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anthraquinone method is associated with the generation of substantial chemical waste as

well as the requirement of a high energy input. In this respect, the oxidative

transformation of pure water is a sustainable solution to meet the global demand. In fact,

several photocatalysts have been developed to achieve this chemistry. However, 97% of

the water on our planet is seawater, and it contains 3.0—5.0% of salts. The presence of

salts in water deactivates the existing photocatalysts, and therefore, the existing

photocatalysts have rarely shown reactivity toward seawater. Considering this, a

sustainable heterogeneous photocatalyst, derived from hydrolysis lignin, has been

developed, showing an excellent reactivity toward generating H,O, directly from

seawater under air. In fact, in the presence of this catalyst, we have been able to achieve 4085 yM of H,O,. Expediently, the catalyst
has shown longer durability and can be recycled more than five times to generate H,O, from seawater. Finally, full characterizations
of this smart photocatalyst and a detailed mechanism have been proposed on the basis of the experimental evidence and multiscale/
level calculations.

Bl INTRODUCTION

H,0, is a quintessential high-energy oxidant that is widely
used in chemical synthesis, mining, environmental remedia-
tion, pulp and paper processing, and surfactants." Parallel to
these, high energy capacity, easier storage, and transportation
make H,0, much more favorable than other conventional
green fuels such as H,." Although relentless efforts have been
paid for the generation of H, from water, the storage problem

Scheme 1. Oxidation and Reduction of H,0, at Different
Electrochemical Potentials in the Fuel Cell

Anode: H0,> O, + 2H" + 2e~ +0.68 Vvs. NHE
Cathode: H,O, + 2H" + 2e~ > 2H,O +1.76 Vvs. NHE
Overall: 2H,O, > O, + 2H,O 1.09V

about 5.2 billion US$ in 2026.° Indeed, H,0, has been listed
as one of the 100 essential chemicals on the earth.®

47
48

of H, is still the major bottleneck. Indeed, the energy density
of H, by volume at atmospheric pressure is far from the
practical aspect for stationary fuel storage.” To alleviate this
storage issue, H, must be either physically or chemically
captured. However, this step requires external equipment or
36 chemicals, and that increases the associated cost. In this
37 respect, the energy density of aqueous H,0, (70 wt %) is 3.1
38 MJ L™, which is very similar (2.8 MJ L") to the tank of H, at
39 35 MPa (room temperature) when operating in the fuel cell.’
40 Expediently, H,O, has the unique character of being both
41 oxidized and reduced at different electrochemical potentials.
42 That gives an intrinsic facility of using it as a fuel and an
43 oxidant in the fuel cell with a maximum theoretical potential of
44 1.09 V (Scheme 1).* Therefore, it is evident that the demand
45 for H,O, will increase, and as of 2020, the global market share
46 for H,0, is around 4 billion US$ and is expected to grow
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Traditionally, H,0, is synthesized by using the anthraqui- 49
none method via consecutive hydrogenation and oxidation so
reactions.” This synthetic strategy is associated with high s1
energy input and large quantities of wastewater and solid s2
waste. Thus, a direct combination of H, and O, to generate s3
H,0, is ideal to avoid all these problems.'®” The mixture of H, s4
and O, is inevitably associated with high explosion risk and ss
should be very carefully dealt with. Thus, a sustainable strategy s¢
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Figure 1. (a) Mott—Schottky plots of the BiOBr catalysts [BiOBr (BOB), chitosan-supported BiOBr (CBOB), graphene-supported BiOBr
(GBOB), and lignin-supported BiOBr (LBOB)] revealing their flat-band potential value or the position of conduction band at 1 kHz frequency;
(b) energy band positions of the BOB catalysts obtained from the UV-DRS (see Figure S1) and Mott—Schottky measurements.

