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acetic acid, and ketone derivatives.[1] 
These chemicals have wide applications 
as essential molecular building blocks 
and intermediates for the manufacture 
of perfumes, dyestuffs, and pharmaceu-
ticals. Because the CC bond cleavage is 
thermodynamically unfavorable due to the 
relatively high CC bond energy (90 kcal 
mol-1), the traditional CC bond cleavage 
processes, most of which are thermocata-
lytic reactions driven by energy- and cost-
intensive systems, heavily depend upon 
toxic/expensive oxidants, noble metal cata-
lysts, and often require harsh conditions.[2] 
Selective CC bond cleavage under mild 
conditions is therefore much sought after 
as a valuable tool to upgrade biomass-
derived polyols.

Glycerol is such a highly versatile 
polyol and also an important by-product 

in biodiesel production which is produced in large quantities, 
resulting in a huge surplus flooding the market at a very low 
price (US $0.11 per kg).[3] Thus glycerol is regarded as a bio-
waste but also one of the top ten biomass-derived platform 
molecules for the production of high-value chemicals (listed 
by the U.S. Department of Energy).[4] Under appropriate condi-
tions, glycerol could be selectively oxidized or reduced into fine 
chemicals such as acrolein,[5] dihydroxyacetone,[6] lactic acid,[7] 
acrylic acid,[8] 1,2-propanediol,[9] or 1,3-propanediol.[10] With this 
potential, substantial efforts have been devoted to exploring an 
efficient catalyst to achieve high conversion and high selectivity 
to the targeted products. The gold-on-carbon catalyst is one 
of the early examples, which is only effective with the pres-
ence of NaOH. Therefore, the oxidation products are normally 
sodium salts, making the post-purification process very diffi-
cult.[11] Thereafter, efforts were devoted to searching for alter-
native catalysts working without NaOH. More recently, it has 
been reported that Mn2O3 could convert glycerol into glycolic 
acid with a selectivity of 52.6% at 140  °C and in 1  MPa O2.[12] 
However, it remains a significant challenge to develop efficient, 
highly selective catalysts for the transformation of glycerol into 
a specific product. Therefore, selective glycerol C-C cleavage is 
not only of great scientific significance, but also of economic 
interest considering the high price of the interested product 
(e.g., US $9 per kg of glycolaldehyde, ≈80 times more valuable 
than the reactant glycerol).

Photocatalysis has been recognized as a promising strategy in 
the CC bond cleavage reactions under very mild conditions.[13] 

Selective CC cleavage of the biomass derivative glycerol under mild condi-
tions is recognized as a promising yet challenging synthesis route to produce 
value-added chemicals. Here, a highly selective catalyst for the transforma-
tion of glycerol to the high-value product glycolaldehyde is presented, which 
is composed of nickel single atoms confined to the surface of titanium 
dioxide. Driven by light, the catalyst operates under ambient conditions using 
air as a green oxidant. The optimized catalyst shows a selectivity of over 
60% to glycolaldehyde, resulting in 1058 µmol gCat

−1 h−1 production rate, and 
≈3 times higher turnover number than NiOx-nanoparticle-decorated TiO2 
photocatalyst. Diverse operando and in situ spectroscopies unveil the unique 
function of the Ni single atom, which can significantly promote oxygen 
adsorption, work as an electron sink, and accelerate the production of super-
oxide radicals, thereby improving the selectivity toward glycolaldehyde over 
other by-products.

ReseaRch aRticle
 

1. Introduction

Biomass resources are produced by the photosynthesis of CO2 
and water using solar energy and are widely available in the 
natural environment. Driven by the sustainable and environ-
mentally sound use of natural resources, transforming biomass 
and biomass derivatives into value-added products has gained 
increasing significance. One of the most important strategies 
is the CC bond cleavage of biomass-derived polyols for the 
synthesis of valuable carbonyl compounds such as aldehydes, 
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In contrast to thermal catalytic CC bond fission processes, 
it utilizes light as an inexpensive, renewable, and inherently 
safe energy source to replace harsh conditions.[14] Several pio-
neering and insightful works have been dedicated to this area. 
For example, TiO2 photocatalysts with different dominant facets 
were used to selectively convert glycerol to glycolaldehyde in an 
aqueous solution and inert atmosphere. The product distribu-
tion was proved to be dependent on the facets of TiO2,

