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Abstract: Environmental-friendly halogenation of C H 

bonds using abundant, non-toxic halogen salts is in high 

demand in various chemical industries, yet the efficiency 

and selectivity of laboratory available protocols are far 

behind the conventional photolytic halogenation process 

which uses hazardous halogen sources. Here we report an 

FeX2 (X = Br, Cl) coupled semiconductor system for 

efficient, selective, and continuous photocatalytic halo-

genation using NaX as halogen source under mild 

conditions. Herein, FeX2 catalyzes the reduction of 

molecular oxygen and the consumption of generated 

oxygen radicals, thus boosting the generation of halogen 

radicals and elemental halogen for direct halogenation and 

indirect halogenation via the formation of FeX3. Recycling 

of FeX2 and FeX3 during the photocatalytic process 

enables the halogenation of a wide range of hydrocarbons 

in a continuous flow, rendering it a promising method for 

applications.  
 
 

 
Introduction 
 
The halogenation of C H bonds is an indispensable process 
for the preparation of precursors for synthetic chemistry, 

e.g. in the pharmaceutical and polymer industries.[1] Photo-

lytic homolysis of elemental halogen (i.e., Cl2, Br2) under 

UV irradiation is the most mature halogenation method at 

industrial scale (Scheme 1A),[2] however, such a protocol  

 
 
relies on the use of molecular halogens, which are toxic, 

corrosive, and environmentally risky. Additionally, the 

concentrations of reactants and photogenerated halogen 

radicals, and the reaction conditions need to be carefully 

controlled to minimize the formation of over halogenated 

products and isomers.[3] Photolytic halogenation employing 

organic halogen sources (i.e., N-bromosuccinimide (NBS), 

N- chlorosuccinimide (NCS)) provides a more controlled 

synthesis of halogenated chemicals under relative mild 

reaction conditions (Scheme 1A),[4] although the removal of 

heteroatom centered radicals to avoid the formation of by-

products remains a challenge. Additionally, the cost and 

storage of these unstable halogen reagents need to be 

considered.[4b,5] 

The use of non-toxic, inorganic halogen salts, ideally NaBr 

and NaCl, is the ultimate solution to achieve an eco-friendly 

halogenation synthesis.[6] In the presence of oxidants (i.e., 

Oxone, Na2SO8, and H2O2), halogen radicals are released 

under irradiation to attack the C(sp3) H and C(sp2) H bonds 

(Scheme 1B).[7] However, the need of strong oxidants is a 

disadvantage for the halogenation of molecules with delicate 

functional groups at a late stage and for sustainable synthesis 

in general.[8] Alternatively, specific transition metal halides (i.e., 

FeBr3, CuCl2, NiCl2) can be excited to release halogen 

radicals under mild conditions, which appears attractive for C H 

bond halogenation.[5a,9] Note that halogen radicals form 

together with oxygen radicals,[10] resulting in the formation of 

oxidation by-products during the process, eventually leading to 

poor selectivities. Maldotti et al. show that FeCl3 embedded in 

an 
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Scheme 1. Solutions for photolytic and photocatalytic halogenation of 

hydrocarbons along with pros and cons in green and red, respectively. 
 
 

 
anion exchange resin enables the chlorination of cyclo-

alkanes with decent selectivity under irradiation.[11] 