57 is strongly required to meet the global demand for H,0O,. The
s8 photosynthesis of H,O, directly from water, via the
s9 combination of the photocatalytic two-electron reduction of
60 O, and the catalytic four-electron oxidation of water, is a
61 cleaner method.® The field of photocatalytic H,0, production
62 has seen several remarkable influxes over the 1past decade,
63 reporting catalysts ranging from homogeneous” '’ to hetero-
64 geneous,11 metal''? to nonmetal variants,'®!'!%™!?
65 componentug’k’13 to multicomponent systems,
66 pure inorganic—ll‘"’d‘l%’15 or organic-based materials to
67 their hybrids, covalent organic frameworks (COFs),'” metal—
68 organic frameworks (MOFs),'® and polymers and single-atom
69 systems.”'*'7 All of these reported catalysts used either pure
70 water or a water—alcohol mixture as the corresponding proton
71 donor. As such, a much more attractive method for H,O,
72 generation would be a direct synthesis from seawater because
73 the latter represents 97% of the surface water on our planet
74 and contains 3.0—5.0% of salts along with organic and
75 inorganic pollutants. The presence of salts leads to the
76 deactivation of the catalysts due to lowering the light
77 absorption, the capability of electron transfers, and lowering
78 the bandgap and band positions, thus hampering their
79 reactivity in seawater.'® Although this problem has been
80 solved by electrocatalysis and photoelectrocatalysis, the
81 photocatalytic approach is still in its infancy.lb’uk’lc)_m
82 Considering the high abundance of seawater, generating
83 H,O, from it should provide a sustainable solution in the
84 H,0, market. Additionally, if a green catalyst can be
85 developed, it should meaningfully contribute to meeting the
86 Sustainable Development Goals (SDG).**

87 Based on this background, we designed a sustainable
88 heterogeneous photocatalyst to generate H,O, from sea-
89 water."” Indeed, the development of catalysts from renewable
90 resources has received high priority to reduce the utilization of
o1 fossil resources.””** Biopolymers such as cellulose and lignin
92 have garnered interest as ideal supports for heterogeneous
3 catalysts. Lignin is an aromatic biopolymer with high carbon
94 content (>60 atom %), high thermal stability, and biodegrad-
9s ability. These properties greatly enhance the designing of low-
96 cost smart photocatalysts by changing the bandgap, eliminating
97 the recombination of holes, and adjusting the band
98 positions.zs’26 Combining all this information, we have chosen
99 lignin as the biomaterial to generate H,0O, from seawater. In

single-
11a—d,12a,b,c,d}i,14

le,11c,12

Nl

particular, BiOBr nanostructures have been hydrothermally 100
grown under alkaline conditions on hydrolysis lignin because 101
the latter, in opposite to other lignin types, can withstand its 102
dissolution in such alkaline conditions.>® This novel composite 103
shows high stability in seawater and can be recycled several 104
times (more than five). 105

Bl RESULTS AND DISCUSSION 106

Recently, it has been predicted that integrated inorganic 107
semiconductor nanostructures with lignin as substrate could 108
result in su;)erior photocatalytic activity for solar energy 109
conversion.”” This fact was the motivation behind our 110
discovery of this type of bioinorganic photocatalysts formed 111
by controlled hydrothermal synthesis on biobased substrates. 112
We chose for our investigation both chitosan (CBOB) and 113
lignin (LBOB) as substrates to grow BiOBr semiconductor 114
nanosheets (BOB). Such bismuth oxyhalides BiOX (X = Br, 115
Cl, I) represent a class of mixed-anion compounds that have 116
emerged as potential photocatalysts for catalysis, energy 117
materials, and energy conversion.””** We also used graphene 118
as the support matrix for a favorable comparison of 119
photocatalytic activity (GBOB). 120

At the beginning of the characterizations, UV-DRS spec- 121
troscopy was carried out to determine the bandgap of these 122
photocatalysts. The UV-DRS Tauc plot analyses of all these 123
photocatalysts exhibited adequate bandgap in the visible-light 124
region (see Figure S1) for LBOB (~2.9 eV — 427 nm), CBOB 125
(~3.0 eV — 413 nm), and GBOB (~2.6 eV — 477 nm). In 126
fact, an apparent modification of the bandgap has been 127
achieved by using supports to the BOB catalysts (~3.0 eV — 128
413 nm). Mott—Schottky measurements revealed that the flat- 129
band potentials or conduction band (CB) positions of the 130
LBOB variant had the highest CB position at ca. +0.03 V vs 131
RHE, followed by BOB at ca. +0.19 V vs RHE, CBOB at ca. 132
+0.23 V vs RHE, and GBOB with ca. +0.59 V vs RHE (Figure 13311
1a,b). These results suggested that all these photocatalysts are 134 f1
able to participate in the direct 2e” oxygen reduction reaction 135
(ORR) to generate H,0, as the reduction potentials of O, stay 136
below +1.12 V vs RHE.*''" Interestingly, only LBOB should be 137
able to promote 2e” ORR through both the indirect and direct 138
pathways, as shown in Scheme 2. 139 52

As the band positions of these photocatalysts were in the 140
range for the formation of H,0, from water, we added NaCl to 141

https://doi.org/10.1021/jacs.1c10786
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Scheme 2. Adequate Standard Reduction Potentials for the
Generation of H,0,”

Direct ORR:

O:+2e  +2H">H,0, (E°=+1.12V vs. RHE)
Indirect ORR:

O+e >0, (E°=+0.11Vvs.RHE)

O, +e~+2H' > H,0, (E°=+1.88 Vvs. RHE)

“Note: all potential values have been converted to RHE from NHE
(pH = 747).