[14b] while 
the production rate was rather moderate (e.g., 83.8 µmol g-1 h-1 
of glycolaldehyde). Later, a mechanistic picture at the molecular 
level of photocatalytic CC bond cleavage of ethylene glycol 
was developed by coupling in situ surface study with vibra-
tional-mass spectrometry on rutile (110) surface in an ultrahigh 
vacuum condition.[15] The CC bond cleavage was found to be 
the only route in ethylene glycol photooxidation under deaer-
ated conditions, resulting in the generation of formaldehyde 
and hydrogen. The rate-determining step in this process is 
the desorption of the surface-adsorbed hydrogen, making pris-
tine TiO2 a poor photocatalyst that only catalyzes the ethylene 
glycol conversion at very low surface coverages. A recent work 
introduced oxygen into this process, revealing that the pres-
ence of oxygen could readily convert organic products into CO2 
via complete oxidation by oxygen, or into paraformaldehyde by 
polymerization with water.[16] With this attractive progress so 
far, the relatively low selectivity in the presence of O2 requires 
the rational design of photocatalysts. One barrier is that most 
semiconductor-based photocatalysts are either non-selective 
(particularly with the presence of water and/or oxygen) or inef-
fective to break down the CC bond because of poor oxida-
tive activity.[17] This is because once oxygen and/or water are 
involved as reactants, various strong reactive oxygen species 
(ROS) could be generated, unselectively mineralizing organic 
compounds into CO2 and water.[18] Moreover, the oxidants and 
products often encounter diffusion limitations while accessing 
or desorbing the active centers, leading to poor interfacial con-
tact that affects the catalytic reactions. More importantly, the 
role of metal (or metal oxide) nanoparticles that are often used 
as promoters remains unclear and sometimes controversial 
due to the involvement of complex factors including diverse 
particle sizes, exposed facets, and chemical states. Single-atom 
photocatalysts have provided an ideal platform to address the 
above challenges benefitting from their uniform geometrical/
electronic structure, exotic properties, and maximum atom-utili-
zation efficiency.[19] For example, according to density functional 
theory (DFT) simulation, when anchoring Ni single atoms on 
the anatase TiO2 surface, new vacant levels are formed near the 
conduction band minimum.[20] The photogenerated electrons in 
the TiO2 conduction band can be readily transferred to the Ni 
species, thus achieving effective charge separation. These well-
defined active sites may open up the possibility of regulating 
the generation of ROS, tailoring adsorption/desorption proper-
ties, and understanding structure-activity relationships.[21]

Up to now, highly selective photocatalysts for aerobic CC 
cleavage of glycerol to valuable chemicals are so challenging with 
few studies. In this work, earth-abundant Ni single atoms were 
precisely anchored on TiO2 by a novel molten-salt method. The 
photocatalyst can highly selectively cleave the CC bond of glyc-
erol in the presence of air at room temperature and under atmos-
pheric pressure. Furthermore, diverse in situ and operando spec-

troscopies clarify Ni single atoms as both the oxygen adsorption 
sites and the acceptor of photogenerated electrons. This bifunc-
tion of Ni single atoms efficiently generates superoxide radicals, 
resulting in over 60% selectivity toward glycolaldehyde, together 
with high efficiency and long-term stability.

2. Results and Discussion

The Ni single atoms decorated TiO2 was synthesized via a mod-
ified molten-salt method, in which Ni single atoms were loaded 
onto the TiO2 surface in metal salts at an elevated tempera-
ture.[22] Afterward, the mixture was washed with a large amount 
of water to remove the salt residues, which was confirmed by 
the XPS results (Figure S1, Supporting Information). Ni single 
atoms decorated TiO2 synthesized using the above method is 
denoted as 0.5Ni/TiO2-MS (0.5 stands for the weight percentage 
of loaded Ni species). As a comparison, the same amount of Ni 
species was loaded on the TiO2 surface by a typical impregna-
tion method, which is denoted as 0.5Ni/TiO2-IM.

