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a b s t r a c t

Selective cleavage of robust C−C bonds to harvest value-added aromatic oxygenates is an intriguing but

challenging task in lignin depolymerization. Photocatalysis is a promising technology with the advan-

tages of mild reaction conditions and strong sustainability. Herein, we show a novel urchin-like Nb2O5

hollow microsphere (U-Nb2O5 HM), prepared by one-pot hydrothermal method, are highly active and se-

lective for Cα−Cβ bond cleavage of lignin β-O-4 model compounds under mild conditions, achieving 94%

substrate conversion and 96% C−C bond cleavage selectivity. Systematic experimental studies and den-

sity functional theory (DFT) calculations revealed that the superior performance of U-Nb2O5 HMs arises

from more exposed active sites, more efficient free charge separation and the active (001) facet, which

facilitates the activation of Cβ−H bond of lignin models and generate key Cβ radical intermediates by

photogenerated holes, further inducing the Cα−Cβ bond cleavage to produce aromatic oxygenates. This

work could provide some suggestions for the fabrication of hierarchical photocatalysts in the lignin de-

polymerization system.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lignin, the most abundant source of renewable aromatics in na-

ture, holds great potential for the production of value-added chem-

icals, fuels, and functional materials as an alternative to fossil fu-

els [1–5]. However, its recalcitrant nature and structural complex-

ity pose great technical challenges for the effective valorization of

lignin [6]. One of the key issues in lignin depolymerization is the

selective cleavage of C–O and C–C bonds [7], especially in the β-O-

4 linkage which accounts for more than 50% of all interunit link-

ages [8]. Unfortunately, breaking the C–O bonds alone in lignin

only yields no more than 50% of theoretical aromatic monomers

[9]. Considering C–C backbone and oxygen-rich characters of lignin,

C–C bond cleavage is a promising route to obtain valuable aromatic

oxygenates. However, in contrast to the comprehensive develop-

ment of C–O bond cleavage strategies, only a few examples shed

light on the selective cleavage of lignin C–C bonds (β-O-4 and β-1

linkage), which may be due to the higher bond dissociation energy
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[10]. Conventional thermal catalytic processes, including pyrolysis,

gasification, and noble metal-catalyzed hydrogenolysis, usually re-

quire hash reaction conditions (high temperature and pressure),

and thus bond cleavage is nonselective, yielding a large number

of low-functionalized by-products [11]. Thus, the development of a

sustainable strategy for lignin depolymerization under mild condi-

tions is highly attractive.

Photocatalysis is a promising technique for lignin conversion.

The unique photogenerated reactive species can precisely cleave

the targeted bonds in lignin while other fragile functional groups

remain intact. In addition, mild conditions can inhibit undesired

thermally induced side reactions, thereby preserving the aromatic

rings [6,12]. A series of homogenous photocatalytic systems have

been reported for lignin depolymerization with promising conver-

sion and C−C bond cleavage selectivity, which can be attributed to

the intimate contact between reactants and photocatalyst [13,14].

Homogeneous oxidation protocols for β-O-4 model compounds

have been reported, mainly using vanadium (V)- [15,16], iridium

(Ir)- [17], or cerium (Ce)-based [18] photocatalyst. However, the

homogeneous nature of these transition metal-based catalytic sys-

tem makes the catalyst separation and recovery challenging. There-
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fore, it is highly appealing to develop alternative strategies toward

selective cleavage of C−C bond in lignin models using an active

heterogeneous photocatalyst.

Niobium pentoxide (Nb2O5) has attracted intense attention in

applications such as lithium-ion batteries, gas sensing, and micro-

electronics on account of its good thermal stability, high corro-

sion resistance, abundant surface properties, and superior optical

properties [19,20]. In addition, Nb2O5 is also an n-type semicon-

ductor with excellent photocatalytic properties, and thus has been

extensively studied in light-driven environmental remediation, wa-

ter splitting and some organic reactions [21]. Recently, Nb2O5

nanocrystals were reported to have shape-dependent photoactiv-

ities [22]. Therefore, various Nb2O5 multidimensional nanostruc-

tures, such as 3-dimentional (3D) nanospheres, 2D nanomeshes,

and 1D nanorods, nanowires, and their 3D arrays have been ra-

tionally designed and fabricated to achieve efficient separation of

photogenerated electron-hole pairs, which is deemed as a crucial

factor in determining the photocatalytic performances [23,24]. In-

cidentally, to the best of our knowledge, there is no report on

the application of Nb2O5 catalyst for photocatalytic cleavage of

lignin C−C bonds. Herein, urchin-like 3D hierarchical Nb2O5 hollow

microspheres (U-Nb2O5 HMs) were prepared by a hydrothermal

method using resorcinol-formaldehyde (RF) resin as the template.