142 pure water to mimic the average concentration (0.6 M) of the
143 saline content in seawater. The time-dependent reaction
144 profiles for the evaluated BOB catalysts have revealed that
145 the LBOB variant yielded higher H,O, than the remaining
146 variants in the presence of 0.6 M NaCl (Figure 2a). Notably,
147 while using the LBOB catalyst, the H,0, concentration
148 continued to increase even after 6 h. H,0, (2100 mM) was
149 obtained with ~8000 Ix (Figure 2b). Subsequently, fresh
150 LBOB catalyst was investigated in pure water containing a

higher concentration of NaCl (0.9 M), but no yield 151
improvement was observed. 152

Considering that seawater contains a plethora of dissolved 1s3
metal and nonmetallic ions such as Ca?*, Mg?*, K*, and SO,*™ 154
in lower amounts, we elucidated their influence on the LBOB- 1ss
catalyzed H,O, photoproduction. Experiments using different 1s6
concentrations (0.01, 0.02, 0.03, and 0.04 M) of CaCl,, MgCl,, 157
KCl, or Na,SO, were conducted in pure water. A steady 1s8
increase in H,0, concentration with the salt concentration has 1s9
been observed, and 2660 M of H,0, was formed with 0.04 M 160
of KCI (Figure 2c)."® Given the high H,0, photoproduction in 161
0.6 M aq NaCl solution, we further decided to investigate the 162
effect of other sacrificial reagents such as H,SO,, HCI, 163
HCOOH, CH;COOH, NaOH, and EtOH at 0.6 M 164
concentration in pure water. Notably, an additional sacrificial 16s
proton donor such as acid, a hydroxy donor such as NaOH, or 166
an electron donor such as ethanol enhanced the formation of 167
H,O0, in the solution. Among all of them, HCOOH has shown 168
the highest reactivity (Figure 2d)." 169

Having evaluated the photocatalytic performance of the 170
LBOB catalyst in all of the major inorganic salts present in 171
seawater, further assessments were performed in natural 172
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Figure 2. (a) Photocatalytic H,O, production using various BOB catalysts. Used the BOB photocatalysts (1.37 g/L), pure water (33 mL), and
NaCl (1.15 g). Sampling (2 mL) was done every hour. (b) Photocatalytic H,0, production using the LBOB catalyst under different photon flux
densities. Used 1.37 g/L LBOB catalyst, pure water (33 mL), and NaCl (1.15 g). Reaction time = 6 h. (c) Photocatalytic H,O, production using
the LBOB catalyst using various salts present in seawater. Used 1.37 g/L LBOB catalyst and pure water (33 mL). Reaction time = 6 h. (d)
Photocatalytic H,0, production using the LBOB catalyst using various acids, NaOH, and ethanol. Used 1.37 g/L LBOB catalyst and pure water
(33 mL) and additives (0.6 M). Reaction time = 6 h. General reaction conditions: O, atmosphere (1 bar), Kessil LED lamp (1 = 427 nm). H,0,
concentration values were obtained using the redox titration method with ag. KMnO,. All yield values in (b) and (d) are average values obtained

from triplicate.
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Figure 3. (a) Temporal H,0, photoproduction in real seawater catalyzed by the LBOB catalyst. Sampling (2 mL) was done at each interval. (b)
Recycling chart of the LBOB catalyst in closed and open-air systems. Reaction time = 6 h. (c) Photocatalytic H,0, production using the LBOB
catalyst in real seawater containing different concentrations of H,SO, and NaOH. Reaction time = 6 h. (d) Photocatalytic H,0, production using
the LBOB catalyst in real seawater containing 0.04 M metal ions. Reaction time = 6 h. General reaction conditions: LBOB photocatalyst (1.37 g/
L), real seawater (33 mL), O, atmosphere (1 bar or open-air, A = 427 nm), stirring rate (850 rpm). H,O, concentration values were obtained using
the redox titration method with ag. KMnO,. The yield values in (a) are averaged from the results of two reactions.