When using these two photocatalysts and pristine TiO2 for 
glycerol oxidation under atmospheric air and 365  nm irradia-
tion, a distinctive difference in the glycolaldehyde yield can be 
observed (Figure 1a). Pristine TiO2 shows a glycolaldehyde evo-
lution rate of 529 µmol g-1 h-1, with a small selectivity of 23.9%. 
It should be noted that the selectivity here is calculated based 
on the carbon balance instead of the molar amount of pro-
duced glycolaldehyde. Since the glycerol to glycolaldehyde is a 
C3-to-C2 reaction, its theoretical maximum selectivity is 66.7%. 
The introduction of Ni species by the impregnation method 
has little impact on the selectivity (23.4%) and even somewhat 
decreases the glycolaldehyde evolution rate (463 µmol g-1 h-1). 
When dispersing Ni species over TiO2 by the novel molten-salt 
method, the catalyst presents a twofold increase in glycolalde-
hyde evolution rate (1058 µmol g-1 h-1), resulting in an apparent 
quantum yield (AQY)  of 10.3%, again, two times higher than 
that achieved on TiO2 (AQY = 5.2%). More importantly ca. two-
fold enhancement in selectivity (60.1%) has been achieved on 
0.5Ni/TiO2-MS compared with pristine TiO2. By comparison, 
transition metal species, including Ag, Au, and Cu were also 
loaded on TiO2 via the impregnation method and molten-salt 
method. Evaluation of the evolution rate and more importantly 
the selectivity under identical conditions (Figure S2, Sup-
porting Information) suggests that Ni can represent the highest 
selectivity of 60.1%, which is close to the maximum theoretical 
selectivity (66.7%) to glycolaldehyde, nearly doubling the selec-
tivity achieved on noble metal loaded TiO2.

We thus further investigated the effect of the Ni species 
loading amount on the catalytic performance. The metal loading 
was verified by inductively coupled plasma atomic emission 
spectrometry (ICP-AES) measurements (Table S1, Supporting 
Information). Both pristine TiO2 and 0.5Ni/TiO2-IM tend to 
unselectively oxidize glycerol into various products, including 
formic acid, glycolaldehyde, dihydroxyacetone, and glyceral-
dehyde (Figure  1b), consistent with the previous reports.[14b] 
Among them, formic acid accounts for the largest yield, indi-
cating the unselective nature to high-value chemicals. When 
using 0.5Ni/TiO2-MS, the yield toward glycolaldehyde is greatly 
enhanced. More importantly, the selectivity to glycolaldehyde 
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increases with the Ni loading amount until 0.5%, such as 
from 38.6% on 0.05Ni/TiO2-MS to 60.1% on 0.5Ni/TiO2-MS. 
These results indicate that the Ni species loaded by the molten-
salt approach plays an important role in oxidative CC bond 
cleavage of glycerol. Further increasing the loading amount to 
1.0% leads to a decreased selectivity to glycolaldehyde (39.1%), 
which could be owing to the new states formed above the TiO2 
valence band. This shifts the oxidation potential of the com-
posite system to a higher position compared to the bare sur-
face, weakening the oxidation power of the holes, and thus 
decreasing the activity.[20]

The temporal production of different products over 0.5Ni/
TiO2-MS was then monitored to understand the oxidation 

process (Figure 1c). Dihydroxyacetone and glyceraldehyde, two 
C3 products, remain at a low concentration during the whole 
process, likely due to the consecutive conversion to C2 prod-
ucts and formic acid. (Figure S3, Supporting Information).[1b] 
The yield ratio of glycolaldehyde and formic acid is 1:1 after 
0.5  h reaction. However, the subsequent increase of formic 
acid becomes very slow while glycolaldehyde production keeps 
its momentum, likely due to the further oxidation of formic 
acid into CO2 (Table S2, Supporting Information). Pristine 
TiO2 and 0.5Ni/TiO2-IM almost show identical product dis-
tribution when oxidizing glycerol: generating formic acid and 
glycolaldehyde at a similar rate (Figure S4, Supporting Infor-
mation). Considering the oxidation of formic acid into CO2 is 

Adv. Mater. 2023, 35, 2209646

Figure 1. a) The evolution rate and selectivity of glycolaldehyde over TiO2, 0.5Ni/TiO2-IM, and 0.5Ni/TiO2-MS. b) The product distribution over different 
catalysts. c) The temporal synthesis of different products over 0.5Ni/TiO2-MS. d) Product yields from a series of control experiments. e) Stability test 
of 0.5Ni/TiO2-MS for eight cycles reaction. Reaction conditions: 15 mg catalyst, 30 mL of 25 mm glycerol aqueous solution, 25 °C, air at atmospheric 
pressure, 365 nm light irradiation, 4 h reaction time if denoted otherwise.