Although this system could be recycled for three times by 

dosing ClO , the long-term continuous synthesis remained a 

challenge. Therefore, a catalytic system that enables halo-

genation of C H bonds with high selectivity, ideally using 

non-toxic inorganic salts as the halogen source under 

oxidants free and ambient conditions would be of great 

practical importance.  
Heterogeneous photocatalysis employing tailored semi-

conductor materials can generate desired radical species 

under mild conditions,[12] thus providing an eco-friendly 

platform for halogenation reactions. A few works show that 

elemental Br and Cl at a level of � mM can be generated 

via photo-oxidation of Br and Cl anions using TiO2 based 

photocatalysts under acidic conditions.[13] Markushyna et 

al. report the successful synthesis of sulfonyl chlorides and 

aromatic halides using a polymeric heptazine imide photo-

catalyst (Scheme 1C).[14] Similarly, a Cu@CuCl 

photocatalyst has been reported for the synthesis of benzyl 

chloride using bittern (a salt precipitate from sea water) as 

the halogen source.[15] While the halogen anions are 

oxidized by the photogenerated holes to produce molecular 

chlorine, the photogenerated electrons need to be 

scavenged by molec-ular oxygen spontaneously. Therefore, 

the slow oxygen reduction reaction severely limits the 

generation rate of active halogen species, resulting in an 

inefficient halogen-ation under ambient conditions. This 

calls for a photo-catalytic system enabling fast oxygen 

reduction to promote the formation of halogen radicals from 

oxidation of abun-dant metal halides.  
Herein, we report an FeX2-semiconductor system for the 

photocatalytic halogenation of C H bonds using NaX as 

halogen source in the presence of acid under ambient 

conditions (X = Br, Cl). The Fe2 + cation promotes the in situ 

photogeneration of halogen radicals from NaX by accelerat-ing 

the oxygen reduction reaction, resulting in the formation of 

FeX3, which halogenates the reactants under irradiation, 

 
 

 

after which Fe3 + reduces back to the Fe2 + cation. The 

catalytic redox cycle of Fe2 + /Fe3 + allows the use of abundant 

NaBr and NaCl as the halogen source and affords a high 

quantum efficiency (QE) under atmospheric environment. The 

potential of the FeX2-semiconductor system in terms of 

stability, substrate scope and photocatalytic synthesis in flow 

mode are discussed as well. 

 

 

Results and Discussion 
 

The photo-induced bromination of toluene is chosen as a 

model reaction and is performed under different conditions 

(Figure 1 and Figure S1). When solely anhydrous FeBr3 

powders (0.3 mmol) are added in toluene, photolytic bromi-

nation of toluene into benzyl bromide occurs with pseudo first-

order reaction kinetics (k = 0.033 min 1) under 365 nm 

irradiation at ambient conditions (Figure 1a). This process is 

initiated by the photo-excitation of FeBr3 and formation of Br* 

radicals, as reported previously.[16] The formation of benzyl 

bromide ( � 0.3 mmol) is accompanied by the com-plete 

reduction of FeBr3 into FeBr2 (Figure S1), which cannot be 

used for the bromination in the consecutive cycle (Figure 1b). 

When TiO2, FeBr2 (0.3 mmol) and NaBr (0.3 mmol) are added 

into toluene under irradiation, benzyl bromide evolves with a 

rate constant of 0.026 min 1, which is only slightly slower than 

the photolytic process using solely FeBr3 (Figure 1c). Note that 

formation and consumption of Fe3 + is observed during this 

process (Figure S2), indicating that the Fe2 + /Fe3 + redox 

reactions are involved in the bromination. A total amount of � 

0.3 mmol benzyl bromide and the disappearance of Fe3 + 

species suggest that all Br originate from NaBr. This is further 

confirmed by dosing an additional 0.3 mmol NaBr into the 

reaction system under irradiation, upon which the same 

amount of benzyl bromide forms with identical reaction kinetics 

(Figure 1d). Identical evolution Fe3 + is also observed in the 

second cycle, indicating that TiO2 catalyzes the generation of 

FeBr3 under irradiation, which then brominates toluene via 

photolysis. Concentrated H2SO4 (30 μL, 18.2 M) is pre-added 

into the toluene solution to facilitate the formation of reactive 

halogen species via reducing the adsorption of OH anions thus 

avoiding the formation of unwanted reactive oxygen species 

(ROS).[17] Additionally, dissociated H2SO4 leads to saturation 

of SO4
2 anions in the solvent, and is beneficial to shift the 

reaction equilibrium of photocatalytic generation of active 

halogen species forward. In comparison, when TiO2 and NaBr 

are added to toluene in the absence of FeBr2, only trace 

amounts of benzaldehyde and benzyl alcohol are produced 

under irradiation (Table S1). In addition, the formation of 

reactive halogen species is exclusively via the photocatalytic 

process, as no bromination of toluene takes place in the 

absence of a photocatalyst but in the presence of sulfuric acid 

(Table S1). 

