective oxidation of alcohols.'>** To date, only
a few key reports have demonstrated the utility of photoanodic
oxidation for the synthesis of valuable chemicals in parallel
with H, formation at the cathode.>*?

Using a semiconductor film at a solid/liquid junction, where
the active material both absorbs solar radiation and catalyzes
the photoelectrochemical reaction, is a simple and scalable
technique.”®  Recently, BiVO,, WO;  and several
nanocomposites-based photoelectrodes have been successfully
used for oxidation, C-H functionalization, and cross-coupling
reactions."™® Despite the progress in this field, the produc-
tion of valuable chemicals using PEC is still impeded by low
faradaic efficiency, low stability in aqueous solutions, narrow
pH ranges (owing to the instability of the involved photoanode
materials), low product selectivity, and moderate control over
the oxidation process (in case of a sequential oxidation).'”** To
improve the activity and stability of the photoanode, two
approaches are frequently used: (i) a miscible mixture of a non-
aqueous solvent and water is used as the electrolyte solution,**®
and (ii) a cocatalyst is deposited.’**® However, the cocatalyst
enhances the oxidative reaction rate at the photoanode, and it
also increases O, production, resulting in low product forma-
tion and low faradaic efficiency. In addition, in some cases, the
density of reaction sites for the adsorption and activation of
reactants on the cocatalysts is limited.** Changing the solvent
composition may augment chemical production and selectivity
but decrease in the rate of the H, evolution reaction (HER) is
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inevitable. To overcome these challenges, new catalytic mate-
rials for the photoanode should be introduced.

Polymeric carbon nitride (CN) is a promising photoanodic
semiconductor material for water-splitting PEC because it is
composed of abundant and benign elements and has appro-
priate properties such as suitable band edges for water splitting,
an adjustable electronic structure, and UV-visible light absorp-
tion capability up to 460 nm.** In addition, other characteristic
material features of CN photoanodes—such as morphology,
porosity, specific surface area, and crystallinity also significantly
impact the PEC water-splitting performance.*®> However, O,
evolution over CN materials is less common due to the chal-
lenges posed by the valence band (VB) position and the sluggish
oxygen evolution reaction (OER) reaction kinetics. In our
previous findings,* cocatalysts were deposited into porous CN
photoanodes to overcome the OER kinetic barrier and increase
the consumption rate of photogenerated charges, particularly
the holes. This, in turn, increased the photoanode's stability
versus (vs.) photo-corrosion.

Despite very significant progress,* low-cost CN-based pho-
toanodes in water-splitting PEC are still an order of magnitude
less performant than state-of-the-art photoanodes (based on
heterojunctions that contain BiVO,, WOs;, Fe,03, TiO,, etc.)
because of sluggish oxygen production.***” In a water-splitting
process using CN, hole (h*) extraction and O, production are
considered more difficult steps because water oxidation is slow
since it involves four electron-hole (e -h") pairs.?® This limita-
tion of CN becomes a key advantage for PEC alcohol oxidation.
In contrast to water oxidation, the oxidation of organic
substrates is typically easier, therefore requiring lower photo-
voltage.” Under illumination, CN photoanodes can directly
oxidize an organic substrate in an aqueous electrolyte, while
suppressing the competing water oxidation reaction. Addition-
ally, CN is stable in a wide pH range with a high affinity for
organic molecules on its surface and a suitable VB position for
alcohol oxidation;***® hence, a CN-based photoanode is an ideal
candidate for such PECs.

Herein, we report the use of a CN-based photoanode in PEC
for the selective oxidation of benzyl alcohols (BnOH) to benz-
aldehydes (BZD) and benzoic acids (BZA). The optimized CN
photoanode demonstrates good stability and high efficiency: it
affords complete conversion of reactant (100%) with excellent
faradaic yield (>99%) for the oxidation of BnOH to benzoic acid
at the photoanode (in aqueous media at room temperature)
together with good H, production at the cathode. The PEC
oxidation reaction mechanism was elucidated with the help of
transient absorption spectroscopy (TAS), electron paramagnetic
resonance (EPR) measurements, isotope-labeling experiments,
and density functional theory (DFT) calculations. The scope of
suitable substrate molecules was successfully enlarged by the
oxidation of several other aryl alcohols to their corresponding
carboxylic acids under the same conditions. Finally, we
demonstrated the compatibility of the reported PEC system
with heteroatom-containing substrates by preparing heterocy-
clic acids commonly used in pharmaceutical applications.
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2. Results and discussion
2.1 PEC oxidation of benzyl alcohol on the CN photoanode

CN electrodes were prepared by a two-step method consisting of
doctor-blading followed by thermal treatment (see the experi-
mental section for the detailed procedure). The UV-vis absorp-
tion spectra, surface morphology, X-ray diffraction (XRD)
patterns, and X-ray photoelectron spectroscopy (XPS) of the
films are consistent with our previous reports (Fig. S1-S4+t).2**®
Here, we used CN electrodes modified with reduced graphene
oxide (rGO) for their porous structure, good electron (e”)
mobility, and high electrochemically active surface area. In our
previous work,”**®* without the addition of rGO, a CN photo-
anode showed very low photocurrent density and was unstable.
Upon rGO integration, the photocurrent density and stability
increased, mainly because of the conductivity and e~ diffusion
improvement due to the presence of rGO (Fig. S5t). Therefore,
the metal-free CN electrodes modified with rGO were chosen for
PEC BnOH oxidations. As illustrated in Fig. 1a, we propose to
use CN photoanodes for the PEC oxidation of BnOH and its
derivatives to aldehydes or carboxylic acids with molecular O, as
the oxidant. The BnOH oxidation reaction was performed under
1-sun illumination (AM 1.5 G, 100 mW cm ™) using a CN pho-
toanode, 1 M NaOH aqueous solution (pH = 13.9) saturated
with O, as an electrolyte, a Pt-foil counter electrode (cathode),
and an Ag/AgCl reference electrode.