 15214095, 2023, 16, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202209646 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [10/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advmat.dewww.advancedsciencenews.com

2209646 (4 of 9) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

quite fast over the TiO2 surface,[1b] a relatively large amount 
of CO2 is detected during this process (Table S2, Supporting 
Information). Meanwhile, glycolaldehyde can also be oxidized 
to CO2 on TiO2 or 0.5Ni/TiO2-IM, while the overoxidation of 
glycolaldehyde is avoided on 0.5Ni/TiO2-MS, which induces 
a large difference in the selectivity. Control experiments were 
then carried out and the results are presented in Figure  1d. 
First, without the presence of air, the 0.5Ni/TiO2-MS catalyst 
shows sharply decreased glycolaldehyde yield, highlighting the 
importance of oxygen in the air for the reaction. Under dark 
conditions or without a catalyst, no oxidation products can be 
detected. Hence, it could be confirmed that all the glycolalde-
hyde is generated from glycerol photocatalytic oxidation over 
0.5Ni/TiO2-MS using air as the oxidant. Figure 1e presents the 
stability of the best 0.5Ni/TiO2-MS catalyst. The catalyst shows 
a similar glycolaldehyde yield and selectivity across eight 4 h 
runs, indicating the excellent stability of the catalyst during the 
CC cleavage reaction.

To reveal the mechanism behind the high selectivity to gly-
colaldehyde over 0.5Ni/TiO2-MS, the crystal structure, mor-
phology, and light-harvesting properties of these samples were 
studied. X-ray  diffraction  (XRD) patterns of 0.5Ni/TiO2-IM 
show little difference compared with pristine TiO2; no new 
peak appears after the impregnation of Ni species due to its 
low loading amount (Figure 2a). For 0.5Ni/TiO2-MS, the sharp-
ened XRD peaks indicate that an enhanced crystallinity of TiO2 
is achieved during the molten-salt treatment. This is because 

a higher temperature (500  °C) was used in the molten-salt 
method compared with 400 °C in the impregnation method.[22] 
To rule out the effect of crystallinity on the product distribution, 
0.5Ni/TiO2-IM was also annealed at 500  °C under an argon 
atmosphere for two hours, and no obvious catalytic perfor-
mance change is observed (Table S3, Supporting Information). 
Thus, the enhanced selectivity to glycolaldehyde is not because 
of the improved crystallinity. XRD patterns of molten-salt pre-
pared samples do not present any peaks of metallic or oxide Ni 
species even increasing the loading amount to 1.0%, indicating 
that the metal species are highly dispersed over the surface of 
TiO2 by this novel method (Figure S5, Supporting Information).

The ultraviolet–visible  (UV–vis) spectra (Figure  2b) of the 
prepared samples present the characteristic absorption band 
with an onset edge at ≈366 nm, indicating a bandgap of ≈3 eV, 
consistent with the widely reported value (Figure S6a, Sup-
porting Information).[23] The loading of Ni species by impreg-
nation or molten-salt method has no obvious effect on the 
onset edge of the samples, besides leading to a slight absorp-
tion in the visible-light region (Figure 2b and Figure S6b,c, Sup-
porting Information). This should not affect the photocatalytic 
activity due to a 365 nm light source being used for excitation. 
Combining with the XPS valence band spectra (Figure S7, 
Supporting Information), in which all samples show a similar 
valence band of 2.7  eV, loading Ni either by impregnation or 
molten-salt method does not change the band edge positions of 
photocatalysts.

Adv. Mater. 2023, 35, 2209646

Figure 2. a) XRD patterns and b) UV–vis spectra of TiO2, 0.5Ni/TiO2-IM, and 0.5Ni/TiO2-MS. c) TEM image of 0.5Ni/TiO2-MS and the corresponding 
EDX elemental mapping. d) HAADF-AC-STEM images of 0.5Ni/TiO2-MS and the corresponding EDX results.
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The morphology of 0.5Ni/TiO2-MS was first investigated 
by transmission electron microscopy (TEM), as shown in 
Figure  2c. The TiO2 nanoparticles have an average diameter 
of ≈60 nm. There are no obvious particles on 0.5Ni/TiO2-MS, 
while energy-dispersive X-ray (EDX) mapping shows a homoge-
neous distribution of nickel species. This indicates that Ni spe-
cies may atomically disperse on the TiO2 surface. To confirm 
this hypothesis, we then employed sub-Ångström-resolution 
high-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) technique to study the highly dis-
persed Ni species (Figure 2d), no clusters or nanoparticles can 
be seen on 0.5Ni/TiO2-MS sample. Though no bright dots could 
be distinguished from the STEM image due to the low contrast 
between Ni and Ti,[22,24] EDX scanning shows 0.62% of nickel in 
the scanned area, which is close to the actual amount (0.43%). 
This strongly suggests the presence of atomically dispersed Ni 
atoms on the surface of TiO2 that play an important role during 
glycerol oxidation (Figure S8, Supporting Information). On the 
contrary, nanoparticles (likely NiO) with an average diameter of 
cal. 1.2 nm are formed when using the impregnation method to 
load Ni species (Figure S9, Supporting Information).

