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6 ABSTRACT: The development of smart and sustainable photocatalysts is in high
7 priority for the synthesis of H2O2 because the global demand for H2O2 is sharply rising.
8 Currently, the global market share for H2O2 is around 4 billion US$ and is expected to
9 grow by about 5.2 billion US$ by 2026. Traditional synthesis of H2O2 via the
10 anthraquinone method is associated with the generation of substantial chemical waste as
11 well as the requirement of a high energy input. In this respect, the oxidative
12 transformation of pure water is a sustainable solution to meet the global demand. In fact,
13 several photocatalysts have been developed to achieve this chemistry. However, 97% of
14 the water on our planet is seawater, and it contains 3.0−5.0% of salts. The presence of
15 salts in water deactivates the existing photocatalysts, and therefore, the existing
16 photocatalysts have rarely shown reactivity toward seawater. Considering this, a
17 sustainable heterogeneous photocatalyst, derived from hydrolysis lignin, has been
18 developed, showing an excellent reactivity toward generating H2O2 directly from
19 seawater under air. In fact, in the presence of this catalyst, we have been able to achieve 4085 μM of H2O2. Expediently, the catalyst
20 has shown longer durability and can be recycled more than five times to generate H2O2 from seawater. Finally, full characterizations
21 of this smart photocatalyst and a detailed mechanism have been proposed on the basis of the experimental evidence and multiscale/
22 level calculations.

23 ■ INTRODUCTION
24 H2O2 is a quintessential high-energy oxidant that is widely
25 used in chemical synthesis, mining, environmental remedia-
26 tion, pulp and paper processing, and surfactants.1 Parallel to
27 these, high energy capacity, easier storage, and transportation
28 make H2O2 much more favorable than other conventional
29 green fuels such as H2.

1 Although relentless efforts have been
30 paid for the generation of H2 from water, the storage problem
31 of H2 is still the major bottleneck. Indeed, the energy density
32 of H2 by volume at atmospheric pressure is far from the
33 practical aspect for stationary fuel storage.2 To alleviate this
34 storage issue, H2 must be either physically or chemically
35 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 H2O2 (70 wt %) is 3.1
38 MJ L−1, which is very similar (2.8 MJ L−1) to the tank of H2 at
39 35 MPa (room temperature) when operating in the fuel cell.3

40 Expediently, H2O2 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

s1 44 1.09 V (Scheme 1).4 Therefore, it is evident that the demand
45 for H2O2 will increase, and as of 2020, the global market share
46 for H2O2 is around 4 billion US$ and is expected to grow

47about 5.2 billion US$ in 2026.5 Indeed, H2O2 has been listed
48as one of the 100 essential chemicals on the earth.6

49Traditionally, H2O2 is synthesized by using the anthraqui-
50none method via consecutive hydrogenation and oxidation
51reactions.7 This synthetic strategy is associated with high
52energy input and large quantities of wastewater and solid
53waste. Thus, a direct combination of H2 and O2 to generate
54H2O2 is ideal to avoid all these problems.1c,7 The mixture of H2
55and O2 is inevitably associated with high explosion risk and
56should be very carefully dealt with. Thus, a sustainable strategy
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Scheme 1. Oxidation and Reduction of H2O2 at Different
Electrochemical Potentials in the Fuel Cell

Articlepubs.acs.org/JACS

© XXXX American Chemical Society
A

https://doi.org/10.1021/jacs.1c10786
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

mbh00 | ACSJCA | JCA11.2.5208/W Library-x64 | manuscript.3f (R5.1.i4:5009 | 2.1) 2021/10/27 08:51:00 | PROD-WS-121 | rq_2778894 | 1/26/2022 15:43:56 | 11 | JCA-DEFAULT



57 is strongly required to meet the global demand for H2O2. The
58 photosynthesis of H2O2 directly from water, via the
59 combination of the photocatalytic two-electron reduction of
60 O2 and the catalytic four-electron oxidation of water, is a
61 cleaner method.8 The field of photocatalytic H2O2 production
62 has seen several remarkable influxes over the past decade,
63 reporting catalysts ranging from homogeneous9,10 to hetero-
64 geneous,11 metal11a,d to nonmetal variants,1e,11c,h,12 single-
65 component12g,k,13 to multicomponent systems,11a−d,12a,b,c,d,i,14