Fig. 1b shows the linear sweep voltammograms (LSV) under
dark and illumination conditions. The CN photoanode has
a low onset potential, with a measured photocurrent of 0.50 +
0.03 mA at 1.22 V vs. a reversible hydrogen electrode (RHE). In
the presence of BnOH and saturated with O,, the photocurrent
increases to 0.60 £ 0.02 mA, suggesting that BnOH is more
easily oxidized at the photoanode than water (Fig. 1b). We note

in

o o
H OH
P —— "
1M NaOH, O, sat., stirr + + He
RJ &

1.22 Vvs. RHE, RT

—CN

c)
oF —— CN with BrOH

06

0.4 - 1t I} !
00 02 04 06 08 10 12 14 16 18 40 80 120 160 200 240

Potential (V vs. RHE) Time (s)

Fig. 1 PEC oxidation: reaction conditions and characterization of
photoanodes. (a) PEC oxidation scheme of primary alcohols using
a CN film on a transparent conductive fluorine-doped tin oxide (FTO)
electrode as the photoanode in the presence of O, as the oxidant and
a Pt cathode. (b) Linear sweep voltammetry (LSV) curves of CN without
(blue) (under argon) and with BnOH (red) (in the presence of O,) under
illumination (continuous lines) or in the dark (dashed lines) at a scan
rate of 20 mV s™%. (c) Chronoamperometry (current vs. time) of CN
electrode in 1 M NaOH aqueous solution (aqueous solution, pH = 13.9)
without (blue) and with (red) BnOH (substrate concentration: 10 mM
BnOH, 1 M NaOH aqueous solution, in the presence of O,).

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta03660f

Open Access Article. Published on 25 2022. Downloaded on 18.10.2025 11:20:24.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

a)

100{ 9-¢
90
80
70
60
50
40
304
204
10

clivity
BZA selectivity

Conversion (%)
2 o = 3
5 & 8 8

»
S

Conversion or Selectivity (%)

o

6 12 18 24 30 36 42 48 54 60 10 20 30 40 50 60
Time (h) Time (h)

<) d

Photoslectrogatalysis

pH 13.9

3
8

@
3

a
3

N
3

n

3

Conversion or Selectivity (%)
3
Conversion (%)
3

Electro-  Photo-

Ar A 0,. sat.
gonDifverem a(‘r’anphere 2 BnOH oxidation at different conditions

Fig. 2 PEC oxidation of BnOH over CN photoanodes. (a) Conversion
and charge passed (Q) vs. reaction time. (b) Conversion and corre-
sponding selectivity of BZD or BZA vs. reaction time. (c) Conversion
and corresponding selectivity of BZD or BZA under different reaction
atmospheres (argon, air, and O,) at the same reaction time (substrate
concentration: 10 mM BnOH, 1 M NaOH aqueous solution). (d)
Comparison between the conversion rate of BnOH oxidation under
different conditions: electrocatalysis (no illumination), photocatalysis
(no applied voltage), and photoelectrocatalysis at different pH values
(pH =7, 10, and 13.9).

that the current decay below 0.9 V is due to concurrent oxygen
reduction reaction (ORR). Periodic on/off illumination of CN
without and with BnOH-containing electrolytes (saturated O,
solution) at a fixed potential of 1.22 V vs. RHE affords a stable
photocurrent: 0.62 £ 0.02 mA under illumination in the pres-
ence of BnOH (Fig. 1c). Under chopped light, the CN photo-
response of the electrode is consistent with the LSVs (Fig. S6at).
From this point onwards, all reported organic oxidation reac-
tions were conducted under an applied voltage of 1.22 V (vs.
RHE). Because of the lack of a cocatalyst, at this voltage bias, the
production of molecular O, from the oxygen evolution reaction
(OER) is negligible.

2.2 Optimization studies

The oxidation of BnOH over the CN photoanode at different
reaction times (or charge passed, Q) was carried out at 1.22 V vs.
RHE under light irradiation and in the presence of O,
(Fig. S6bt). Fig. 2a shows the conversion of BnOH and charge
passed vs. reaction time. As the reaction proceeds, the concen-
tration of BnOH decreases while the concentration of generated
BZD increases. The selectivity for BZD after 12 h and 24 h is
100% and ~98%, respectively (Table S17). After 36 h, the BnOH
oxidation reaction conversion reaches 90%, and the selectivity
towards BZD is >85% (Fig. 2b). Longer reaction times lead to
further oxidation of BZD to BZA until full conversion of the
starting BnOH. After 48 h, the major product is BZA (87.1%
selectivity). A complete selectivity towards BZA is obtained after
a reaction time of 58 h with an excellent faradaic yield of >99%
(Fig. 2b). The PEC process enables the control of product
selectivity with time because BnOH is initially oxidized to BZD
(up to a selectivity of 85.0%) and then further oxidized to BZA

This journal is © The Royal Society of Chemistry 2022
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Fig.3 D,O and 80, labeling experiments for BhOH oxidation. (a) PEC
oxidation of BhOH using a D,O solution containing 1 M NaOH. (b) Mass
spectra of BZD produced in (I) H,O and (ll) D,O showing labeling in
BZD. (c) PEC oxidation reaction of BnOH in 80O-labeled oxygen gas
(*80,). (d) Mass spectra of BZD produced in () 0, and (I) 0,
showing labeling in benzoic acid (**0OH group of the carboxylic acid).
The analyzed reaction conditions are illuminated CN photoanode at
1.22 V vs. RHE for 48 h; the substrate concentration is 10 mM BnOH in
1 M NaOH aqueous solution.