For a deeper understanding of the mechanism behind the 
high selectivity to glycolaldehyde over 0.5Ni/TiO2-MS, the 
chemical states of nickel species were characterized by X-ray 
photoelectron spectroscopy (XPS) (Figure 3a). The peak located 
at ≈854 eV is associated with the nickel 2p3/2,[25] and the typical 
Ni 2p3/2 satellite peak is present.[26] In 0.5Ni/TiO2-IM, Ni 2p3/2 
is dominated by the peak at 854.2 eV which corresponds to Ni2+, 

and there is a minor peak at 855.9 eV which is ascribed to Ni3+. 
The formation of Ni3+ on 0.5Ni/TiO2-IM is likely due to the oxi-
dative environment in the air under 400 °C during the impreg-
nation process. Thus, the nanoparticles on 0.5Ni/TiO2-IM could 
be identified as NiOx (mixed Ni2+ and Ni3+). For 0.5Ni/TiO2-MS, 
the Ni 2p3/2 peak indicates that the chemical state of Ni species 
is mainly +2 (854.2 eV), which is well-maintained even after the 
32  h run (Figure S10, Supporting Information).[27] Therefore, 
it could be confirmed that different loading methods lead to 
different Ni species: the novel molten salt method forms Ni2+ 
single atoms while the impregnation method generates NiOx 
nanoparticles on the TiO2 surface.

The chemical state of the nickel species over 0.5Ni/TiO2-MS 
was further confirmed by X-ray absorption near-edge structure 
(XANES) spectroscopies (Figure  3b). The E0 for 0.5Ni/TiO2-
MS is close to that of NiO, indicating Ni atoms carry positive 
charges of +2. The coordination environment of Ni single atoms 
was determined by the extended X-ray absorption fine struc-
ture spectra (EXAFS). As shown in the Fourier-transformed k2 
weighted EXAFS spectra at the Ni K-edge (Figure  3c), unlike 
the reference samples of Ni foil and NiO, the 0.5Ni/TiO2-MS 
catalyst does not show any obvious peaks at the positions of 
either NiNi shell (2.2 Å) or NiONi (2.7 Å) shell, excluding 
the existence of metallic Ni or NiOx nanoparticles.[22] The 
absence of NiNi scattering was further verified by the wavelet 
transform technique (Figure S11, Supporting Information). The 
EXAFS data-fitting results (Table S4, Supporting Information) 
show that the NiO coordination number is 5.2, suggesting 

Adv. Mater. 2023, 35, 2209646

Figure 3. a) Ni 2p3/2 XPS spectra of 0.5Ni/TiO2-IM and 0.5Ni/TiO2-MS. b) Nickel K-edge XANES results of nickel (metal), NiO 0.5Ni/TiO2-IM, and 
0.5Ni/TiO2-MS. c) Fitting details for nickel K-edge EXAFS spectra of 0.5Ni/TiO2-MS. d) O1s XPS results of TiO2, 0.5Ni/TiO2-IM, and 0.5Ni/TiO2-MS.
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the NiO5 entities are selectively fabricated. Combining with the 
XANES data, it could be confirmed that the oxidized state of Ni 
species is atomically dispersed over TiO2, consistent with the 
HAADF-AC-STEM images.

High-resolution O 1s XPS spectra were also recorded to inves-
tigate the surface property of different catalysts (Figure  3d). 
There are two peaks in the O 1s core level: one peak at 529.5 eV 
is assigned to the lattice oxygen (OL) over TiO2, while another 
peak located at 531.3 eV is attributed to oxygen vacancy (OV).[28] 
The OV/OL ratio in 0.5Ni/TiO2-IM is 46/54, which is higher 
than that in pristine TiO2 (34/66). On the contrary, the 0.5Ni/
TiO2-MS sample shows a decreased content of oxygen vacan-
cies (23/77), likely due to the rearrangement of atoms during 

molten-salt treatment and consistent with the enhanced crystal-
linity evidenced by XRD patterns.