66 pure inorganic-11a,d,14b,15 or organic-based materials1e,11c,12 to
67 their hybrids, covalent organic frameworks (COFs),12j metal−
68 organic frameworks (MOFs),16 and polymers and single-atom
69 systems.8,14d,17 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 H2O2
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.18 Although this problem has been
80 solved by electrocatalysis and photoelectrocatalysis, the
81 photocatalytic approach is still in its infancy.1b,12k,19−21

82 Considering the high abundance of seawater, generating
83 H2O2 from it should provide a sustainable solution in the
84 H2O2 market. Additionally, if a green catalyst can be
85 developed, it should meaningfully contribute to meeting the
86 Sustainable Development Goals (SDG).22

87 Based on this background, we designed a sustainable
88 heterogeneous photocatalyst to generate H2O2 from sea-
89 water.18 Indeed, the development of catalysts from renewable
90 resources has received high priority to reduce the utilization of
91 fossil resources.23,24 Biopolymers such as cellulose and lignin
92 have garnered interest as ideal supports for heterogeneous
93 catalysts. Lignin is an aromatic biopolymer with high carbon
94 content (>60 atom %), high thermal stability, and biodegrad-
95 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.25,26 Combining all this information, we have chosen
99 lignin as the biomaterial to generate H2O2 from seawater. In

100particular, BiOBr nanostructures have been hydrothermally
101grown under alkaline conditions on hydrolysis lignin because
102the latter, in opposite to other lignin types, can withstand its
103dissolution in such alkaline conditions.25 This novel composite
104shows high stability in seawater and can be recycled several
105times (more than five).

106■ RESULTS AND DISCUSSION
107Recently, it has been predicted that integrated inorganic
108semiconductor nanostructures with lignin as substrate could
109result in superior photocatalytic activity for solar energy
110conversion.27 This fact was the motivation behind our
111discovery of this type of bioinorganic photocatalysts formed
112by controlled hydrothermal synthesis on biobased substrates.
113We chose for our investigation both chitosan (CBOB) and
114lignin (LBOB) as substrates to grow BiOBr semiconductor
115nanosheets (BOB). Such bismuth oxyhalides BiOX (X = Br,
116Cl, I) represent a class of mixed-anion compounds that have
117emerged as potential photocatalysts for catalysis, energy
118materials, and energy conversion.28,29 We also used graphene
119as the support matrix for a favorable comparison of
120photocatalytic activity (GBOB).
121At the beginning of the characterizations, UV-DRS spec-
122troscopy was carried out to determine the bandgap of these
123photocatalysts. The UV-DRS Tauc plot analyses of all these
124photocatalysts exhibited adequate bandgap in the visible-light
125region (see Figure S1) for LBOB (∼2.9 eV→ 427 nm), CBOB
126(∼3.0 eV → 413 nm), and GBOB (∼2.6 eV → 477 nm). In
127fact, an apparent modification of the bandgap has been
128achieved by using supports to the BOB catalysts (∼3.0 eV →
129413 nm). Mott−Schottky measurements revealed that the flat-
130band potentials or conduction band (CB) positions of the
131LBOB variant had the highest CB position at ca. +0.03 V vs
132RHE, followed by BOB at ca. +0.19 V vs RHE, CBOB at ca.
133 f1+0.23 V vs RHE, and GBOB with ca. +0.59 V vs RHE (Figure
134 f11a,b). These results suggested that all these photocatalysts are
135able to participate in the direct 2e− oxygen reduction reaction
136(ORR) to generate H2O2 as the reduction potentials of O2 stay
137below +1.12 V vs RHE.8,11f Interestingly, only LBOB should be
138able to promote 2e− ORR through both the indirect and direct
139 s2pathways, as shown in Scheme 2.
140As the band positions of these photocatalysts were in the
141range for the formation of H2O2 from water, we added NaCl to

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.
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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 H2O2 than the remaining

f2 146 variants in the presence of 0.6 M NaCl (Figure 2a). Notably,
147 while using the LBOB catalyst, the H2O2 concentration
148 continued to increase even after 6 h. H2O2 (2100 mM) was
149 obtained with ∼8000 l× (Figure 2b). Subsequently, fresh
150 LBOB catalyst was investigated in pure water containing a