(selectivity of 100%, indicating the complete PEC oxidation of
BnOH to BZA).

To explore the reaction mechanism and optimize the reac-
tion conditions, we conducted the BnOH oxidation under air
and argon environments (identical reaction times, Table S2+).*>
LSVs under O,, air, and Ar are provided in Fig. S7a: the
observed photocurrent varies depending on the atmosphere,
leading to dissimilar conversion and selectivity between BZD
and BZA formation (Fig. 2c). In the absence of O,—under Ar—
the conversion rate of BnOH is low (39%), whereas it increases
to 80% in air because of the presence of O,. However, in the
absence of O,, the initial photocurrent is lower than in the
presence of O,, and a slow decrease is observed after a few hours
(Fig. S7bt). In the Ar atmosphere, conversion of BnOH to BZA
over CN significantly decreases since electrons cannot activate

—@—CN
=@~ CN with BnOH|

I B2A selectivity

No conversion|

Conversion or Selectivity (%)

0
Normal  BQ TBA

K205 TEOA 10 11 12 13 14 15 16
Potential (V) vs. RHE

Fig. 4 Mechanistic and electrochemical investigations. (a) BnOH
oxidation reaction over a CN photoanode in the presence of various
radical scavengers for 48 h (“Normal” was conducted without scav-
enger); BQasa O, radical scavenger, 0.5 mM; TBA as an “OH radical
scavenger, 1 mM; K,S,0g as an e~ scavenger, 1 mM; TEOA as a h*
scavenger, (10% v/v). (b) Charge transfer resistance (R.) of CN pho-
toanode at various applied potentials without and with BnOH (in the
presence of O,).
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O, to produce ‘O, radicals. A dramatic increase in photocur-
rent is achieved in a solution saturated with O,; a reaction
conversion of almost 100% is achieved, with 13% and 87%
selectivity towards BZD and BZA, respectively, revealing that O,
has a vital role in the oxidation reaction.*

Different experimental methods were used to distinguish the
respective contributions of electrocatalysis and photocatalysis
(Fig. 2d).*> The BnOH oxidation performance is summarized in
Table S3.1 In electrocatalytic mode (without illumination; with
avoltage bias of 1.22 Vvs. RHE), BnOH oxidation was negligible.
Under photocatalytic conditions (under illumination; without
a voltage bias), barely any BnOH was consumed (4%). These
results indicate that in the electrocatalytic route, molecular O,
(i.e., without activation) cannot directly participate in the BhOH
oxidation reaction and that in the photocatalytic route, BhOH
undergoes sluggish oxidation with poor reaction conversion. In
contrast, high conversion of BnOH (100%) is obtained via the
PEC process, demonstrating that the combination of photoex-
citation and voltage bias is necessary for the reaction to occur at
an acceptable rate.

We investigated the effect of pH on the BnOH PEC oxidation,
unveiling that the oxidation reaction slows down at lower pHs
(Fig. 2d).*® The slow oxidation kinetics at low pH allows the
obtention of BZD from BnOH with high selectivity (>99%). At
high pH, in contrast, a higher photocurrent with good long-
term stability allows further oxidation to BZA (Table S37).
Resembling water oxidation,” in BnOH oxidation, higher
photocurrent and higher rates are observed at higher pH. The
conversion of alcohols to acids is achieved only at pH 13 mainly
because the generation rate of reactive intermediates as ‘O, is
much higher (due to increased stability) in an alkaline medium,
which ultimately increases the reaction rate.***

2.3 Isotope-labeling experiments

To uncover the source of the oxygen atoms involved in the
oxidation process, systematic D,O and "®0, isotope-labeling
experiments were conducted (Fig. 3).*****” D,O labeling exper-
iments were carried out by replacing H,O with D,O in the 1 M
NaOH electrolyte solution. The GC-MS results show that
deuterium incorporates into BnOH and BZD by hydrogen-
deuterium exchange (Fig. 3a-b and Fig. S8-S97).

To further clarify the exact role of molecular O, in the BnOH
oxidation, the PEC oxidation of BnOH under an isotope-labeled
80 atmosphere was performed. In the first oxidation process,
no "®0O-labeled BZD was detected after photoelectrocatalysis,
ruling out the inclusion of O atoms from O, or ‘O,  radicals
into BZD (Fig. $101).>® However, '®0, labeling experiments
reveal that the second oxygen in BZA originates from O, and not
from water (Fig. 3c-d, marked in green in the chemical
structure).

2.4 Mechanistic investigations

A series of control experiments were conducted by adding
different scavengers to the system to further elucidate the
reaction mechanism (Fig. 4a).*** In the presence of 1,4-ben-
zoquinone (BQ), an 'O, radical scavenger, the conversion of
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BnOH remained similar. However, the yield of BZA was reduced
significantly, indicating that the oxidation step of BZD to BZA
involves "0, radicals, in line with the '®0, labeling measure-
ments. The addition of tert-butyl alcohol (TBA), a hydroxyl-
radical ("OH) scavenger, had little influence, disclosing that
'OH has a negligible effect on the reaction and, hence, on the
BZA yield (Table S47).