Benefiting from the significantly improved charge separation effi-

ciency and light utilization, the U-Nb2O5 HMs exhibited superior

performance in the photocatalytic cleavage of C−C bonds in lignin

models under light irradiation at room temperature. The morphol-

ogy of U-Nb2O5 HMs was carefully examined by field-emission

scanning electron microscopy (FESEM) and transmission electronic

microscopy (TEM). X-ray photoelectron spectroscopy (XPS) and

electron paramagnetic resonance (EPR) revealed the presence of

oxygen vacancies in the U-Nb2O5 HMs. The experimental results

and density functional theory (DFT) calculations showed that the

(001) facet on the urchin-like Nb2O5 hollow microspheres offers

enhanced activity in photocatalytic C−C bond cleavage. Finally, the

reaction mechanism was revealed by radical trapping, isotope la-

beling, as well as DFT calculations. This work provides an effective

strategy for the rational design and preparation of hollow metal

oxide microsphere photocatalysts for efficient photocatalytic reac-

tions.

The U-Nb2O5 HMs were prepared through a resorcinol-

formaldehyde (RF) resin-assisted hydrothermal approach followed

by removing the template through calcination (See in Support-

ing information). According to the thermogravimetric analysis (Fig.

S1 in Supporting information), the content of Nb2O5 within the

Nb2O5@RF polymeric microspheres was ∼22.1%. The crystalline in-

formation of as-synthesized Nb2O5 photocatalyst was unveiled by

X-ray diffraction (XRD) (Fig. 1a). Both U-Nb2O5 HMs and Nb2O5

exhibit a structural characteristic of a hexagonal Nb2O5 (TT-Nb2O5,

JCPDS No. 07-0061) [22]. The diffraction peaks at 2θ of 22.6°, 28.6°,
36.7°, 46.2°, 50.7°, and 55.2° are assigned to the (001), (100), (101),

(002), (110) and (102) plane, respectively.

Subsequently, field emission scanning electron microscopy (FE-

SEM) and TEM were employed to observe the morphologies and

structures of the resulting Nb2O5 samples. As shown in Fig. 1b,

the low magnified FESEM images display a 3D hierarchical urchin-

like microsphere structure with a diameter ranging from 2μm

to 4μm, while the Nb2O5 is assembled by numerous nanopar-

ticles (Fig. S2 in Supporting information). Individual broken mi-

crospheres show that the interior is empty (red dashed circle).

It is worth mentioning that the urchin-like morphology is as-

sembled by numerous nanorods protruding radially from the cen-

ter in the high-magnification SEM images (Fig. 1c). This unique

structure can offer a large specific area and uniformly dispersed

active sites, thus increasing the contact area and enhancing the

photoactivity. Additionally, energy-dispersive X-ray (EDX) analysis

in Figs. 1f–i demonstrate that the element of niobium and oxy-

gen were uniformly distributed within the U-Nb2O5 HMs. Sim-

ilar to FESEM results, TEM images clearly show that the U-

Nb2O5 HMs are composed of ultra-narrow nanorods and, more

importantly, a hollow structure is confirmed (Fig. 1d). Many ran-

domly selected nanorods in high resolution transmission electron

microscopy (HRTEM) clearly showed standard lattice spacing of

0.385nm, which was assigned to the (001) plane (Fig. 1e). Thus,

the crystal growth of the nanorods seemed to follow the (001)

zone direction, which is consistent with the XRD results.

The surface groups of the prepared sample were studied by

fourier transform infrared spectroscopy (FT-IR). As shown in Fig.

2a, the intense broad band centered at around 655 cm−1 is as-

signed to the symmetric stretching vibration of Nb−O bond with

a shoulder near 800 cm−1 [25]. Due to the similar atomic struc-

tures of the orthorhombic and hexagonal Nb2O5, the Raman spec-

tra are also similar (Fig. 2b). The peaks between 200 and 360 cm−1

are characteristic of the bending modes of the Nb−O−Nb bonds.

The region between 400 and 800 cm−1 refers to the symmetrical

stretching of the Nb2O5 polyhedron. The main vibration at around

690 cm−1 is attributed to the vibration of weakly distorted NbO6

octahedra [26].