Heterogeneous photocatalytic reactions involve three con-
secutive steps, beginning with the adsorption of the reactants, 
then the charge generation and transfer, and lastly the surface 
reaction and product desorption. We next attempted to explore 
these steps to clarify the function of Ni single atoms. Control 
experiments prove that oxygen is the major oxidant in glyc-
erol CC cleavage reaction, it is thus of vital importance to 
clarify the oxygen adsorption behavior over different catalysts. 
Figure 4a presents the patterns of temperature-programmed 
desorption of oxygen (O2-TPD) recorded on these samples. Two 
desorption peaks are observed in pristine TiO2: the first one is 

Adv. Mater. 2023, 35, 2209646

Figure 4. a) O2-TPD of TiO2, 0.5Ni/TiO2-IM and 0.5Ni/TiO2-MS. b) Derivative data of operando Ni K-edge XANES results of 0.5Ni/TiO2-IM and 0.5Ni/
TiO2-MS under different conditions. c) ESR spectra for the detection of 1O2 on 0.5Ni/TiO2-IM and 0.5Ni/TiO2-MS under air in TEMP aqueous solution. 
d) ESR spectra under air for the detection of O2

•- on 0.5Ni/TiO2-IM and 0.5Ni/TiO2-MS. e) ESR spectra under air for the detection of •OH on 0.5Ni/
TiO2-IM and 0.5Ni/TiO2-MS. f) Glycolaldehyde yield of glycerol oxidation on 0.5Ni/TiO2-MS with different scavengers. g) Effect of different scavengers 
on the glycerol conversion rate on 0.5Ni/TiO2-IM.
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located at 70 °C, which can be assigned to physically-adsorbed 
O2, while the second one is ≈150–250  °C, corresponding to 
chemically-bonded molecular oxygen on OV.[29] The O2-TPD 
pattern of 0.5Ni/TiO2-IM presents a similar peak at 150–250 °C 
with a larger peak area of 1.387 compared with that of pristine 
TiO2 (1.154). This trend is consistent with the increased oxygen 
vacancy amount evidenced by XPS results. As no new peak 
appears on the 0.5Ni/TiO2-IM O2-TPD patterns, it is reasonable 
to deduce that NiOx nanoparticles are not able to serve as O2 
adsorption sites, which is consistent with previous reports.[30] 
For 0.5Ni/TiO2-MS, the major desorption peak shifts to a lower 
temperature (70–200 °C), suggesting the emergence of different 
oxygen adsorption sites formed on the surface. Considering the 
decreased oxygen vacancy amount, the only feasible adsorption 
sites of oxygen on the surface of 0.5Ni/TiO2-MS are the single 
Ni atoms.[31] The left-shifted desorption peak suggests a lower 
oxygen adsorption energy of single Ni atoms compared with 
that of oxygen vacancies, such a trend is in agreement with 
reported values (20 meV for Ni single atoms and 47 meV for 
oxygen vacancies over TiO2).[32]

Following O2 adsorption, the next vital step for glycerol oxida-
tion is the charge transfer and activation of O2. The in situ Ti 2p 
XPS spectra of 0.5Ni/TiO2-MS indicate that the chemical states 
of Ti species in the TiO2 support remain unchanged under UV 
irradiation (Figure S12, Supporting Information). Then, Ni 
K-edge XANES spectra were performed under operando condi-
tions to clarify the transport path of photogenerated electrons 
(Figure S13, Supporting Information). By using such operando 
conditions, the possible misinformation caused by the reduc-
tive environment created by high-vacuum circumstances when 
conducting XPS measurement on such a tiny amount of Ni 
could be avoided. In the XANES spectra, the position of the 
absorption edge can be reliably used to determine the oxida-
tion state of the investigated element. The more left the absorp-
tion edge, the lower the oxidation state (Figure S14, Supporting 
Information). For a clearer presentation of this position change, 
Figure  4b displays the derivative operando Ni K-edge XANES 
spectra. As shown, there is no change in the spectra of 0.5Ni/
TiO2-IM whether the light irradiation is on or not. This means 
the electron states of NiOx species do not change during the 
whole process. For 0.5Ni/TiO2-MS under the dark condition, 
in either air atmosphere or glycerol it shows the same posi-
tion of the Ni K-edge, while ≈0.5 eV shift to the lower energy 
is observed under light conditions. Once the light irradiation 
stops, the Ni K-edge returns to its original state. This indicates 
a decrease in the Ni oxidation state, which ought to result from 
the acceptance of the photogenerated electrons from the TiO2 
support. The above result shows that the NiOx nanoparticles on 
0.5Ni/TiO2-IM cannot either receive or donate electrons under 
light irradiation, while the Ni single atoms can serve as elec-
tron acceptors. This is rather understandable because for 0.5Ni/
TiO2-IM, as a part of the Ni2+ ions is oxidized to Ni3+, some Ni2+ 
ions diffuse to the surface to maintain the charge balance, thus 
leaving holes inside of NiOx and making it a p-type semicon-
ductor.[33] Since TiO2 is a typical n-type semiconductor, a p–n 
junction can be formed on the interface between NiOx and TiO2. 
Electrons cannot pass through this junction from TiO2 to NiOx 
due to their band alignment (Figure S15, Supporting Informa-
tion), so NiOx cannot act as an electron acceptor.[34] Furthermore,  