 
A distinct color change of the suspension is observed 

during photocatalytic bromination of toluene in the 

presence of TiO2, FeBr2, and NaBr, as demonstrated by 

the centri-fuged reaction solution after different irradiation 

times (Figure 1e). Prior to irradiation, the toluene solution 

 
 

  



 
 

  

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Photocatalytic bromination of toluene. a) and b) Conventional 

photolytic bromination of toluene by FeBr3 for two consecutive runs; 

Reaction conditions: 0.3 mmol FeBr3 and 20 μL concentrated H2SO4 

(18.2 M) in 5 mL toluene under 1 bar air at RT, irradiated under 365 nm 

LED (75 mWcm 2). c) and d) FeBr2-TiO2 enabled continuous photo-
catalytic bromination of toluene using NaBr as the bromine source. 

Reaction conditions: 0.3 mmol FeBr2, 10 mg TiO2, 0.3 mmol NaBr and 

30 μL concentrated H2SO4 in 5 mL toluene under 1 bar air at RT, 

irradiated under 365 nm LED (75 mWcm 2). e) and f) image and UV/ 

Vis spectra of photocatalytic toluene bromination using FeBr2-TiO2 with 

NaBr. The solution was diluted 3 times for UV/Vis spectroscopy.   
g) Evolution of Br species and mass balance during 
photocatalytic bromination of toluene. 

 

 

displays a light-yellow color due to the slightly soluble of FeBr2 

(Figure S3). The solution gradually turns dark red upon 

increasing the irradiation time to 25 min, and fades back to 

light-yellow after prolonged irradiation. UV/Vis spectroscopy of 

the centrifuged solution suggests that the color change is 

caused by the evolution of elemental Br, as evidenced by the 

characteristic absorption peak at 470 nm (Figure 1f). The 

concentration of Br2 reaches a maximum of 37 mM at 25 min, 

which is 1–2 orders of magnitude higher as 

 
 

 
compared to other photocatalytic systems in the absence of 

Fe2 + /Fe3 + species.[13–15] Note that the photogenerated 

Br2 is completely consumed over the course of the 
reaction, revealing an eco-friendly process. Additionally, the 
evolu-tion of Br anions during photocatalytic bromination of 
toluene has been quantitatively analyzed by ion chromatog-

raphy (IC) and plotted together with Br2 and benzyl bromide 

(Figure 1g and Figure S4). The reaction consists of a series 

of consecutive reactions with Br2 as the intermediate.[18] A 

sharp decrease of Br is accompanied by the formation of 

Br2 and benzyl bromide in the early stage of the reaction (t 

< 25 min). Benzyl bromide forms continu-ously by 

consuming the photogenerated Br2, resulting in a complete 

depletion of Br2 and an equal increase of Br-anions (t > 25 

min). The mass balance of Br species is well preserved 
over the course of the reaction.  

The ferrous salt promotes the photocatalytic oxidation of Br 

anions by accelerating the oxygen reduction half reactions, as 

evidenced by the evolution of oxygen radicals and H2O2. 

Electron spin resonance (ESR) spectroscopy using 

phenylbutylnitrone (PBN) as the spin trap shows that a 

significant amount of hydroxyl radical (OH*) is observed upon 

irradiation of a TiO2-toluene suspension in the absence of Fe2 
+ (red curve, Figure 2a).[19] The addition of NaBr (0.3 mmol) 

reduces the concentration of generated OH* but without 

producing a detectable quantity of Br* radicals (blue curve, 

Figure 2a).[20] The assignment of the hydroxyl radical is further 

confirmed by additional systematic ESR analysis (Figure S5) 