The N2 adsorption-desorption isotherms and Barrett-Joyner-

Halenda (BJH) pore size analysis of as-synthesized samples are

shown in Fig. S3 (Supporting information). Both samples exhibit

the type Ⅳ isotherms with the H3 hysteresis loop in the rela-

tive pressure (P/P0) range from 0.4 to 1.0, which is typical for

mesoporous materials. U-Nb2O5 HMs has a specific surface area

(SSA) of 126.8 m2/g with a total pore volume of 0.28 cm3/g, ob-

viously larger than that of Nb2O5 (Fig. S2a). The increased surface

area was attributed to the protruding nanorods, which were con-

ductive to the sufficient exposure of active sites during catalytic

process. Furthermore, U-Nb2O5 HMs exhibited a multimodal pore-

size distribution with smaller pores in the range of 2.3–12nm and

larger pores ranging from 12nm to 80nm (Fig. S2b). The smaller

pores can be attributed to the spacing between the radially grow-

ing nanorods [27], while the larger pores may be due to the escape

of CO2 from the interior during the combustion of RF core.

Light absorption and utilization play an important role in pho-

tocatalytic reactions. Ultraviolet–visible diffuse reflectance spec-

trum (UV−vis DRS) was utilized to evaluate the optical proper-

ties of Nb2O5 catalysts. As shown in Fig. 2c, all samples exhib-

ited strong absorption in the UV region. The bandgaps of U-Nb2O5

HMs and Nb2O5, were calculated to be 3.11 and 3.15 eV via Tauc

plot, respectively. Thus, we can believe that the similar band struc-

ture of U-Nb2O5 and Nb2O5 contributes little to their photoactivity

difference. However, thoroughly destroying the urchin-like hollow

sphere structure by grinding decreased the conversion of PP-ol to

69% (Fig. S4 in Supporting information). This may be due to the

fact that this hierarchical urchin-like hollow sphere structure al-

lows multiple light reflections within the internal cavity [28,29]

and multiple light-scattering among the nanorods (Scheme S1 in

Supporting information) [30], allowing sufficient utilization of the

light and thus promoting better photocatalytic performance.

The elemental composition of the catalyst and the valence state

of the elements were investigated by XPS. The survey XPS spec-

trum in Fig. S5 (Supporting information) shows that, except for

some residual carbon signal arising from adventitious carbon con-

tamination, only Nb and O element were detected in all samples,

suggesting the high purity of the catalysts. The three main peaks of

the C 1s spectrum are centered at 284.7, 286.5, and 288.6 eV, corre-

sponding to graphitic carbon (C−C), CHx, and C−O=O, respectively

(Fig. 3a) [31]. The high-resolution spectra of Nb 3d in all samples

are dominated by two peaks at around 207.1 and 209.9 eV, corre-

sponding to Nb 3d5/2 and Nb 3d3/2 (Fig. 3b), respectively [32]. The

spin orbit separation was 2.8 eV, indicating that it exists mainly in
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Fig. 1. (a) XRD patterns of U-Nb2O5 HMs and Nb2O5. (b) Low- and (c) high-magnification FESEM images of U-Nb2O5 HMs. (d) TEM and (e) HRTEM images of U-Nb2O5 HMs.

(f-i) Elemental mapping of U-Nb2O5 HMs.

Fig. 2. (a) FT-IR spectra, (b) Raman spectra, (c) UV–vis spectra (inset Tauc plot), (d) PL spectra, (e) transient photocurrent response and (f) the electrochemical impedance

spectra of U-Nb2O5 HMs and Nb2O5 (the equivalent circuit impedance model inset).

the Nb5+ state. However, the small characteristic peaks located at

205.9 and 208.8 eV were also observed and well corresponded to

3d5/2 and 3d3/2 peaks of Nb4+, respectively [33–35]. The percent-

age of Nb4+ in U-Nb2O5 HMs was about 7%, which indicated that

U-Nb2O5 HMs possess oxygen vacancies. It is widely accepted that

surface oxygen species, especially surface oxygen vacancies, play an

important role in oxidation reactions [36]. Thus, the relative con-

tent of surface oxygen vacancies in these two catalysts was ana-

lyzed by XPS spectra of O 1s. The high-resolution spectra of O 1s

of all samples could be deconvoluted into two peaks (shown in Fig.