151higher concentration of NaCl (0.9 M), but no yield
152improvement was observed.
153Considering that seawater contains a plethora of dissolved
154metal and nonmetallic ions such as Ca2+, Mg2+, K+, and SO4

2−

155in lower amounts, we elucidated their influence on the LBOB-
156catalyzed H2O2 photoproduction. Experiments using different
157concentrations (0.01, 0.02, 0.03, and 0.04 M) of CaCl2, MgCl2,
158KCl, or Na2SO4 were conducted in pure water. A steady
159increase in H2O2 concentration with the salt concentration has
160been observed, and 2660 μM of H2O2 was formed with 0.04 M
161of KCl (Figure 2c).18 Given the high H2O2 photoproduction in
1620.6 M aq NaCl solution, we further decided to investigate the
163effect of other sacrificial reagents such as H2SO4, HCl,
164HCOOH, CH3COOH, NaOH, and EtOH at 0.6 M
165concentration in pure water. Notably, an additional sacrificial
166proton donor such as acid, a hydroxy donor such as NaOH, or
167an electron donor such as ethanol enhanced the formation of
168H2O2 in the solution. Among all of them, HCOOH has shown
169the highest reactivity (Figure 2d).13

170Having evaluated the photocatalytic performance of the
171LBOB catalyst in all of the major inorganic salts present in
172seawater, further assessments were performed in natural

Scheme 2. Adequate Standard Reduction Potentials for the
Generation of H2O2

a

aNote: all potential values have been converted to RHE from NHE
(pH = 7.47).

Figure 2. (a) Photocatalytic H2O2 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 H2O2 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 H2O2 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 H2O2 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: O2 atmosphere (1 bar), Kessil LED lamp (λ = 427 nm). H2O2
concentration values were obtained using the redox titration method with aq. KMnO4. All yield values in (b) and (d) are average values obtained
from triplicate.
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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 capabilities.18,30−32 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 H2O2 formation using the LBOB became almost linear for the

f3 181 first 7 h under irradiation (Figure 3a), and the H2O2
182 concentration was highly stable even after 48 h of irradiation.
183 In a standalone reaction (in O2 atmosphere, closed system) in
184 natural seawater, a respectable H2O2 concentration of 1710
185 μM was obtained after 6 h, which is ca. 3 times higher than in
186 pure water (580 μM). 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
190 ions18 or aqueous NaCl, CaCl2, MgCl2, KCl, and Na2SO4
191 solutions serving as a weak Bronsted−Lowry base that can
192 extract the proton from the phenol moiety. Notably, the H2O2
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

197achieved after each sampling enabling intensified photo-
198reaction.
199The LBOB catalyst was then investigated for recyclability in
200natural seawater in a closed (in O2 atmosphere) system. As
201shown in Figure 3b, the H2O2 concentration remained at 1710
202μM for five reaction cycles, indicating that the LBOB catalyst is
203highly stable in seawater. The photocatalytic H2O2 production
204in natural seawater using the LBOB catalyst was also evaluated
205in open air. A higher amount of H2O2 (4085 μM) was
206obtained in 6 h, which was more than twice the amount of
207H2O2 produced in a closed system (1710 μM) (see Figures
2083b,c). This unprecedented result is due to the efficient
209adsorption−desorption of O2 molecules on the surface of the
210LBOB catalyst. The reactive oxygen species (ROS) was further
211determined to be O2

•− through spin-trapped EPR experiments
212using DMPO (see Figures S2 and S3, Table S1). Upon
213illumination, a clear EPR signal for the DMPO-OOH spin-
214trapped adduct could be observed in the EPR spectra.
215Considering the high H2O2 photoproduction in natural
216seawater, we decided to investigate the effect of a conventional
217acid, H2SO4, and a base, NaOH. For this reason, we studied
218these additives at different concentrations (0.1, 0.3, and 0.9
219M), as shown in Figure 3c. H2O2 photoproduction was seen to
220increase several times compared to the results obtained with