when using UV light to excite NiOx-loaded TiO2, little light can 
be harvested by NiOx due to the large light absorption coeffi-
cient of TiO2 in the UV region and the small amount of NiOx 
loaded.[35] Therefore there is no Ni K-edge shift observed. On 
the contrary, Ni single atoms form energy levels other than a 
band. DFT simulations have revealed the special electronic 
structures when loading Ni single atoms on anatase TiO2. Such 
new energy levels are composed of vacant levels formed near 
the conduction band minimum of TiO2.[20] The photogenerated 
electrons in the TiO2 conduction band can be transferred to the 
vacant energy levels in Ni single atoms, which are further trans-
ferred to adsorbed O2.[36] The chemically adsorbed O2 molecules 
on Ni single atoms indicated by O2-TPD observation can then 
be reduced by the electrons, forming reactive O2

•- to involve in 
the subsequent reaction as discussed below.

Electron spin resonance (ESR) spectroscopy was then used 
to detect the generated ROS (1O2, O2

•- and •OH) over different 
catalysts. Two trapping agents, 2,2,6,6-tetramethylpiperidine 
(TEMP) and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) were 
used for 1O2, •OH and O2

•- detection. As shown in Figure 4c, 
weak 1:1:1 triplet signals are observed under light irradiation 
over both 0.5Ni/TiO2-IM and 0.5Ni/TiO2-MS, which could be 
identified as 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO), 
suggesting a small amount generation of 1O2. In the presence 
of DMPO in methanol, no obvious signal could be detected 
over 0.5Ni/TiO2-IM, while a strong signal associated with 
DMPO-OOH is observed on 0.5Ni/TiO2-MS, confirming that 
a large amount of O2

•- is generated (Figure 4d). In the presence 
of DMPO in water, a strong 1:2:2:1 quartet signal observed over 
0.5Ni/TiO2-MS under light irradiation suggests the facile gen-
eration of •OH (Figure 4e). In conclusion, the facilitated separa-
tion and transfer processes of charge carriers, together with the 
facile oxygen adsorption over single Ni atoms lead to the high-
efficiency O2

•- generation, accompanied by •OH radicals due to 
the reaction between photogenerated holes and water.

Given that several reactive species, including photo-
generated holes (h+), superoxide (O2

•-), hydroxyl radicals 
(•OH), and singlet oxygen (1O2), could be involved in the glyc-
erol oxidation process, identifying the function of each reac-
tive species is crucial. To this end, we selected triethanolamine 
(TEOA), superoxide dismutase (SOD), isopropyl alcohol (IPA), 
and carotene as the scavengers for h+, O2

•-, •OH, and 1O2, 
respectively. As shown in Figure 4f, TEOA, SOD, and IPA are 
found to effectively inhibit glycolaldehyde generation, whereas 
carotene turns out of little effect on the oxidation rate. Consid-
ering the generation of •OH relies on photogenerated holes, 
the formation of glycolaldehyde should be completed by the 
cooperative work of superoxide radicals (O2