In contrast, the photocurrent density and the yield of BZA
were significantly decreased by the addition of potassium per-
sulfate (K,S,0g), an e~ scavenger, confirming the importance of
O, activation to form 'O,  radicals by photogenerated e~ in
BnOH oxidation. Finally, the addition of triethanolamine
(TEOA), a h' scavenger, completely suppressed the BnOH
conversion, indicating that photogenerated h* play a key role in
the oxidation of BnOH. Summarizing this section, h* and "0,~
radicals are the main active species for the PEC BnOH oxidation
reaction under visible light illumination. Electrochemical
impedance spectroscopy (EIS) measurements reveal that the
presence of BnOH lowers the charge transfer resistance (R.) of
CN (Fig. S11 and S127).** EIS studies at applied potentials of
1.02-1.52 V vs. RHE indicate better h* extraction properties
from the electrode to the solution in the presence of BnOH over
a wide potential range (Fig. 4b).

In order to gain information of the BnOH oxidation mech-
anism, transient absorption (TA) measurements have been
performed in a CN dispersion in acetonitrile (355 nm laser
excitation) under N, and O, atmosphere (Fig. S13 and S14,f
respectively).*> Under an O, saturated atmosphere (Fig. S147),
the CN TA spectrum shows a continuous band along the
measured spectrum, with a relative maximum intensity around
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Fig. 5 Mechanistic studies: experiments and calculations. (a) TA
kinetics of CN photoelectrode in O,-saturated LiClO,4 solution (0.1 M
in acetonitrile) and 64 mM BnOH upon no applied bias voltage (black)
and 1.2 V vs. NHE (red). Pt wire and Ag/AgCl electrode were used as
counter and reference electrodes, respectively. Laser excitation
355 nm. Monitored wavelength of 660 nm. (b) EPR detection of
carbon-centered radicals formed during BnOH oxidation using DMPO
as the spin-trapping agent (black asterisks indicate characteristic
DMPO peaks). (c) DFT calculations showing the favorable configura-
tion of BnOH and O, over CN; The adsorption energy beneath each
illustration was computed relative to the energy sum of the relaxed CN
and the isolated relaxed moiety. (d) Proposed mechanism of the PEC
oxidation of BnOH over a CN photoanode.
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660 nm. In our results, the slow component in the CN TA under
0O, atmosphere can be attributed to long lived photogenerated
h* in the CN valence band (VB).

In order to further investigate the PEC reaction mechanism,
TA experiments have been also carried out using CN electrodes
under 355 nm laser excitation in the presence of BnOH after O,
purging. The TA kinetics of the CN electrode were measured at
660 nm with either no applied bias voltage or 1.2 V vs. NHE
(Fig. 5a).* Under no bias, the TA decay follows the expected
bimodal behavior. The calculated lifetimes after experimental
data fitting to eqn (1) were 120.6 ns and 2.03 s for the fast and
slow components, respectively. However, under applied bias
voltage 1.2 V vs. NHE, the TA signal was completely quenched.
These results indicate that light-induced h" in the CN VB could
not have enough oxidation potential to oxidize BnOH, while
addition of the applied bias voltage would promote the prompt
h" transfer to BnOH.* These results are in good agreement with
our control experiments, where photocatalytic and electro-
catalytic BnOH oxidation showed negligible reaction
conversion.

Overall, the combination of the photogenerated e~ in the CN
conduction band (CB) and the applied oxidation potential of
1.22 V vs. RHE are the driving forces of the outstanding
performance of the CN photoanodes for the PEC BnOH oxida-
tion under these conditions. Electron paramagnetic resonance
(EPR) spectroscopy was performed under an O, atmosphere by
adding the radical spin trapping agent DMPO (5,5-dimethyl-1-
pyrroline N-oxide) to the electrolyte, confirming the existence
of a radical intermediate (Fig. 5b).

In the EPR results, we didn't detect "O,~ radicals; it could be
that reactive oxygen species, such as 'O,  radicals, have short
lifetimes in an aqueous solution with high pH.** The six new
peaks in the fitted results are attributed to carbon-centered
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radicals, implying that these intermediates are formed during
the reaction.* Typically, carbon-cantered radicals, which can be
produced by reactive "0, radicals or h', are regarded as the
crucial intermediates for PEC BnOH oxidation.*

The first essential step in most heterogeneous catalytic
reactions is the adsorption of reactants on the catalyst
surface."®*” Therefore, DFT calculations were preformed to
compute the adsorption energies of the initial moieties ((a)
molecular O,, (b) BnOH, and (c) BnOH adjacent to O,) and
intermediate reaction products ((d) BZD, (e) BZA) over CN
(Fig. 5¢ and S157). From an energetic viewpoint, the adsorption
energy of O, is about —0.22 eV with a preferred location above
the meso pore (Fig. S15af). It is worth mentioning that for
a dissociated molecule, the adsorption energy was relatively
high, exceeding —1.5 eV. The same site is also preferred by the
BnOH, with an adsorption energy of —0.12 eV (Fig. S15bf).
When both moieties are located above this site, each moiety
changes its preferred location, and the obtained integral
adsorption energy is —0.17 eV. Thus, the adsorbed O, molecule
(053%%) can effectively bind to the CN photoanode surface, even in
the vicinity of a BnOH molecule.