and a reference.[21] In contrast, the signal of OH* radicals 

vanishes completely when FeBr2 is added into an irradiated 

TiO2-toluene suspension, regardless of the pres-ence of NaBr 

(red and blue curves, Figure 2b). The evolution of H2O2 is 

probed by UV/Vis spectrometry using a CuSO4 :2,9-dimethyl-

1,10-phenanthroline (DMP) titrant (Figure S6).[22] A gradual 

increase of the absorption peak at 454 nm is observed in the 

absence of FeBr2, indicating accumulation of photogenerated 

H2O2 ( � 0.3 mM at 90 min, Figure 2c). Notably, the addition 

of FeBr2 results in no detectable absorption attributed to H2O2 

throughout the entire irradiation course (Figure 2d). Since Fe2 
+ catalyzes the dissociation of H2O2 and subsequently oxidizes 

into Fe3 + via the well-known Fenton reaction,[23] it indicates 

that the Fe2 + /Fe3 + redox couple is recycled under irradiation, 

resulting in a rapid, continuous dissipation of both OH* radicals 

and H2O2. Thus, the photogenerated ROS are rapidly 

consumed in the oxidation of Fe2 + and can therefore not be 

captured by the spin trap. Such fast removal of ROS is crucial 

for the selective halogenation of hydrocarbons, as these would 

otherwise lead to the production of unwanted oxidized 

byproducts (e.g., carbonyls, alcohols).[10] 

 

We have further studied the effect of Fe2 + in accelerat-ing 

the photo-generation and donation of Br* radicals by UV/Vis 

spectroscopy using KSCN as the titrant (Figures 2e and f). 

Upon irradiation, the accumulation of Br* radical is observed in 

an FeBr2-TiO2-isopropanol suspension using NaBr as the 

bromine source, as evidenced by the absorption peak at 495 

nm. As expected, no Br* radical is produced in the absence of 

FeBr2 under otherwise identical reaction conditions (Figure 

S7a). Remarkably, the formation of Br* 

 

  



 
 

  

  

 
 
 
 
 
 
 
 
 
 

 
Figure 2. Promotion mechanisms. a) and b) ESR spectra of the TiO2-

toluene suspension without and with FeBr2 (30 μmol). Reaction 
conditions: 10 mg TiO2 in 200 μL toluene with 80 mM PBN, irradiated 
by a Xe lamp at RT for 1.5 min. c) and d) UV/Vis spectra probing the 

H2O2 evolution of a TiO2-NaBr-toluene suspension without and with 

FeBr2 (0.3 mmol). Reaction conditions: 0.3 mmol NaBr, 10 mg TiO2 

and 30 μL concentrated H2SO4 in 5 mL toluene under 1 bar air at RT, 

irradiated under 365 nm LED (75 mWcm 2). e) and f) UV/Vis spectra 

probing the Br* radical evolution of a TiO2-FeBr2-isopropanol suspen-

sion without and with toluene. Reaction conditions: 0.3 mmol FeBr2, 

10 mg TiO2, 0.3 mmol NaBr and 30 μL concentrated H2SO4 in 5 mL 
KSCN-isopropanol or KSCN-toluene solution under 1 bar air at RT, 

irradiated under 365 nm LED (75 mWcm 2). 

 

 

radical is completely quenched by replacing isopropanol 

with toluene as the solvent (Figure 2f). This suggests that 

the photogenerated Br* radicals are rapidly consumed by 

toluene, as confirmed by the formation of benzyl bromide 

according to gas chromatograph mass spectrometry 

analysis (GC-MS, Figure S7b). Similar phenomena are 

observed when FeBr3 is subjected to irradiation in 

isopropanol and toluene (Figures S7c and S7d), indicating 

that the introduc-tion of TiO2 does not affect the generation 

and donation of bromine radicals.  
The FeBr2-TiO2 system performs favorably for the 

photocatalytic bromination of toluene under more practical 

reaction conditions as well. Upon increasing the quantity of 

NaBr in the reaction suspension, a proportional increase in 

benzyl bromide production is observed (Figure 3a). A high 

 
 