173 seawater. It is known that high concentrations of ions and
174 organic components present in seawater can severely hamper
175 photocatalytic performance by impeding their intrinsic
176 structures and electron-transport capabilit“.ies.18’3’0_3’2 However,
177 as this catalyst had already shown reactivity in the presence of
178 these salts, it was expected that this catalyst would also show
179 reactivity in natural seawater. Indeed, the time-dependent
180 H,O, formation using the LBOB became almost linear for the
1s1 first 7 h under irradiation (Figure 3a), and the H,0,
182 concentration was highly stable even after 48 h of irradiation.
183 In a standalone reaction (in O, atmosphere, closed system) in
184 natural seawater, a respectable H,O, concentration of 1710
185 #M was obtained after 6 h, which is ca. 3 times higher than in
186 pure water (580 uM). We could speculate that this result is
187 probably due to the presence of organic functional groups
188 (primarily, the phenol moiety) in the lignin support that gets
189 ionized and acts as an electron sink in the presence of metal
19 ions'® or aqueous NaCl, CaCl,, MgCl,, KCl, and Na,SO,
191 solutions serving as a weak Bronsted—Lowry base that can
192 extract the proton from the phenol moiety. Notably, the H,0,
193 concentration in the time-dependent reaction is higher than a
194 standalone reaction of 6 h using the same reaction flask as
195 water volume decreases with sampling albeit being illuminated
196 under the same light intensity. Higher light penetration is

achieved after each sampling enabling intensified photo- 197
reaction. 198

The LBOB catalyst was then investigated for recyclability in 199
natural seawater in a closed (in O, atmosphere) system. As 200
shown in Figure 3b, the H,O, concentration remained at 1710 201
UM for five reaction cycles, indicating that the LBOB catalyst is 202
highly stable in seawater. The photocatalytic H,O, production 203
in natural seawater using the LBOB catalyst was also evaluated 204
in open air. A higher amount of H,0, (4085 uM) was 205
obtained in 6 h, which was more than twice the amount of 206
H,0, produced in a closed system (1710 uM) (see Figures 207
3b,c). This unprecedented result is due to the efficient 20s
adsorption—desorption of O, molecules on the surface of the 209
LBOB catalyst. The reactive oxygen species (ROS) was further 210
determined to be O,°” through spin-trapped EPR experiments 211
using DMPO (see Figures S2 and S3, Table S1). Upon 212
illumination, a clear EPR signal for the DMPO-OOH spin- 213
trapped adduct could be observed in the EPR spectra. 214

Considering the high H,0, photoproduction in natural 215
seawater, we decided to investigate the effect of a conventional 216
acid, H,SO,, and a base, NaOH. For this reason, we studied 217
these additives at different concentrations (0.1, 0.3, and 0.9 218
M), as shown in Figure 3c. H,0O, photoproduction was seen to 219
increase several times compared to the results obtained with 220

https://doi.org/10.1021/jacs.1c10786
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0.6 M H,SO, and NaOH in pure water shown before (Figure
2d). Furthermore, slightly higher H,0, concentrations were
obtained with higher pH due to the deprotonating effect of
NaOH with the —OH group in the lignin component of the
LBOB catalyst, thereby making the lignin an electron sink
similar to a previous report.'® Notably, the collected seawater
itself was slightly basic, with a measured pH value of 7.95.
Furthermore, the possibility of a cation-enhancement effect
in H,0, photoproduction was also investi§ated using various
metal nitrates similar to a previous report. % Natural seawater
containing 0.04 M Y*, AP*, Zn®', and Fe®" nitrates was
investigated with the LBOB catalyst. The highest H,0O,
concentration was obtained with Fe(NO;);-9H,0 (2950
uM) followed by Y*>* and Zn?* to yield 2190 uM each and
A" yielding 2090 uM (Figure 3d). Since there was a higher
H,0, yield in all cases with trivalent and divalent metal ions
when compared to seawater, it is safe to assume that Fenton-
type reactions that can rapidly decompose H,0, were
suppressed or nonexistent. These values were indeed higher
than the case with no extra metal ions (1710 zM). This result
was due to the possible metal cation (M") reduction by the
0,°” radical [obtained by the action of LBOB photocatalyst
(subeq 1 in Scheme 3)] (see subeq 2 in Scheme 3), followed

Scheme 3. Possible Explanation for the Enhancement of
H,0, Production in the Presence of Metal Ions and Organic
Ligands (From Seawater or Lignin Support)

Os+e >0 (E°=+0.14 Vvs.RHE, pH=7.95) (1)
O + M™L > ML+ O, ()
Oy~ + ML + 2 H" > ML + H, O, (3)
0+ MO-VL > M™L+ O, (4)

by its oxidation (subeq 3 in Scheme 3), thereby generating
H,0,. Another oxidation step with the O, molecule can
regenerate the O,° radical (subeq 4 in Scheme 3).