From an energetic viewpoint, 03%° reacts with the BnOH on
graphitic carbon nitride*® with a low adsorption energy of
—0.17 eV (Fig. 5¢). In this configuration, and under both illu-
mination and applied potential, the CN photoanode, which
generates e~ and h' charge carriers, can efficiently catalyze the
reduction of 03% into "0,  radicals using the available e™.
Hence, the effective reaction rate for the BnOH oxidation into
BZA depends to a large extent on the rate of adsorption and
activation of BnOH and O, molecules on the CN surface
(Fig. S167).

We propose a mechanism for the PEC oxidation of BnOH
over CN photoanodes (Fig. 5d). Under the combined

ROHL{RH}LROHMM

salicalion O* :

3a, 99% (100%)

O

3f, 99%, (100%)

3b, 97% (100%)

o

3g, 93%, (100%)

3c, 62%7 (100%)

OH

, 99% (100%) 3e, 99% (100%)

0*0*

3h, 98%, (100%) 3i, 97%, (100%)

Fig. 6 Scope of the substituted BnOH used as substrates. Reaction conditions: 10 mM of alcohol (0.18 mmol) in 1 M NaOH aqueous solution (pH
13.9) saturated with O, as an electrolyte, CN photoanode as the working electrode. PEC was conducted in constant potential mode (1.22 V vs.
RHE) under 1-sun illumination. The reaction conversion (in parentheses) was determined by GC-MS and *H NMR. The amount of oxidation
product (3) was determined by *H NMR using dibromomethane as an internal standard. ®The oxidation of 4-methoxybenzyl alcohol yields 38% 4-

methoxybenzaldehyde.
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illumination and applied potential, the CN photoanode gener-
ates e~ and h' charge carriers.”” The photogenerated e~ (at the
CB) reduces O, molecules to 'O, radicals while the h* (at the
VB) oxidizes the BnOH molecules to the corresponding carbon-
centered radicals (Fig. S171).*° Simultaneously, ‘O, radicals
abstract protons from the BnOH molecules to form carbon-
centered radicals, which are then oxidized to BZD. The "0,
radicals play the important role of promoting the rapid
consumption of photogenerated e in the reaction, thus accel-
erating the separation of photogenerated e~ and h', which is
beneficial for the BnOH oxidation.**> Subsequently, the BZD
molecules are oxidized by h* at the electrode to form carbon-
centered radicals, which themselves react with ‘O,” to form
BZA. During the oxidation process, most e~ transfer to the Pt
counter electrode (the cathode), thanks to the applied bias,
where they reduce the adsorbed hydrogen (H,qs) formed by
water dissociation into H,.*® It is important to note that the
uptake of e~ by O, at the photoanode enhances the stability of
the CN electrodes because it removes e that are far from the
conductive substrate. Thus, less recombination occurs and the
photogenerated h" lifetime is extended.

After finding the optimal reaction conditions and under-
standing the underlying oxidation mechanism, we extended the
scope of demonstrated PEC oxidation substrates to BnOH
substituted with -CH;, -OCHj3, -Cl, -CF3, and -NO, groups
(Fig. 6 and Table S5t). The reaction conversion and amount of
oxidation product (3) were determined by GC-MS and "H NMR
measurements. BnOH derivatives substituted with electron-
donating groups (-CHjz, -OCHj) and electron-withdrawing
groups (-CF3, -Cl, and -NO,) are efficiently oxidized into the
corresponding carboxylic acids (100% conversion)

The observed photocurrent varies depending on the
substrate identity; hence, the PEC time to achieve complete
conversion itself varies (a total charge of around 69-70 C passed
is necessary to complete the 4e™ oxidation reactions).

In the case of BnOH substituted with -OCH; (4-methox-
ybenzyl alcohol), the reactant is fully consumed (100% conver-
sion), but the corresponding carboxylic acid is obtained in low
yield (62%). -OCH3 is a strong electron-donating group; there-
fore, the resonant structures of the 4-methoxybenzyl alcohol
radicals are more stabilized in the para orientation, which does
not promote effective aldehyde-to-carboxylic acids conversion.>*
Heteroatom-containing substrates (pyridine derivatives 3g-3i)
can also be successfully converted to the corresponding
carboxylic acids in high yield (=93%). Overall, all the substrates
show 100% conversion and faradaic yields =92% (except 4-
methoxybenzyl alcohol: faradaic yield of 81.3%). The cathodic
reaction, that is, HER, was measured during BnOH oxidation in
a two-compartment cell (Fig. S18t)."*> The concentration of
generated H, increases steadily with time. After 10 h of PEC
operation time, 35.6 pmol H, is produced (faradaic yield (%) of
75 + 8). The non-optimal faradaic yield stems from the reaction
of e~ with O,.

A detailed characterization of the electrodes after 48 h of PEC
operation reveals changes in the morphology and the thickness
of the CN film (stability measurement, Fig. $19-5207%). XRD and
Fourier-transform infrared (FTIR) measurements of CN after
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a long reaction time indicate structural changes in the CN films
(Fig. S21%). FTIR shows that the characteristic peaks of CN
slowly disappear with increasing PEC operation time (the strong
band at 880-1640 cm ', attributed to the typical stretching
vibration of C-N and C-NH heterocycles and the band near
808 cm ™', related to the s-triazine). The XRD measurements
suggest that the CN film on FTO has a lower crystallinity the
characteristic peaks of CN are much weaker than before PEC
operation. The intensity of the diffraction reflection at ~27.7°
(002 plane of CN) decreases, which indicates that some CN
detaches from the FTO surface during operation. Complemen-
tary XPS measurements suggest partial oxidation of the CN
framework during the PEC oxidation reaction of BnOH
(Fig. S227). In the C 1 s spectrum, the peak corresponding to
C-N=C decreases, revealing an increase in the C-to-N atomic
ratio (from 0.87 to 2.13) (Table S61). Hence, the main reason
behind the slow decrease in photocurrent lies in the leaching of
CN from the FTO surface during operation; we intend to direct
future research efforts towards stabilizing the CN film under the
working conditions.