3c). The peak at 530.2 eV originated from the characteristic lattice

oxygen bonding with niobium, while the peak located at 531.8 eV

arose from surface adsorbed oxygen or oxygen vacancies [37]. As

shown in Fig. 3c, U-Nb2O5 HMs displays a higher oxygen vacancy

content (21.1%) than that of the Nb2O5 (12.6%). EPR measurement

showed that all the sample exhibit the characteristic EPR signal at

g=2.003 (Fig. 3d), confirming the existence of oxygen vacancies

[24]. Obviously, the peak intensity of U-Nb2O5 HMs is higher than

that of Nb2O5. This is strongly consistent with the results of XPS.

On the other hand, photoelectrochemical techniques were em-

ployed to evaluate the transfer of photogenerated holes and elec-

trons. Obviously, the photocurrent response of U-Nb2O5 HMs is

notably stronger than that of Nb2O5 with several on/off tran-

sient photocurrent response under periodic irradiation of visible

light (Fig. 2e), indicating a more efficient photogenerated electron-

hole pair separation and transfer on the U-Nb2O5 HMs. Further-

more, electrochemical impedance spectroscopy (EIS) provides a

powerful tool to study the charge transfer and recombination at

semiconductor–electrolyte interfaces. Both Nyquist plots show ex-

plicit arcs, the radius of which is associated with the resistance

of charge carrier transfer. It is evident that U-Nb2O5 HMs deliver

a smaller arc, which verified that U-Nb2O5 HMs exhibit a more

efficient interfacial charge transfer and more effective photogen-

erated electron-hole pair separation (Fig. 2f). We also measured
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Fig. 3. XPS high resolution spectra of (a) C 1s, (b) Nb 3d, and (c) O 1s of U-Nb2O5

HMs and Nb2O5. (d) EPR spectra of U-Nb2O5 HMs and Nb2O5.

the photoluminescence (PL) spectra (excited at 285nm) of two

Nb2O5 photocatalysts to analyze the behavior of photogenerated

holes and electrons since PL emission results from the recombi-

nation of charge carriers. As shown in Fig. 2d, the shapes of the PL

emission spectra are similar, with several peaks at the same po-

sition. The first peak at around 407nm (equivalent to 3.05 eV) is

ascribed to the emission of band gap transition, and the energy

of light approximately equally to the bandgap energy of U-Nb2O5

HMs photocatalyst (3.1 eV) [38]. The others should be attributed to

the band edge free excitons, bound excitons, and surface defects

[27,39,40]. Obviously, the PL intensity of U-Nb2O5 HMs is lower

than that of Nb2O5, indicating that U-Nb2O5 HMs has a relatively

lower electron-hole pair recombination rate, which favors higher

photocatalytic activity.

To study the photocatalytic C−C bond cleavage regularity, a

representative of lignin β-O-4 linkage, 2-phenoxyl-1-phenylethanol

(PP-ol) with Cα−OH, Cα−Cβ , and Cβ−O bonds, was typically used

as the substrate in this study. Results with different catalysts and

reaction conditions are summarized in Table S1 (Supporting infor-

mation). The reaction did not occur in the absence of catalyst (Ta-

ble S1, entry 1). For Nb2O5, a modest activity with 55% conversion

of PP-ol was detected (Table S1, entry 2). To our delight, U-Nb2O5

HMs confers remarkably higher photoactivity than Nb2O5, achiev-

ing a nearly completed conversion (94%) with a 96% of C−C cleav-

age selectivity (Table S1, entry 3), producing aromatic products in-

cluding 2-phenoxylacetophenone (2), benzaldehyde (3), phenyl for-

mate (4), and benzoic acid (5) (Figs. S6 and S7 in Supporting in-

formation). In addition, solvents play an important role in affect-

ing catalytic performance and the product distribution. Among the

three different solvents used, the highest photoactivity was ob-

tained using acetonitrile, with a highest conversion of 94% and a

96% selectivity of Cα−Cβ bond cleavage (Table S1, entry 3), prob-

ably due to the good solubility of PP-ol in CH3CN. Acetone gave a

medium conversion of 64% (Table S1, entry 6). In contrast, ethanol

was the least suitable choice for this reaction with an unsatisfied

conversion of 21% (Table S1, entry 7).