Figure 3. (a) Temporal H2O2 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 H2O2 production using the LBOB
catalyst in real seawater containing different concentrations of H2SO4 and NaOH. Reaction time = 6 h. (d) Photocatalytic H2O2 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), O2 atmosphere (1 bar or open-air, λ = 427 nm), stirring rate (850 rpm). H2O2 concentration values were obtained using
the redox titration method with aq. KMnO4. The yield values in (a) are averaged from the results of two reactions.
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221 0.6 M H2SO4 and NaOH in pure water shown before (Figure
222 2d). Furthermore, slightly higher H2O2 concentrations were
223 obtained with higher pH due to the deprotonating effect of
224 NaOH with the −OH group in the lignin component of the
225 LBOB catalyst, thereby making the lignin an electron sink
226 similar to a previous report.18 Notably, the collected seawater
227 itself was slightly basic, with a measured pH value of 7.95.
228 Furthermore, the possibility of a cation-enhancement effect
229 in H2O2 photoproduction was also investigated using various
230 metal nitrates similar to a previous report.10 Natural seawater
231 containing 0.04 M Y3+, Al3+, Zn2+, and Fe3+ nitrates was
232 investigated with the LBOB catalyst. The highest H2O2
233 concentration was obtained with Fe(NO3)3·9H2O (2950
234 μM) followed by Y3+ and Zn2+ to yield 2190 μM each and
235 Al3+ yielding 2090 μM (Figure 3d). Since there was a higher
236 H2O2 yield in all cases with trivalent and divalent metal ions
237 when compared to seawater, it is safe to assume that Fenton-
238 type reactions that can rapidly decompose H2O2 were
239 suppressed or nonexistent. These values were indeed higher
240 than the case with no extra metal ions (1710 μM). This result
241 was due to the possible metal cation (Mn+) reduction by the
242 O2

•− radical [obtained by the action of LBOB photocatalyst
s3 243 (subeq 1 in Scheme 3)] (see subeq 2 in Scheme 3), followed

244 by its oxidation (subeq 3 in Scheme 3), thereby generating
245 H2O2. Another oxidation step with the O2 molecule can
246 regenerate the O2

•− radical (subeq 4 in Scheme 3).
247 It should be noted that seawater typically contains various
248 organic molecules that can form complexes with metal ions. A
249 previous study with coastal seawater has elucidated the role of
250 dissolved Fe3+-based organic complexes to produce H2O2 and
251 the possible redox chemistry involved with O2 and O2

•−.33

252 Considering the higher performance of Fe(NO3)3·9H2O for
253 the LBOB-catalyzed H2O2 photoproduction, we decided to
254 explore other inorganic salts with Fe3+ ions such as FeCl3 and
255 Fe2(SO4)3·xH2O as well. Delightfully, both FeCl3 and
256 Fe2(SO4)3·xH2O yielded 2520 μM H2O2 (Figure 3c).
257 Nevertheless, the open-air reactions using the Fe3+ salts in
258 seawater with the LBOB catalyst yielded a high H2O2 content
259 of about 4000 μM.
260 After having investigated all the catalytic experiments, we
261 characterized the lignin support in the LBOB material. It
262 should be noted that the structural characterization of lignin-
263 based materials is challenging both from a theoretical and
264 experimental point of view due to the complexity/variety of the
265 structures and insufficient resolution of optical spectroscopy
266 techniques like IR, Raman, or UV−vis. Moreover, limited
267 information is discernible from wet chemistry analysis. Hence,
268 we flanked the experiments with classical reactive molecular
269 dynamics simulations (ReaxFF flavor) in complex environ-
270 ments containing water molecules, Na+ ions (as in seawater), a
271 BiOBr substrate made of several layers and oxygen molecules,
272 and quantum chemistry calculations to characterize in detail

273the reaction mechanisms at the interfaces. Experimentally, we
274used solid-state nuclear magnetic resonance (NMR) spectros-
275copy.25,34 The solid-state 1H MAS (Magic-angle spinning) and
276