3. Conclusions

In conclusion, the utilization of CN-based photoanode in PEC
has been successfully demonstrated with an organic synthesis
producing value-added aldehydes and carboxylic acids while H,
is produced at the cathode. Under visible light, excited e~ from
the semiconductor CN surface activate O, molecules into "0,
radicals, whereas photogenerated h* oxidize BnOH to BZD or
BZA. This setup allows the successful oxidation of multiple
substituted aryl alcohols into their corresponding carboxylic
acids with excellent yields, up to 99%. The faradaic yields of the
oxidation reactions were very high for all substrates (>90%). In
the proposed mechanism (backed by TAS, EPR, and isotope-
labeling experiments), after a proton is abstracted from BnOH
(and then BDZ), oxidation by 'O,  radicals forms carbon-
centered radicals as the reaction intermediates towards the
BZA product. DFT calculations verified that CN has an excellent
ability to adsorb BnOH and O,, whereas the rapid reduction of
O, by photoexcited e is responsible for the excellent charge
separation. This study shows the compelling potential of
utilizing metal-free polymeric CN materials for photo-
electrochemical organic transformations. These promising
results may lead to safer, more selective and cost-effective
chemical reactions.

4. Experimental
4.1 Materials and reagents

All chemicals were purchased from commercial sources and
used as received. Melamine (99%), potassium chloride (KCl,
ReagentPlus®, =99%), 4-methoxybenzyl alcohol (98%), 4-(tri-
fluoromethyl)benzyl alcohol (98%), 4-chlorobenzyl alcohol
(99%), 4-methylbenzyl alcohol (98%), 4-nitrobenzyl alcohol
(99%), 4-pyridinemethanol (99.5%), 3-pyridinemethanol (98%),
2-pyridinemethanol (98%), oxygen-'%0, (99 at% 20, 99% (CP)),
deuterium oxide (D,O, 99.9 at% D), 1,4-benzoquinone (BQ,
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=98%), tert-butyl alcohol (TBA, =99.5%), and 5,5-dimethyl-1-
pyrroline N-oxide (DMPO, =97%) for electron paramagnetic
resonance (EPR) spectroscopy were purchased from Sigma-
Aldrich. Ethylene glycol (EMSURE® Reag. Ph. Eur, Reag. USP)
and potassium persulfate (K,S,0g, =99%) were purchased from
Merck. Dichloromethane (CH,Cl,, 99.5% amylene-stabilized),
ethanol (=99.9%), acetone (99.5%), and hydrochloric acid
(32 wt%, AR grade) were purchased from Bio-Lab Ltd, Israel.
Sodium hydroxide (NaOH, 99%), sodium sulphate anhydrous
(Na,S0,, 99%), and potassium hydroxide pellets (KOH, 85%)
were purchased from Loba Chemie, India. Benzyl alcohol
(BnOH, =99.5%) was purchased from Acros Organics. Dibro-
momethane (CH,Br,, 99%) was purchased from TCI chemicals.
Chloroform-D (CDCl;, >99.8%) was purchased from Fluo-
rochem, UK. Dimethyl sulphoxide-ds (DMSO-dg, 99.9%) was
obtained from Cambridge Isotope Laboratories. Graphene
oxide (GO, 0.4 wt%, >95%) aqueous suspension was purchased
from University Wafer Inc., USA (C89/GOSD18004/D). TEOA
(99%) was purchased from Glentham Life Sciences, UK.
Fluorine-doped tin oxide (FTO) coated glass (TEC15, 12-14 Q
sq ') was purchased from Xop Glass Company, Spain. De-
ionized water (DI) was purified using a Millipore Direct-Q3
water purification system (18.2 MQ cm resistivity).

4.2 Materials characterization

UV-vis absorption spectra were measured on a Cary 100 spec-
trophotometer using the transmittance mode for films over
a transparent substrate to measure T and a diffuse reflectance
accessory (ATR) to estimate the reflectance, R. Fourier-
transform infrared spectroscopy (FTIR) was performed on
a Thermo Scientific Nicolet iS5 FTIR spectrometer (equipped
with a Si attenuated total reflection (ATR) accessory). Scanning
electron microscopy (SEM) images of the CN electrodes were
obtained using an FEI Verios 460L high-resolution SEM equip-
ped with a FEG source and operated at an accelerating voltage,
Uy = 3.5 kV (after sputtering with Pt, ~10 nm using a Quorum
Q150T ES system). X-ray diffraction (XRD) patterns were ob-
tained using a PANalytical's Empyrean diffractometer equipped
with a position-sensitive detector X'Celerator. Data were
collected with a scanning time of ~7 min for a 5-60° 26 range
using Cu Ka radiation (A = 1.54178 A, 40 kV, 30 mA). X-ray
photoelectron spectroscopy (XPS) data were obtained from an
X-ray photoelectron spectrometer ESCALAB 250 ultrahigh
vacuum (1 x 10~° bar) device with an Al Ko X-ray source and
a monochromator. The X-ray beam size was 500 um, survey
spectra were recorded with a pass energy (PE) of 150 eV, and
high energy resolution spectra were recorded with a PE of 20 eV.
To correct for charging effects, we calibrated all spectra relative
to the carbon C 1 s peak positioned at 284.8 eV. The XPS results
were processed using the Thermo Scientific™ Avantage soft-
ware. Continuous-wave X-band (9.4 GHz) EPR measurements
were carried out at room temperature (7 ~295 K) using a Bruker
EMX-220 spectrometer equipped with an Agilent 53150A
frequency counter. For the EPR measurements, 2 mL of the
sample was collected from the reaction mixture and mixed with
DMPO (0.04 mmol) as a radical spin trapping agent.