It should be noted that seawater typically contains various
organic molecules that can form complexes with metal ions. A
previous study with coastal seawater has elucidated the role of
dissolved Fe**-based organic complexes to produce H,0, and
the possible redox chemistry involved with O, and 0,*~.*
Considering the higher performance of Fe(NO;);:9H,0 for
the LBOB-catalyzed H,0O, photoproduction, we decided to
explore other inorganic salts with Fe** ions such as FeCly and
Fe,(SO,);«H,0 as well. Delightfully, both FeCl; and
Fe,(SO,);:«H,0 vyielded 2520 uM H,0, (Figure 3c).
Nevertheless, the open-air reactions using the Fe** salts in
seawater with the LBOB catalyst yielded a high H,O, content
of about 4000 yM.

After having investigated all the catalytic experiments, we
characterized the lignin support in the LBOB material. It
should be noted that the structural characterization of lignin-
based materials is challenging both from a theoretical and
experimental point of view due to the complexity/variety of the
structures and insuflicient resolution of optical spectroscopy
techniques like IR, Raman, or UV—vis. Moreover, limited
information is discernible from wet chemistry analysis. Hence,
we flanked the experiments with classical reactive molecular
dynamics simulations (ReaxFF flavor) in complex environ-
ments containing water molecules, Na* ions (as in seawater), a
BiOBr substrate made of several layers and oxygen molecules,
and quantum chemistry calculations to characterize in detail

the reaction mechanisms at the interfaces. Experimentally, we
used solid-state nuclear magnetic resonance (NMR) spectros-
copy.””** The solid-state "H MAS (Magic-angle spinning) and
"H-"*C CPMAS (cross-polarization MAS) NMR spectra of
the LBOB catalyst and hydrolysis lignin’s chemical structure
are shown in Figure 4a—c, respectively. The proton spectrum
reveals resonances at 6.6, 3.6, and 1.3 ppm, which are
attributed to aromatic, methoxy (—OCH,), and aliphatic
protons, respectively. The signals of aromatic protons and
—OCH; groups are dominant, which indicates that a small
amount of aliphatic fragments is present in the material. In the
'H-"3C CPMAS spectrum (Figure 4b), the *C NMR signals
in the chemical shift range of 100—125 ppm correspond to the
aromatic C—H carbon atoms and 125—135 ppm to the C—C
linkages. The signals in the range of 70—90 ppm correspond to
C-a, C-p, and C-y carbon atoms with —OH groups and those
involved in — O—alkyl ether moieties. Resonances in the 50—
65 ppm range can be attributed to —OCH; groups. The signal
intensities in the chemical shift range ~30 ppm and below are
small, which indicates a low amount of —CHj; groups and
other saturated aliphatic fragments in agreement with the
proton spectrum. Based on the post-mortem "H NMR analysis
after photocatalysis in seawater, no changes either in relative
signal intensities or peak positions were observed for the
dominant resonances of aromatic and methoxy protons. This
indicates that the chemical structure of the majority of the
lignin component is preserved (Figure S4). Details regarding
the quantification of H,O, via quantitative '"H NMR based on
derivatization of organic molecules and its drawbacks in this
work are elucidated in section S2.4.

The analysis of the reactive molecular dynamics simulations
data (see section S3) suggests that, depending on the position
and orientations of the lignin molecules relative to the support,
some of their chains were prone to react, releasing hydrogens
to the nearby support and water molecules in solution (see
Figures 4d—f). This result is apparent in Figure 4e,f, which
highlights the presence of isolated hydrogens below the lignin
model (that become part of the BiOBr top layer) and reveal
the appearance of a few water molecules produced by the
reactions of lignin with the surrounding environment, close to
the biomolecule. We could observe frequent exchanges of
hydrogens among lignin, the substrate, and water molecules,
suggesting a significant reactivity at the oxide/organic interface
and a remarkable accumulation of sodium ions and oxygen
molecules there.