Figure 3. Performance and productivity. a) The effect of NaBr loading 
on the synthesis of benzyl bromide by photocatalytic bromination of 

toluene. b) Stability of the FeBr2-TiO2 system for continuous photo-

catalytic bromination of toluene. Reaction conditions: 0.3 mmol FeBr2, 

10 mg TiO2, 0.3 mmol NaBr and 30 μL concentrated H2SO4 in 5 mL 

toluene under 1 bar air at RT, irradiated under 365 nm LED  
(75 mWcm 2). c) and d) Apparatus image and the performance of 
continuous photocatalytic flow synthesis of benzyl bromide using 

the TiO2-FeBr2 system. Reaction conditions: 2.1 mmol FeBr2, 70 

mg TiO2, 4.5 mmol NaBr, 7 g silica gel and 300 μL concentrated 
H2SO4 in 50 mL toluene-CH3CN solution under 1 bar air at RT, 

irradiated under 365 nm LED (36 mWcm 2). 

 

 

QE of � 4.3% is achieved in the presence of up to 0.3 mmol of 

NaBr (Note S1). A slight decrease of QE at higher loadings of 

NaBr is attributed to the aggravated scattering of incident light 

caused by the insoluble NaBr crystallites. The FeBr2-TiO2 

system can be recycled 8 times consec-utively by simply 

adding a further 0.3 mmol of NaBr during each cycle (Figure 

3b). The yield of benzyl bromide in each cycle is close to the 

theoretical yield at a constant irradiation time of 90 min, 

indicating a high stability of the system for wide-scale 

applications. We have further assembled a flow system with 

520 mg FeBr2-TiO2 mixtures (6.5:1 in mass ratio) packed into 

quartz tubes for the continuous photo-catalytic synthesis of 

benzyl bromide (Figures 3c, S8–S9, and Note S2). A 

satisfactory space-time yield (STY, 1.2 mmolg 1 h 1) and a high 

selectivity (> 93%) to benzyl bromide are achieved at a 

considerably high flow rate (150 μLmin 1). The flow system 

with optimized light absorption renders its potential for scale-up 

(Figure 3d). In this sense, NaBr and NaCl are the cheapest 

halogen sources possible (0.17 and 0.02 Emol 1, respectively), 

which is attractive for production at scale (Table S2). 

 

The FeX2-TiO2 system shows satisfactory performance in 

the photocatalytic halogenation of a series of hydrocarbons in 

either flow or batch systems under mild reaction conditions 

(Table 1, Figures S10–27). External standard method is used 

for quantitative analysis of products (Fig- 

 
 

  



 
 

  

  

 
Table 1: Substrate scope. Halogenation of hydrocarbons catalyzed 

by the TiO2-FeX2 system with NaBr or NaCl as halogen sources.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reaction conditions: [a] 2.1 mmol FeBr2, 70 mg TiO2, 4.5 mmol NaBr 

and 300 μL concentrated H2SO4 in 60 mL substrate-CH3CN solution 

under 365 nm irradiation (36 mWcm 2) for 7 h in a flow reactor (150 

μLmin 1). [b] 0.3 mmol FeBr2, 10 mg TiO2, 2.0 mmol NaBr and 30 μL 
concentrated H2SO4 in 25 mL substrate solution under 365 nm 

irradiation for 24 h (75 mWcm 2) in a 50 mL round bottom flask.  
[c] 2.1 mmol FeCl2, 70 mgg-C3N4, 4.5 mmol NaCl and 300 μL concen-

trated HCl (12.1 M) in 40 mL substrate-CH3CN solution under 410 nm 

irradiation for 3.5 h (55 mWcm 2) in a flow reactor (200 μLmin 1).  
[d] 0.3 mmol FeCl2, 10 mgg-C3N4, 2.0 mmol NaCl and 30 μL 
concen-trated HCl in 25 mL substrate solution under 410 nm 

irradiation for 24 h (75 mWcm 2) in a 50 mL round bottom flask. [e] 

0.3 mmol FeCl2, 10 mgg-C3N4, 3.0 mmol NaCl and 30 μL 
concentrated HCl in 5 mL substrate solution for 2 h in a 10 mL 
round bottom flask. All reactions are performed under 1 bar air at 
RT. Quantity and selectivity are determined by GC and GC-MS. 