1H−13C CPMAS (cross-polarization MAS) NMR spectra of
277the LBOB catalyst and hydrolysis lignin’s chemical structure
278 f4are shown in Figure 4a−c, respectively. The proton spectrum
279reveals resonances at 6.6, 3.6, and 1.3 ppm, which are
280attributed to aromatic, methoxy (−OCH3), and aliphatic
281protons, respectively. The signals of aromatic protons and
282−OCH3 groups are dominant, which indicates that a small
283amount of aliphatic fragments is present in the material. In the
284

1H−13C CPMAS spectrum (Figure 4b), the 13C NMR signals
285in the chemical shift range of 100−125 ppm correspond to the
286aromatic C−H carbon atoms and 125−135 ppm to the C−C
287linkages. The signals in the range of 70−90 ppm correspond to
288C-α, C-β, and C-γ carbon atoms with −OH groups and those
289involved in − O−alkyl ether moieties. Resonances in the 50−
29065 ppm range can be attributed to −OCH3 groups. The signal
291intensities in the chemical shift range ∼30 ppm and below are
292small, which indicates a low amount of −CH3 groups and
293other saturated aliphatic fragments in agreement with the
294proton spectrum. Based on the post-mortem 1H NMR analysis
295after photocatalysis in seawater, no changes either in relative
296signal intensities or peak positions were observed for the
297dominant resonances of aromatic and methoxy protons. This
298indicates that the chemical structure of the majority of the
299lignin component is preserved (Figure S4). Details regarding
300the quantification of H2O2 via quantitative 1H NMR based on
301derivatization of organic molecules and its drawbacks in this
302work are elucidated in section S2.4.
303The analysis of the reactive molecular dynamics simulations
304data (see section S3) suggests that, depending on the position
305and orientations of the lignin molecules relative to the support,
306some of their chains were prone to react, releasing hydrogens
307to the nearby support and water molecules in solution (see
308Figures 4d−f). This result is apparent in Figure 4e,f, which
309highlights the presence of isolated hydrogens below the lignin
310model (that become part of the BiOBr top layer) and reveal
311the appearance of a few water molecules produced by the
312reactions of lignin with the surrounding environment, close to
313the biomolecule. We could observe frequent exchanges of
314hydrogens among lignin, the substrate, and water molecules,
315suggesting a significant reactivity at the oxide/organic interface
316and a remarkable accumulation of sodium ions and oxygen
317molecules there.
318Moving to the experimental characterization of the lignin-
319based support (in the material) and the catalyst stability during
320the reaction, we confirmed that the PXRD patterns of the
321 f5sample before and after the reaction (see Figure 5a) could be
322indexed as BiOBr35 using the crystallographic data from
323JCPDS-01-085-0862, which proved that the photocatalyst was
324a single-phase BiOBr. The surface composition of the pristine
325catalyst was also investigated by XPS. The corresponding XPS
326Bi 4f spectrum showed two main components, 4f7/2 and 4f5/2,
327due to the spin−orbit splitting (Figure 5b,c). The asymmetric
328shape of these peaks indicated the presence of various forms of
329Bi on the surface. Bi3+ species in the BiOBr (doublet at 159.6
330eV (4f7/2) and 164.9 eV (4f5/2)) and Bi2O3 (158.8 and 164.1
331eV, respectively) phases were definitely dominant.36,37 Never-
332theless, Bi5+ species appeared additionally in the sample. The
333doublet confirmed their presence at 160.7 eV (4f7/2) and 165.9
334eV (4f5/2).

38 Notably, Bi5+ constitutes only approximately 5%
335of all Bi atoms accumulated on the surface (see Figure 5b). In

Scheme 3. Possible Explanation for the Enhancement of
H2O2 Production in the Presence of Metal Ions and Organic
Ligands (From Seawater or Lignin Support)

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c10786
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

E



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 5c), with two essential peaks at 530.2 ±
339 0.1 eV (attributed to O2− 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 O2− 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

346the samples before and after the reaction are shown in parts d

347and e, respectively, of Figure 5. The lattice spacing from

348HRTEM images and SAED patterns of both samples showed

349the BiOBr phase (JCPDS-01-085-0862), which is in agreement

350with the PXRD analysis. However, the grain size of the sample

351after the reaction tends to be larger than that of the sample

352before the reaction. The HAADF-STEM EDX elemental maps

353shown in Figure 5f ,g show localized and no apparent
354differences in the elemental compositions before and after the