To elucidate the reaction mechanism, a series of control experi-

ments were carried out. In the blank test, no target products were

detected under dark condition, demonstrating the photocatalytic

nature of this reaction (Table S1, entry 4). To identify the active

species that involved in the reaction, the effects of trapping agents

and reaction atmosphere and were explored. Isopropanol (IPA),

p-benzoquinone (p-BQ), ethylenediaminetetraacetic acid disodium

salt (EDTA-2Na) and K2S2O8 were adopted as radical scavengers

for hydroxyl radicals (•OH), superoxide anion radicals (O2
•−), pho-

togenerated holes (h+) and photoexcited electrons (e−), respec-

tively. As shown in Fig. S8 (Supporting information), addition of

IPA, K2S2O8 and p-BQ had little suppression on the conversion of

PP-ol, suggesting that •OH, e− and O2
•− contribute little in this re-

action. A significant decreased conversion was observed when the

reaction atmosphere was changed to nitrogen (N2), indicating that

O2 is indispensable and in this reaction (Table S1, entry 5). In com-

parison, addition of EDTA-2Na apparently inhibited the substrate

conversion, revealing that h+ is the main active species for the re-

action.

Additional experiments were conducted to figure out the reac-

tion intermediates. Benzaldehyde could be easily oxidized to ben-

zoic acid (Scheme S2 in Supporting information, Eq. 1), which ex-

plained the presence of their mixture in the product. However,

the ketone PP-one was hardly converted, together with low yields

of target products under optimized condition, revealing that PP-

one is not the intermediate for PP-ol conversion (Scheme S2, Eq.

3). This result is in direct contrast to those previously reported

two-step photoredox strategy. Thus, a distinct one-step process

may take place in our photocatalytic system. In some electrocat-

alytic systems, it is phenol rather than phenyl formate was de-

tected as the product of Cα−Cβ bond cleavage [41,42]. However,

further studies with phenyl formate as the substrate demonstrate

that it was relatively stable under reaction conditions without be-

ing hydrolyzed to phenol and HCOOH (Scheme S2, Eq. 2). Notably,

the reaction was significantly inhibited when a radical scavenger,

2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), was added into the

reaction system, indicating that the reaction proceeds through a

certain radical-catalyzed pathway (Scheme S2, Eq. 4).

For an in-depth understanding of the mechanism of the β-O-

4 bond cleavage, especially to figure out whether the scission of

Cα−Cβ bond is catalyzed by the formation of Cα or Cβ radical,

kinetic isotope effect experiments with two deuterated substrates

1ʹ−D and 1ʹʹ−D were conducted (Scheme S3 in Supporting infor-

mation). The conversion of 1ʹ−D with Cα−D was close to that of

substrate of 1, suggesting that the Cα−H oxidation is not the rate-

determining step of Cα−Cβ bond cleavage (Scheme S3, Eqs. 1 and

2). In contrast, the conversion of 1ʹʹ−D with Cβ−D decreased sig-

nificantly compared with that of 1, indicating that the hydrogen

abstraction of Cβ−H is the rate-determining step (Scheme S3, Eq.

3). These results provide solid evidence of the formation of Cβ rad-

ical as the reaction intermediate in Cα−Cβ bond cleavage process.

On the basis of the above results and relevant literature reports

[41–43], the possible mechanism of photocatalytic transformation

of the lignin model compound over U-Nb2O5 HMs is proposed

in Scheme S4 (Supporting information). Initially, photogenerated

holes and electrons are produced in the valence band and conduc-

tion band under the irradiation of light. Subsequently, Cβ radical

is produced via Cβ−H abstraction of lignin model compound by

photogenerated holes. Lastly, the Cβ radical reacts with O2 and hy-

drogen to afford an unstable peroxide intermediate. The reaction

is followed by the electron transfer in the peroxide intermediate

through a six-membered ring transition state, inducing the cleav-

age of the Cα−Cβ bond and the generation of benzaldehyde and

phenyl formate. Benzoic acid is the product of overoxidation of
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Fig. 4. DFT-calculated potential energy profiles and configuration diagrams of reactants, transition states, and products on the Nb2O5 (001) [pink] and Nb2O5 (100) [green]

models.

benzaldehyde. On the other hand, the e− in the conduction band

of Nb2O5 may activate O2 to form O2
•−, which subsequently depro-

tonate the benzyl alcohol toward alkoxide anion and finally result

in the formation of by-product PP-one [43,44].

To further gain insight into the reaction intermediates and re-

action pathways, DFT calculations were performed. The detailed el-

ementary reaction steps and structures of Cα−Cβ bond cleavage

over Nb2O5 (001) and (100) models are shown in Fig. 4. Nb2O5

(001) displays a stronger adsorption capacity (−21.12 kJ/mol) (Fig.