Moving to the experimental characterization of the lignin-
based support (in the material) and the catalyst stability during
the reaction, we confirmed that the PXRD patterns of the
sample before and after the reaction (see Figure Sa) could be
indexed as BiOBr’ using the crystallographic data from
JCPDS-01-085-0862, which proved that the photocatalyst was
a single-phase BiOBr. The surface composition of the pristine
catalyst was also investigated by XPS. The corresponding XPS
Bi 4f spectrum showed two main components, 4f;/, and 4f;,,
due to the spin—orbit splitting (Figure Sb,c). The asymmetric
shape of these peaks indicated the presence of various forms of
Bi on the surface. Bi** species in the BiOBr (doublet at 159.6
eV (4f,),) and 164.9 eV (4f;/,)) and Bi,O; (158.8 and 164.1
eV, respectively) phases were definitely dominant.***” Never-
theless, Bi** species appeared additionally in the sample. The
doublet confirmed their presence at 160.7 eV (4f,,,) and 165.9
eV (4f;,,).”* Notably, Bi** constitutes only approximately 5%
of all Bi atoms accumulated on the surface (see Figure Sb). In

https://doi.org/10.1021/jacs.1c10786
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Figure 4. (a) 'H MAS NMR, (b) 'H-"*C CPMAS spectra of the LBOB catalyst collected at 14.1 T and 60 kHz MAS, and (c) structure of

hydrolysis lignin, (d) molecular model in water solution, (e) lignin model in a reactive water environment in contact with a BiOBr model
(downshifted relative to its original position to highlight the exchange of hydrogens), (f) magnified view of a portion of the molecule at the
interface (the surrounding bulk water molecules and ions are not displayed for clarity). Color codes: Bi, gray; Br, brown; C, cyan; O, red; H, white.

336 the sample after the reaction, this component was not
337 observed, indicating a partial surface reduction. The XPS O
338 1s spectra (see Figure Sc), with two essential peaks at $30.2 +
339 0.1 eV (attributed to 0% in the inorganic part of the
340 composite) and 532.5 eV (mainly —OH in lignin), confirmed
341 such an explanation.39 The sample after the reaction exhibited
342 an apparent decrease in the intensity of the peak corresponding
343 to the O™ species.

344 The O/Bi atomic ratio on the surface decreased during the
345 process from 1.57 to 1.45. The TEM and HR-TEM images of

the samples before and after the reaction are shown in parts d
and e, respectively, of Figure 5. The lattice spacing from
HRTEM images and SAED patterns of both samples showed
the BiOBr phase (JCPDS-01-085-0862), which is in agreement
with the PXRD analysis. However, the grain size of the sample
after the reaction tends to be larger than that of the sample
before the reaction. The HAADF-STEM EDX elemental maps
shown in Figure Sf ,g show localized and no apparent
differences in the elemental compositions before and after the

https://doi.org/10.1021/jacs.1c10786
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Figure 5. (a) Powder XRD patterns of the LBOB catalyst before and after the reaction in real seawater, confirming the structural stability in these
conditions. (b) XPS Bi 4f spectra of the LBOB catalyst showing the chemical nature of superficial bismuth before and after the reaction in real
seawater. (c) XPS O 1s spectra of the LBOB catalyst showing the chemical nature of superficial oxygen before and after the reaction in real
seawater. (d) TEM, HR-TEM, and SAED images of the LBOB catalyst before the reaction in real seawater. (e) TEM, HR-TEM, and SAED images
of the LBOB catalyst after the reaction in real seawater. (f) HAADF-STEM-EDX elemental maps of the fresh LBOB catalyst. (g) HAADF-STEM-
EDX elemental maps of the LBOB catalyst after the reaction. Reaction conditions: LBOB photocatalyst (1.37 g/L), real seawater (33 mL), O,
atmosphere (1 bar), Kessil LED lamp (4 = 427 nm), time (6 h), and stirring rate (850 rpm). Complementary HAADF-STEM EDX elemental
mapping of the photocatalyst after reaction in NaOH or NaCl confirms the overlap of bismuth, oxygen, and bromine signals on the nanosheets (see
Figures S13 and S14). For photocatalysis in 0.9 M NaOH in seawater for a longer period of time, powder XRD patterns indicate a transition toward
a mixed phase BiOBr/Bi,OsBr,, whereas photocatalysis in 0.6 M NaCl in pure water confirms structural stability of the phase BiOBr (see Figure
S15).

photocatalytic reactions in seawater. These results indicated species in this reaction which was generated by the electron
the high reusability of the LBOB catalyst. transfer from the CB of the LBOB catalyst.