 

 

ure S28). The bromination of toluene and ethylbenzene 

shows a high selectivity to the corresponding bromides (2a 

and 2b) with high quantities (> 1.2 mmol) within an 

irradiation course of 7 h in the flow system. An additional 

methyl groups as an electron donating group (EDG) on o-, 

m-, and p- sites of toluene exert negligible effects on the 

bromination (2c–2e). Interestingly, the presence of -NO2 as 

a strong electron withdrawing group (EWG) also does not 

affect the bromination towards the target products nega-

tively (2f and 2g). Bromination of cyclohexane and cyclo-

pentane (2h and 2i) can be also achieved in a batch reactor 

 
 

 
with decent selectivity but a low bromination rate compared 

with that of toluene and its derivatives, due to the high bond 

dissociation energy (BDE) of cycloalkanes. The bromination of 

n-hexane results in two single brominated substituents at 

positions 2° and 3° (2j) with a total selectivity of 55% and a 

molar ratio of 1:1. Aliphatic nitriles can be converted into 

corresponding bromides in a batch reactor with prolonged 

irradiation (24 h), though the selectivity and productivity need 

to be further improved (2k and 2l). The distribution of 

byproducts for all substrates is shown in Table S3.  
Efficient photocatalytic chlorination is achieved by 

employing graphitic carbon nitride (g-C3N4) in combination 

with FeCl2, using NaCl as chlorine source under visible light 

irradiation (410 nm). The selective conversion of toluene, 

ethylbenzene, and m-nitrotoluene to the corresponding 

chlorides (3a and 3c) is realized at mmol scale in 3.5 h. 

Synthesis of chlorocyclopentane (3d) is highly selective but 

proceeds only slowly in a batch reactor (24 h for 0.75 

mmol). In comparison, relatively high quantities of nitrile 

chlorides are produced (3e and 3f), but at moderate 

selectivities, as obtained in the batch reactor for 

photocatalytic conversion of aliphatic nitriles (2 h). Note that 

bibenzyl is the main product when pristine TiO2 is 

employed as the photocatalyst (Figure S29), formed via the 

rapid hydrodehalogenation of photogenerated benzyl 

chloride.[24] In comparison, pristine g-C3N4 presents a very 

slow reaction rate for the hydro-dehalogenation process, 

thus resulting in a high selectivity to benzyl chloride.[25] 
 

Additionally, the chlorination of a series of hydro-

carbons with high conversion and selectivity by using a 

FeCl2-Pd/TiO2 photocatalytic system in acetonitrile solution 

(Figure 4). Here metallic Pd nanoparticles are supported on 

TiO2, serving as a cocatalyst to facilitate the hydrogen 

abstraction from the methyl group of toluene (Table S4). A 

considerable (80%) conversion of toluene (20 mM) is 

achieved in 8 h of 365 nm irradiation with a high selectivity (  
� 90%) to benzyl chloride (Figure 4a). The major 

byproduct is bibenzyl ( � 10%), which is produced via the 

dehalogena-tive coupling of the photogenerated benzyl 

chloride (Fig-ure S30). A much smaller rate constant (0.22 

h 1) compared to that of using toluene as a solvent (0.026 

min 1) is caused by a concentration effect (20 mM vs. 9.4 

M). Selective synthesis of benzyl chloride is viable even at 

higher toluene concentrations (Figure 4b). A satisfactory 

conversion (> 70%) can be realized up to 100 mM of 

toluene within an irradiation time of 8 h. Noticeably, a 

reasonable QE of 1.1% is achieved for the conversion of 

100 mM toluene due to the relatively high concentration. 