This journal is © The Royal Society of Chemistry 2022
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4.3 Transient absorption spectroscopy (TAS)

Laser flash photolysis (LFP) measurements were performed
using a Q-switched Nd:YAG laser (Quantel Brilliant, 355 nm, 20
mJ per pulse, 5 ns fwhm) coupled to a mLFP-111 Luzchem
miniaturized equipment. This transient absorption spectrom-
eter includes a ceramic xenon light source, a 125 mm mono-
chromator, a Tektronix 9 bit digitizer TDS-3000 series with 300
MHz bandwidth, a compact photomultiplier and a power
supply, a cell holder and fiber optic connectors, a fiber optic
sensor for laser-sensing pretrigger signal, computer interfaces,
and a software package developed in the LabVIEW environment
from National Instruments. The LFP equipment supplies 5 V
trigger pulses with a programmable frequency and delay. The
TA experiments of CN dispersions in acetonitrile were recorded
using 10 mm x 10 mm quartz cells with a capacity of 4 mL,
while the TA experiments of CN photoelectrodes were recorded
using a home-made quartz cell suitable for photo-
electrochemistry experiments. A Pt wire (1 mm thick) and Ag/
AgCl (saturated KCI) electrodes were used as counter and
references electrodes respectively. LiClO, (0.1 M in acetonitrile)
was used as the electrolyte. In addition, BnOH (64 mM) was also
added to the electrolyte solution and the whole system was O,
purged. The absorbance value of the CN samples in acetonitrile
dispersions was around 0.6 at the laser excitation wavelength
(355 nm). The lifetimes were calculated after experimental data
fitting to eqn (1).

Fty=a e ™ +a e (1)

4.4 DFT methodology

Based on previous experimental characterization, we consid-
ered a supercell with one layer of graphitic carbon nitride (CN)
arranged in a tri-s-triazine geometry and containing 24 carbon
atoms, 32 nitrogen atoms, and a top vacuum layer of =28.6 A.
To define the preferred location of the BnOH moiety over the CN
surface and to compute its adsorption energies, all the atoms in
this supercell were allowed to relax until the residual forces of
all the atoms were less than 10~° Ry/B® and the change in energy
was less than 5 x 107> Ry. For the final relaxed structures, a self-
consistent convergence criterion of 10~ ® Ry was imposed. The
adsorption energy (E.qs) of each configuration was computed
according to eqn (2).

Eads = E;f/xb - ( rl}(\] + EEQOH) (2)

where EJ; is the total energy of the system after relaxation,
ESY is the relaxed energy of the CN surface, Efa°™ is the relaxed
energy of an isolated BnOH moiety.

The preferred adsorbed configuration of BnOH molecules
over the CN surface was used for further calculations to explore
the preferred location and configuration of molecular oxygen
(O,) over a CN surface covered with adsorbed BnOH. The
calculations were carried out using the Quantum-Espresso
package® and performed on a periodically repeated supercell.

The exchange-correlation potential was treated within the
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Perdew-Burke-Ernzerhof (PBE) generalized gradient approxi-
mation (GGA)*® and a k-mesh of 2 x 2 x 1 was constructed
according to the Monkhorst and Pack scheme.®” The ion core
was described by plane wave (PAW) pseudopotentials®® and the
valence electrons (1s electron for the H atoms, 2s and 2p elec-
trons for C and N atoms, and 2s and 2p electrons for O,) were
treated explicitly with a 350 Ry cut-off for the charge density and
kinetic 50 Ry for the wave function. To ensure that the results of
the calculations are directly comparable, identical conditions
and convergence criteria were employed for all systems.

4.5 Carbon nitride electrode preparation®*>*

A melamine-graphene oxide supramolecular paste was formed
by blending melamine powder (2.0 g) in ethylene glycol (1.4 mL)
with a graphene-oxide aqueous suspension (1.0 mL of a 0.8 wt%
GO suspension prepared by concentrating a commercial solu-
tion of GO at 0.4 wt%). The formed paste was doctor-bladed
(with 2 scotch tape layers) onto FTO, subsequently dried at
90 °C on a hot plate, and finally transferred into a closed (by
aluminum foil) 25 mm-diameter glass test tube. (Note: FTO
substrates were cleaned by sonication in an aqueous 1% w/v
Alconox solution, ethanol, and acetone, and finally dried
before usage).

4.6 Synthesis of CN

In a 25 mm-diameter glass test tube, 0.2 g of melamine powder
were deposited at the bottom of the tube, after which two
electrodes (electrode size (length x width): 1.7 cm x 2 cm) were
placed in its middle. The test tube was then purged very care-
fully with N, (g) for 5 min and then covered with aluminum foil.
Subsequently, the sample was heated up to 550 °C at a ramp rate
of 5°C min~" and kept at 550 °C for 4 h under a constant N, flow
before it was naturally cooled down to room temperature.