Figure 4. (a) 1H MAS NMR, (b) 1H−13C 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.
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355 photocatalytic reactions in seawater. These results indicated
356 the high reusability of the LBOB catalyst.
357 Once we had characterized the material, we moved to the
358 mechanistic investigations of the reaction. We used isotopically
359 enriched 18O2 instead of normal 16O2 to determine the source
360 of O2 for the H2O2 formation (see section S2.5). From the
361 GC−MS spectrum (Figure S8), it was evident that the source
362 of oxygen in H2O2 was indeed O2 gas. On the other hand, the
363 superoxide radical anion (presence confirmed via EPR, see
364 section S2.2 for more details) was the key reactive oxygen

365species in this reaction which was generated by the electron
366transfer from the CB of the LBOB catalyst.
367Comparative MS plot of pure graphene is shown in Figure
368S9. To decipher the nature of the charge-transfer between the
369BOB catalysts and the O2 gas, electrochemical impedance
370spectroscopy (EIS) measurements were performed. As shown
371 f6in Figure 6, the LBOB catalyst showed minimum curve size in
372O2 saturated condition under illumination (λ = 427 nm)
373compared to other BOB catalysts and the bare FTO electrode,
374indicating efficient charge transfer. This result was further

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), O2
atmosphere (1 bar), Kessil LED lamp (λ = 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/Bi4O5Br2, whereas photocatalysis in 0.6 M NaCl in pure water confirms structural stability of the phase BiOBr (see Figure
S15).
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375 supplemented by the cyclic voltammetry studies conducted
376 using rotating disc electrode (RDE) attachment with a glassy
377 carbon electrode (GC) (Figures S10 and S11). It was clear that
378 the LBOB catalyst predominantly exhibited indirect ORR in
379 O2 saturated conditions (see Scheme 2). Additionally, the
380 linear sweep voltammetry measurements conducted directly in
381 seawater show a considerable increase in photocurrent for the
382 oxygen evolution reaction (OER) at an onset potential of ca.
383 +1.7 V vs RHE in the presence of light (Figure S12a,b), which
384 is also a parallel photocatalytic reaction occurring with ORR.
385 This result is indicative of an efficient seawater oxidation
386 photocatalyst. Also, the onset potential value for the ORR was
387 seen at ca. +0.6 V vs RHE (Figure S12c,d), indicating the
388 catalytic reduction of O2. Notably, the peak photocurrent
389 difference in the dark and illuminated conditions is apparently
390 closer than with water oxidation, denoting a high oxygen
391 reduction capability of the LBOB catalyst.
392 According to the literature, when an ionic salt was
393 introduced into pure water, the lignin support could act as
394 the electron sink, enhancing the hole−electron separation,
395 justifying the improvement of the photocatalytic efficiency.18

396 In the presence of a base −NaOH, the reaction mechanism
397 initially proceeded as in the case of highly electropositive ions
398 but also acted as a source of •OH radical (which dimerizes to
399 form H2O2) formed by the hole-mediated oxidation of −OH
400 ions and therefore yielded a high amount of H2O2. This reason
401 is also relevant to the results obtained with seawater in
402 different pH, where a higher pH yielded high H2O2
403 concentrations.
404 An atomic level understanding of all these processes could
405 be obtained by extracting, from the production trajectories, a
406 few representative portions of the sampled configurations and
407 carrying out quantum chemistry calculations focused on the O2

408transformation reactions at the oxide/lignin interface. The
409atomistic scenario suggested that the neutral O2 molecule
410could be adsorbed near the surface before irradiation, in the
411 f7arrangement shown in Figure 7a, adopting a gas-phase triplet