S9 in Supporting information) for PP-ol (step Ⅰ) because unsatu-

rated Nb5+ could enhance the adsorption of PP-ol. Then we simu-

late the adsorption of three possible radical intermediates, namely

Cα radical, Cβ radical, and oxygen radical, formed by the cleavage

of Cα−H, Cβ−H, and O−H bonds, on (001) facet of U-Nb2O5 HMs,

and find that Cβ radical is the most stable form (Fig. S10 in Sup-

porting information). This provides further evidence for the forma-

tion of the Cβ radical as the reaction intermediate in our system.

It is widely accepted that the dehydrogenation of Cβ−H to form

Cβ radical is pivotal for Cα−Cβ bond cleavage. Therefore, we calcu-

lated the corresponding energy barrier and reaction energy of this

process on Nb2O5 (001) model with values of 1.68 and 1.36 eV, re-

spectively (Steps Ⅱ and Ⅲ). The significant energy barrier and re-

action energy confirm that the dehydrogenation of PP-ol to form

Cβ radical is the rate-determining step, and the apparent activa-

tion energy (Ga1) for (001) pathway was calculated to be 1.46 eV.

In contrast, Nb2O5 (100) model exhibited a much higher energy

barrier and reaction energy (2.16 and 1.7 eV, respectively) for this

step, indicating that oxidation of Cβ−H on (100) facet is more dif-

ficult to occur. The apparent activation energy (Ga2) of (100) path-

way was calculated to be 2.1 eV.

After the formation of Cβ radicals, the reaction is followed by

the combination with O2 and hydrogen to give an unstable perox-

ide intermediate (steps Ⅳ and Ⅴ). These two steps were calculated

to be highly exothermic of −2.6 and −2.44 eV for Nb2O5 (001)

model (−2.86 and −1.04 eV for Nb2O5 (100) model), respectively.

The peroxide intermediate further undergoes a one-step Cα−Cβ

and O−O bond cleavage form benzaldehyde and phenyl formate

(steps Ⅵ and Ⅶ). This step was calculated to be −0.81 eV, with

a moderate energy barrier of 0.87 eV (−1.97 and 1.31 eV for Nb2O5

(100) model). By comparing reaction pathway on both Nb2O5 (001)

and (100) facet, we conclude that the photocatalytic lignin Cα−Cβ

bond cleavage is much more favorable on (001) facet of U-Nb2O5

HMs.

After optimizing the reaction conditions, we then tested the

generality of U-Nb2O5 HMs for photocatalytic depolymerization

of other lignin models (Table S2 in Supporting information).

Methoxy-substituted β-O-4 lignin models with −OMe either in the

ketone part or phenol part were converted to aromatic oxygenates

with 18%–48% yield.

For practical applications, the stability or reusability of a het-

erogeneous catalyst is crucial. In this study, the regeneration of U-

Nb2O5 HMs was carried out by washing with absolute ethanol and

acetonitrile three times after the photocatalytic reaction. The mor-

phology and chemical structure of reused U-Nb2O5 HMs were con-

firmed by XRD, SEM, TEM, and XPS (Fig. S11 in Supporting infor-

mation). After four consecutive reactions conducted under identi-

cal conditions, the photocatalytic activity of the U-Nb2O5 HMs had

a slightly decrease (Fig. S12 in Supporting information). In addi-

tion, Moreover, a gram-scale reaction was conducted and achieve

a moderate conversion (72%) of PP-ol after 24h, underscoring the

admirable scale tolerance of this photocatalytic system (Fig. S13 in

Supporting information).

In summary, a novel urchin-like hierarchical Nb2O5 hollow

microsphere was successfully prepared via a facile hydrothermal

method, and subsequently used in the photocatalytic cleavage of

Cα−Cβ bond in lignin model compound. The results demonstrated

that U-Nb2O5 HMs with active (001) facet showed high photo-

catalytic activity (94% of substrate conversion) and Cα−Cβ bond

cleavage selectivity (96%) simultaneously. Multicharacterizations

revealed that the unique urchin-like hollow microsphere structure

can expose more active sites and boost the separation of photogen-

erated electron-hole pairs, thereby enhancing the photoactivity. In

addition, experimental studies coupled with DFT calculations sug-

gested that the reaction proceeds via a key Cβ radical intermediate

which is more favorable on the active (001) facet.
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