Once we had characterized the material, we moved to the Comparative MS plot of pure graphene is shown in Figure
mechanistic investigations of the reaction. We used isotopically S9. To decipher the nature of the charge-transfer between the
enriched '*0, instead of normal '°0, to determine the source BOB catalysts and the O, gas, electrochemical impedance
of O, for the H,0, formation (see section S2.5). From the spectroscopy (EIS) measurements were performed. As shown
GC—MS spectrum (Figure S8), it was evident that the source in Figure 6, the LBOB catalyst showed minimum curve size in
of oxygen in H,0, was indeed O, gas. On the other hand, the 0, saturated condition under illumination (A = 427 nm)
superoxide radical anion (presence confirmed via EPR, see compared to other BOB catalysts and the bare FTO electrode,
section S2.2 for more details) was the key reactive oxygen indicating efficient charge transfer. This result was further

G https://doi.org/10.1021/jacs.1c10786
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Figure 6. EIS Nyquist spectra of the BOB catalysts under irradiated
conditions (Kessil LED lamp, 4 = 427 nm) in the presence of O,
saturated electrolyte [150 mL, aq NaCl (150 mM), K,Fe(CN)4 (1
mM), and K;Fe(CN)g (1 mM)]. The EIS plot of the bare FTO
working electrode is also shown. EIS Nyquist plot of the LBOB
catalyst in O, saturated condition with and without irradiation is
shown in the inset. Notably, the EIS of the LBOB is smaller than all
other BOB catalysts denoting a higher charge transfer in the presence
of O, under irradiation.

supplemented by the cyclic voltammetry studies conducted
using rotating disc electrode (RDE) attachment with a glassy
carbon electrode (GC) (Figures S10 and S11). It was clear that
the LBOB catalyst predominantly exhibited indirect ORR in
O, saturated conditions (see Scheme 2). Additionally, the
linear sweep voltammetry measurements conducted directly in
seawater show a considerable increase in photocurrent for the
oxygen evolution reaction (OER) at an onset potential of ca.
+1.7 V vs RHE in the presence of light (Figure S12a,b), which
is also a parallel photocatalytic reaction occurring with ORR.
This result is indicative of an efficient seawater oxidation
photocatalyst. Also, the onset potential value for the ORR was
seen at ca. +0.6 V vs RHE (Figure S12c,d), indicating the
catalytic reduction of O,. Notably, the peak photocurrent
difference in the dark and illuminated conditions is apparently
closer than with water oxidation, denoting a high oxygen
reduction capability of the LBOB catalyst.

According to the literature, when an ionic salt was
introduced into pure water, the lignin support could act as
the electron sink, enhancing the hole—electron separation,
justifying the improvement of the photocatalytic efficiency."®
In the presence of a base —NaOH, the reaction mechanism
initially proceeded as in the case of highly electropositive ions
but also acted as a source of *OH radical (which dimerizes to
form H,0,) formed by the hole-mediated oxidation of “OH
ions and therefore yielded a high amount of H,0O,. This reason
is also relevant to the results obtained with seawater in
different pH, where a higher pH yielded high H,0,
concentrations.

An atomic level understanding of all these processes could
be obtained by extracting, from the production trajectories, a
few representative portions of the sampled configurations and
carrying out quantum chemistry calculations focused on the O,

transformation reactions at the oxide/lignin interface. The
atomistic scenario suggested that the neutral O, molecule
could be adsorbed near the surface before irradiation, in the
arrangement shown in Figure 7a, adopting a gas-phase triplet

5

Trip;et Doublet Singlet
(a) (b) (c)

Figure 7. (Top) Atomistic evolution of molecular oxygen into
hydrogen peroxide via addition of two electrons at the BiOBr
interface in the presence of water and Na® ions (cyan spheres).
(Bottom) Spin density evolving from triplet state (neutral oxygen
molecule) to doublet (neutral HO, intermediate) to singlet (neutral
H,0, final product). Bi gray, Br brown, O red, H white, Na* (cyan).

spin configuration. When one electron is injected into the
system (by mimicking the action of the UV irradiation), the
molecular oxygen becomes negatively charged and approaches
the surface by strongly interacting with both terminal —OH
groups of BiOBr and the neighboring water molecules through
a dense network of hydrogen bonds (see section S3). Then its
spin state is lowered to a doublet with a consequent breaking
of the cylindrical symmetry of the spin density with respect to
the initial state. The density of states (DOS) (Figure S17b)
shows that the molecular oxygen 2p states are shifted to higher
energies and fall within the oxide bandgap. In this “excited”
configuration, the HO, complex shown in Figure 7b is
spontaneously formed via the extraction of selected hydroxyl
groups from the oxide surface.