Both the conversion and selectivity dropped significantly 

when the concentration of toluene is increased to 200 mM. 

Furthermore, selective synthesis of a series of chlorinated 

hydrocarbons listed in Table 1 can be realized with high 

conversion of the corresponding precursors (Figure 4c), 

confirming the poten-tial for applications in comparison with 

reported light-induced protocols (Table S5).  
We propose the mechanism of photocatalytic halogen-

ation of hydrocarbons promoted by FeX2 (Scheme 2). Upon 

irradiation, the halogen anions and molecular oxygen are 

oxidized and reduced by the photogenerated holes and 

 

  



 
 

  

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Complete photocatalytic chlorination. a) and b) Time profiling 

and concentration effect for the chlorination of toluene (20–200 mM).  
c) complete chlorination of a series of hydrocarbons (20 mM). Reaction 

conditions: 0.3 mmol FeCl2, 10 mg Pd/TiO2 (1 wt%), 0.6 mmol NaCl (2 

mmol for the conversion 200 mM toluene) and 30 μL concentrated HCl 
(12.1 M) in 5 mL MeCN at RT, irradiated under 365 nm LED 

(75 mWcm 2). Irradiation time is 8 h for concentration effect 
and substrate scope.  

 
consumption to complete the catalytic cycle. The process 

enables the use of NaBr and NaCl as the halogen sources, 

leading to an efficient recycling of ferrous/ferric salts for the 

continuous photocatalytic halogenation under mild condi-

tions. 

 
 

Conclusion 
 

In summary, we propose an FeX2-semiconductor photo-

catalytic system for halogenation of hydrocarbons using earth 

abundant NaBr and NaCl as the halogen source under mild 

conditions. The presence of FeX2 boosts the photo-catalytic 

reduction of molecular oxygen and consumption of ROS, 

leading to a rapid generation of elemental halogen and 

halogen radicals from NaBr and NaCl for either direct 

halogenation and indirect halogenation via the formation of 

FeX3. The coupling of FeX2 with a semiconductor photo-

catalyst enables continuous halogenation of a wide range of 

hydrocarbons with high efficiency, selectivity, and stability, 

which is critical for production at larger scale under flow 

conditions. Further work in realizing regioselective halogen-

ation of complicated molecules will be crucial for synthetic 

applications, which may be realized by immobilizing effi-cient 

homogeneous catalysts on the heterogeneous system. 

 

 

Acknowledgements 
 
R.S. thanks the NSFC (project number: 21972100), the 

Project of Innovation and Entrepreneurship of Jiangsu 

Province (grant numbers: JSSCRC202010539), and the 

Suzhou Foreign Academician Workstation (project number: 

SWY2022001) for financial support. E.R. thanks the finan-

cial support from EPSRC (EP/T013079/1). F.R. is grateful 

to the Canada Research Chairs program for partial salary 

support. We also acknowledge support from the Soochow 

Municipal Laboratory for Low Carbon Technologies and 

Industries. 

  

 
Scheme 2. Proposed Scheme for the photocatalytic recycling of 

FeX2/ FeX3 for efficient and selective halogenation of C H bonds. 

 

electrons, producing halogen radicals and ROS (*OH, 

H2O2), respectively (Steps I and II). The Fe2 + cations 

catalyze the generation and dissociation of ROS and are 

oxidized into Fe3 + cations, resulting in the rapid consump-

tion of molecular oxygen (Steps II and III). The fast removal 
of ROS reduces the risk of forming unwanted carbonyls and 
alcohols, which is beneficial for selective halogenation. 

Meanwhile, the accelerated O2 reduction reaction leads to a 
rapid generation of halogen radical and elemental halogen, 
which either directly halogenate the hydrocarbons (Step IV) 

or oxidize the FeX2 to FeX3 for photolytic halogenation 

under irradiation (Steps V and VI). The FeX3 is reduced 

back to FeX2 after donating X* to the hydrocarbons (Step 
VII), which participates in oxygen reduction and X radical 
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