4.7 Photoelectrochemical (PEC) measurements

All electrochemical measurements were performed using
a three-electrode system and an Autolab potentiostat (Metrohm,
PGSTAT302N). Pt foil (0.75 cm®) and Ag/AgCl (saturated KCI)
were used as the counter and reference electrodes, respectively.
The electrolyte was a 1 M NaOH aqueous solution (pH = 13.9).
All the potentials were converted to reversible hydrogen elec-
trode (RHE) values using eqn (3).

VRHE = VAg/AgCI + 0.059 x pH +0.197 (V) (3)

Photocurrents were measured at 1.22 V vs. RHE under the
illumination of a solar simulator (Newport 300 W Xe arc lamp,
equipped with an AM 1.5G and water filters) at a power density
of 100 mW cm™?, which was calibrated using a thermopile
power meter (Model 919-P, Newport), that is, 1-sun conditions.
To report photocurrents, a standard deviation (o) from three
independent experiments (electrode preparation in separate
batches and different PEC measurements with new electrolytes)
was calculated, and the values are presented as the average
photocurrent + ¢. Nyquist plots of the samples were measured
in the frequency range from 100 kHz to 10 mHz at an applied
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voltage of 1.22 V vs. RHE. Mott-Schottky measurements were
performed in 1.0 M Na,SO, aqueous solution (pH = 7) using the
same potentiostat at 2000 Hz. Here, the voltage difference
between the conduction band (CB) and the flat band potential is
set to be 0.2 eV.

4.8 PEC oxidation of aryl alcohols

Bulk photoelectrolysis experiments were performed in a 30 mL
undivided PEC cell. All the reactions were performed in aqueous
solutions. A carbon nitride (CN) electrode (1.7 cm X 2 cm) was
used as the working electrode and Pt foil (0.75 cm?) and Ag/AgCl
(saturated KCI) were used as the counter and reference elec-
trodes, respectively. Photoelectrolysis reactions were performed
at a constant potential mode of 1.22 V vs. RHE. A PTFE-coated
magnetic stir bar (1 cm) was used to stir the reaction mixture
at 500 rpm during the reactions. All reactions were performed
with a substrate concentration (alcohols) of 10 mM in 18 mL of
1 M NaOH aqueous solution (0.18 mmol). Before each experi-
ment, O, gas (or any other appropriate gas for test reactions)
was bubbled into the solution for 10 min at a flow rate of 15
mL min~", then filled for 3 min assuming the concentration of
O, reached saturation in the headspace. The area under the
chronoamperogram corresponds to the charge passed during
the PEC oxidation reaction. The characterization of the prod-
ucts and the reaction yields are given in the product isolation
and yield determination section.

4.9 GC-MS and NMR

Typically, the reaction mixture was dispersed in CH,Cl,. GC
data were obtained using an Agilent 6850 GC equipped with an
Agilent 5973 MSD, working under standard conditions and an
Agilent HP5-MS (30 x 0.25 X 0.25) column. The column oven
temperature was ramped to 80 °C and held for 2 min, then
raised to 300 °C and held for 8 min (heating rate: 30 °C min%).
Ultrapure helium (=99.99%) was adopted as the carrier gas at
a flow rate of 1.0 mL min . The temperatures of the injection
port, MS transfer line, and ion source were set at 230 °C, 250 °C,
and 300 °C, respectively. A sample volume of 1 puL with a split
ratio of 100 : 1 was used. Selected ion monitoring mode (SIM)
was adopted for the analysis. GC-MS spectra of the products are
provided below (GC-MS data section). Similarly, the samples
were extracted, concentrated in a rotary evaporator, and then
dispersed in CDCl; or DMSO-d; for further NMR detection. The
'H and "C NMR spectra were recorded using a Bruker DPX 400
instrument; the chemical shifts, given in ppm, are referenced to
the residual solvent peak. Alcohol conversion and product
selectivity were calculated according to eqn (4) and (5).

Conversion (%) =

> content (mmol) of each product analyzed via GC

1009
reactant alcohol (mmol) X /

(4)
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Selectivity (%) =

content (mmol) of each product analyzed via GC
> content (mmol) of each product

x 100% (5)

4.10 Hydrogen (H,) measurements

The amount of photogenerated H, in the reactor headspace was
analyzed using an Agilent 7820 GC system equipped with
a thermal conductivity detector (TCD). Samples of gases were
intermittently withdrawn every 2 h with an A-2 Luer lock gas
syringe series purchased from VICI® precision sampling
(Pressure-lok® precision analytical syringe). Two-compartment
cells were thoroughly sealed with rubber septa and parafilm
to prevent any gas leakage. Before the experiment, O, gas was
bubbled into the anode solution for 30 min; the solution was
then filled with O, for 3 min, assuming the O, concentration
reached saturation in the headspace. Meanwhile, Ar (g) was
purged into the cathode solution for 30 min to remove any
dissolved O,. The electrode was held at 1.22 V (vs. RHE) under
illumination. Faradaic efficiency was calculated using eqn (6).

experimental umol of gas

Faradaic efficiency (%) = theoretical pmol of gas

x 100% (6)

The theoretical amount of gas was calculated from Faraday's
law, eqn (7).

Ixt

zx F

n= 7)
where 7 is the amount of gas (measured in mol), I is the current
(A), t is time (s), z is the number of transferred electrons (for H,,
z = 2), and F is the Faraday constant (96 485 C mol ).
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