•-) and hydroxyl 
radicals (•OH). For the sample prepared by the impregnation 
method, only TEOA relatively decreases its conversion rate 
(Figure  4g), thus the unselective oxidation of glycerol over 
0.5Ni/TiO2-IM should be attributed to the photogenerated 
holes. On the other hand, a similar 1O2 species amount exists 
on both samples (Figure  4c) while it does not have a signifi-
cant effect on the reaction rate. All these results highlight the 
importance of the cooperation between superoxide radicals 
and hydroxyl radicals during glycerol selective CC cleavage 
reaction, which can only be enhanced by Ni single atoms for 
the selective production of glycolaldehyde.
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Based on the above results, a tentative mechanism of 
photo catalytic selective CC cleavage of glycerol is proposed 
(Scheme 1). Under light irradiation, electrons are excited to 
the conduction band while holes are left on the valence band 
of the TiO2 photocatalyst. The next crucial step is that elec-
trons transfer to Ni single atoms (as evidenced by operando 
XANES). The electron-rich Ni single atoms then transfer 
the electrons to the adsorbed O2, forming the reactive O2

•- 
radicals, as proved by O2-TPD and ESR experiments. The 
decreased oxygen adsorption energy of single Ni atoms makes 
O2

•- radicals desorb more easily from generation sites. Com-
pared with other ROS, the relatively long survival time of O2

•- 
radicals enables them to move long distances in water, thus 
the oxidation reaction can take place beyond the surface of 
the photocatalyst.[37] In parallel, the holes transfer to water to 
generate •OH radicals. The formed •OH radicals next activate 
glycerol (1) to the corresponding carbon-centered radicals (A), 
accordingly •OH radicals return to H2O. The radicals formed 
by the above reduction and oxidation reactions couple to form 
(B), following cleavage of CC, forming glycolaldehyde (2) and 
other by-products (3). Based on the adsorption energy reported 
(Table S5, Supporting Information), the formed glycolaldehyde 
would diffuse into the solution due to the small adsorption 
energy with TiO2, thus avoiding the overoxidation by •OH on 
the surface of the photocatalyst, which has a strong oxidizing 
ability but a short lifetime.[37] As dihydroxyacetone could not 
serve as an intermediate to generate glycolaldehyde, while 
glyceraldehyde can work (without yielding formic acid, shown 
in Figure S3, Supporting Information), the detected glyceral-
dehyde during the reaction indicates the possible co-existence 
of a route to generate glycolaldehyde via glyceraldehyde, but 
the simultaneous formation of formic acid suggests this is not 
the major path (Figure  1c). Thus, it could be concluded that 
the glycolaldehyde is mainly generated by the direct cleavage of 
glycerol, with the involvement of glyceraldehyde oxidation as a 
minor route (shown in Scheme 1). In summary, the selectivity 
of the desired glycolaldehyde product is tuned through the Ni 
single atoms loaded, where the formation of O2

•- radicals is 
the key, which is promoted through efficient charge transfer 
and O2 adsorption.

3. Conclusion

We have presented an effective strategy for the highly selective 
CC cleavage of biowaste glycerol to produce valuable product gly-
colaldehyde under ambient conditions driven by light irradiation. 
Atomically dispersed Ni species, anchored by the novel molten-
salt method, present distinctively enhanced performance com-
pared with nickel oxide nanoparticles loaded by the impregnation 
method. Unlike little catalysis observed on NiOx/TiO2, the opti-
mized single atom photocatalyst 0.5Ni/TiO2-MS results in a two-
fold increase in glycolaldehyde evolution rate (1058 µmol g-1 h-1) 
and more importantly a c.a. twofold enhancement in selectivity 
(60.1%) compared with NiOx/TiO2, leading to a turnover number 
of fifty moles of glycolaldehyde per mole of Ni single atoms. 
Recycling tests indicate the excellent stability of the nickel spe-
cies decorated catalysts. Through operando XANES, the facile 
electron flow from TiO2 to Ni single atoms under light illumi-
nation has been clearly observed, overshadowing NiOx nanopar-
ticles which cannot either receive or donate electrons. Based on 
structural analysis and spectroscopic measurements, the superior 
activity of the catalyst toward selective CC cleavage of glycerol 
under ambient conditions can be ascribed to the weakly chemical 
adsorption of oxygen and effective electron transfer over Ni single 
atoms, thus efficient generation of superoxide radicals that would 
shift selectivity to glycolaldehyde. Such properties provide insights 
into heterogeneous single-atom photocatalysis and could be gen-
erally applied as design principles for photocatalytic organic syn-
thesis with improved activity and controlled selectivity.
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