412spin configuration. When one electron is injected into the
413system (by mimicking the action of the UV irradiation), the
414molecular oxygen becomes negatively charged and approaches
415the surface by strongly interacting with both terminal −OH
416groups of BiOBr and the neighboring water molecules through
417a dense network of hydrogen bonds (see section S3). Then its
418spin state is lowered to a doublet with a consequent breaking
419of the cylindrical symmetry of the spin density with respect to
420the initial state. The density of states (DOS) (Figure S17b)
421shows that the molecular oxygen 2p states are shifted to higher
422energies and fall within the oxide bandgap. In this “excited”
423configuration, the HO2 complex shown in Figure 7b is
424spontaneously formed via the extraction of selected hydroxyl
425groups from the oxide surface.
426On the contrary, a similar process does not occur for the
427neutral oxygen molecules (the HO2 complex was hardly
428stabilized), which is in agreement with the experimental
429observation that the catalyst must be activated by UV
430irradiation. The HO2 complex is also characterized by the
431same doublet state of the negatively charged oxygen molecule
432before the proton transfer. Injection of a further electron in the
433system allows for the formation of H2O2, as the HO2 complex
434evolves toward the final product by extracting a second proton
435from the oxide surface, thus quenching the total spin state of
436the system to a singlet configuration (Figure 7c). According to
437the results of the RMD, the depletion of protons from the
438oxide surface, which accompanies the oxygen reduction, can be
439compensated by the process of back-donation of protons and
440hydrogen atoms extracted from lignin.

Figure 6. EIS Nyquist spectra of the BOB catalysts under irradiated
conditions (Kessil LED lamp, λ = 427 nm) in the presence of O2
saturated electrolyte [150 mL, aq NaCl (150 mM), K4Fe(CN)6 (1
mM), and K3Fe(CN)6 (1 mM)]. The EIS plot of the bare FTO
working electrode is also shown. EIS Nyquist plot of the LBOB
catalyst in O2 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 O2 under irradiation.

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 HO2 intermediate) to singlet (neutral
H2O2 final product). Bi gray, Br brown, O red, H white, Na+ (cyan).
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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 HO2
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 (λ = 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.

462 ■ CONCLUSIONS
463 We have demonstrated that biomass (hydrolysis lignin)
464 supported BiOBr is a robust photocatalyst for the production
465 of H2O2 from natural seawater under visible light (λ = 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 580 μM). 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 H2O2
483 photoproduction with the help of the LBOB catalyst, with Fe3+

484 ions yielding the highest H2O2 concentration.
485 Open-air reactions consistently yielded over 2.3 times H2O2
486 photoproduction from natural seawater, a promising and
487 practical way of obtaining H2O2 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 H2O2 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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534Anna Rokicińska − Faculty of Chemistry, Gronostajowa 2,
535Jagiellonian University, Kraków 30-387, Poland;
536orcid.org/0000-0001-8397-4422
537Piotr Kust́rowski − Faculty of Chemistry, Gronostajowa 2,
538Jagiellonian University, Kraków 30-387, Poland;
539orcid.org/0000-0001-8496-0559
540Giovanni Barcaro − CNR-IPCF, Institute for Chemical and
541Physical Processes, Area della Ricerca, Pisa I-56124, Italy;
542orcid.org/0000-0002-5520-5914
543Susanna Monti − CNR-ICCOM, Institute of Chemistry of
544Organometallic Compounds, Area della Ricerca, Pisa I-
54556124, Italy; orcid.org/0000-0002-3419-7118

546Complete contact information is available at:
547https://pubs.acs.org/10.1021/jacs.1c10786

548Author Contributions
549The manuscript was written through contributions of all
550authors. All authors have given approval to the final version of
551the manuscript.
552Notes
553The authors declare no competing financial interest.

554■ ACKNOWLEDGMENTS
555We acknowledge financial support from an IOF grant from
556UAntwerpen, Belgium. A.S. thanks the Swedish Energy Agency
557for financial support (project no: 50501-1). We also thank Mr.
558Tong Zhang, Mr. Jian Zhu, and Mr. Shahid Ullah Khan,
559UAntwerpen, Belgium, for helpful discussions. S.M. thanks

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c10786
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

I



560 Loukas Petridis and Jeremy C. Smith for providing her with
561 the lignin coordinates extracted from their simulations. S.M. is
562 grateful to Adri C. T. van Duin for the reactive force field
563 parameters describing BiO systems and valuable suggestions.