On the contrary, a similar process does not occur for the
neutral oxygen molecules (the HO, complex was hardly
stabilized), which is in agreement with the experimental
observation that the catalyst must be activated by UV
irradiation. The HO, complex is also characterized by the
same doublet state of the negatively charged oxygen molecule
before the proton transfer. Injection of a further electron in the
system allows for the formation of H,O,, as the HO, complex
evolves toward the final product by extracting a second proton

408
409
410

411 £7

from the oxide surface, thus quenching the total spin state of 435

the system to a singlet configuration (Figure 7c). According to
the results of the RMD, the depletion of protons from the
oxide surface, which accompanies the oxygen reduction, can be
compensated by the process of back-donation of protons and
hydrogen atoms extracted from lignin.

https://doi.org/10.1021/jacs.1c10786
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441 As shown in Figure 7, all the configurations see the
442 adsorption of sodium ions above the oxide surface in the
443 neighborhood of the oxygen molecules. To disclose the role
444 played by these ions in the oxygen reduction process, we have
445 simulated the first step of the reaction by moving the ions away
446 from the oxide surface. The final results indicate that the HO,
447 complex is stable but higher in energy by about 24 kcal/mol
448 than the initial state, corresponding to the negatively charged
449 oxygen molecule before the first proton transfer. This quantity
450 (although not large) should be compared with the negligible
451 cost which accompanies the proton transfer when the sodium
452 ions are adsorbed near the oxide surface, suggesting that
453 positive ions could stabilize the negative charge accumulated
454 on the oxide surface after the proton transfer to the oxygen
455 molecule. All the details of the modeling activity are reported
456 in the Supporting Information.

457 Considering all the presented experimental and theoretical
458 results, we suggest that, upon being irradiated under visible
459 light (1 = 427 nm), the LBOB catalyst easily absorbed the
460 photon energy to generate electron—hole pairs to facilitate
461 multiple parallel reactions on its surface.
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42 l CONCLUSIONS

463 We have demonstrated that biomass (hydrolysis lignin)
464 supported BiOBr is a robust photocatalyst for the production
465 of H,0, from natural seawater under visible light (1 = 427
466 nm). The photocatalytic performance of the lignin-supported
467 BiOBr catalyst was pitched against other supported BiOBr
468 variants, e.g., chitosan and graphene, as well as the
469 unsupported variant. The enhanced performance of the
470 LBOB catalyst stems mainly from the addition of the lignin
471 biopolymer, which lowers the reduction potential of the
472 catalyst without sacrificing the visible light absorption
473 capability. Moreover, the organic functional groups present
474 in the lignin support acts as an electron sink on ionization with
475 the metal ions present in the seawater (through Bronsted—
476 Lowry base proton abstraction), thereby giving the LBOB
477 catalyst a significant edge in performance with seawater over
478 pure water (1710 vs S80 yM). The photocatalytic performance
479 of the LBOB catalyst was investigated with acidic and basic
480 seawater mixtures, where a higher performance was obtained
481 with highly basic systems. The presence of divalent and
482 trivalent transition metal ions in seawater enhanced the H,0,
483 photoproduction with the help of the LBOB catalyst, with Fe®*
484 ions yielding the highest H,O, concentration.

485 Open-air reactions consistently yielded over 2.3 times H,O,
486 photoproduction from natural seawater, a promising and
487 practical way of obtaining H,0, economically and efficiently.
488 Additionally, the LBOB catalyst was active for at least 48 h and
489 was recycled at least five times without losing any catalytic
490 activity. The critical advancement of this report is the
491 demonstration of lignin as a magnifier of the photocatalytic
492 activity for H,0, production from seawater. The reaction
493 mechanism was deciphered through experimental results
494 supplemented with detailed physicochemical characterization
495 techniques and multiscale/level modeling. We believe that
496 related lignin-photocatalyst systems could also be potentially
497 powerful catalysts for photoredox-driven organic reactions.
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