564 ■ REFERENCES
(1)565 (a) Perry, S. C.; Pangotra, D.; Vieira, L.; Csepei, L.-I.; Sieber, V.;

566 Wang, L.; Ponce de León, C.; Walsh, F. C. Electrochemical synthesis
567 of hydrogen peroxide from water and oxygen. Nat. Rev. Chem. 2019,
568 3, 442−458. (b) Xue, Y.; Wang, Y.; Pan, Z.; Sayama, K.
569 Electrochemical and Photoelectrochemical Water Oxidation for
570 Hydrogen Peroxide Production. Angew. Chem., Int. Ed. 2021, 60,
571 10469−10480; Angew. Chem. 2021, 133, 10561−10572. (c) Kim, J.;
572 Chung, Y.-M.; Kang, S.-M.; Choi, C.-H.; Kim, B.-Y.; Kwon, Y.-T.;
573 Kim, T. J.; Oh, S.-H.; Lee, C.-S. Palladium nanocatalysts immobilized
574 on functionalized resin for the direct synthesis of hydrogen peroxide
575 from hydrogen and oxygen. ACS Catal. 2012, 2, 1042−1048.
576 (d) García-Serna, J.; Moreno, T.; Biasi, P.; Cocero, M. J.; Mikkola,
577 J.-P.; Salmi, T. O. Engineering in direct synthesis of hydrogen
578 peroxide: targets, reactors and guidelines for operational conditions.
579 Green Chem. 2014, 16, 2320−2343. (e) Zeng, X.; Liu, Y.; Kang, Y.; Li,
580 Q.; Xia, Y.; Zhu, Y.; Hou, H.; Uddin, M. H.; Gengenbach, T. R.; Xia,
581 D.; Sun, C.; Mccarthy, D. T.; Deletic, A.; Yu, J.; Zhang, X.
582 Simultaneously Tuning Charge Separation and Oxygen Reduction
583 Pathway on Graphitic Carbon Nitride by Polyethylenimine for
584 Boosted Photocatalytic Hydrogen Peroxide Production. ACS Catal.
585 2020, 10, 3697−3706. (f) Liu, J.; Zou, Y.; Jin, B.; Zhang, K.; Park, J.
586 H. Hydrogen Peroxide Production from Solar Water Oxidation. ACS
587 Energy Lett. 2019, 4, 3018−3027.

(2)588 (a) Staffell, I.; Scamman, D.; Abad, A. V.; Balcombe, P.; Dodds,
589 P. E.; Ekins, P.; Shah, N.; Ward, K. R. The role of hydrogen and fuel
590 cells in the global energy system. Energy Environ. Sci. 2019, 12, 463−
591 491. (b) Hart, D.; Howes, J.; Lehner, F.; Dodds, P.; Hughes, N.; Fais,
592 B.; Sabio, N.; Crowther, M. Scenarios for deployment of hydrogen in
593 contributing to meeting carbon budgets and the 2050 target, UCL,
594 London, 2015. (c) Andersson, J.; Gronkvist, S. Large-scale storage of
595 hydrogen. Int. J. Hydrog. Energy 2019, 44, 11901−11919.

(3)596 Disselkamp, R. S. Can aqueous hydrogen peroxide be used as a
597 stand-alone energy source? Int. J. of Hydrog. Energy 2010, 35, 1049−
598 1053.

(4)599 McDonnell-Worth, C. J.; MacFarlane, D. R. Progress Towards
600 Direct Hydrogen Peroxide Fuel Cells (DHPFCs) as an Energy
601 Storage Concept. Aust. J. Chem. 2018 , 71, 781−788.

(5)602 Expert Market Research. Global Hydrogen Peroxide Market
603 Report and Forecast 2021−2026, https://www.expertmarketresearch.
604 com/reports/hydrogen-peroxide-market (accessed 2021-09-01).

(6)605 Myers, R. The 100 Most Important Chemical Compounds;
606 Greenwood Publishing Group: Westport, CT, 2007.

(7)607 Campos-Martin, J. M.; Blanco-Brieva, G.; Fierro, J. L. G.
608 Hydrogen Peroxide Synthesis: An Outlook beyond the Anthraqui-
609 none Process. Angew. Chem., Int. Ed. 2006, 45, 6962−6984.

(8)610 Zeng, X.; Liu, Y.; Hu, X.; Zhang, X. Photoredox catalysis over
611 semiconductors for light-driven hydrogen peroxide production. Green
612 Chem. 2021, 23, 1466−1494.
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