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A B S T R A C T   

Photocatalytic N-formylation of amines with CO2 is a promising strategy to convert CO2 into value-added 
chemicals sustainably. In this work, a black TiO2-supported Cu photocatalyst is prepared through a sol-
vothermal method for the N-formylation of N-methylaniline with NaBH4 as the reducing agent. Cu nanoparticles 
and oxygen vacancies are formed on the surface of the photocatalyst after reduction with H2, which decreases the 
band-gap energy and promotes the separation of photogenerated electrons and holes, thereby improving the 
photocatalytic activity remarkably. A 100 % conversion is achieved after 9 h radiation, and the yield of N- 
methylformanilide reaches 81 %. Both the amount of NaBH4 and the pressure of CO2 show important influences 
on the activity and selectivity of the photocatalytic process, and the carbon and hydrogen in the aldehyde group 
are from CO2 and NaBH4, respectively. The photocatalyst also shows promising cycling durability.   

1. Introduction 

Large-scale consumption of fossil fuels causes excessive CO2 emission 
into the atmosphere, leading to climate change and environmental 
problems [1,2]. Therefore, it is essential to develop CO2 capture and 
conversion technologies [3–5]. Due to its non-toxicity and high abun-
dance, CO2 is considered as an ideal C1 feedstock to produce 
value-added chemicals [6–9]. The utilization of CO2 in the functionali-
zation of N-H bonds has attracted much attention in recent years [10]. 
The synthesis of formamide and methylamine is important in the pro-
duction of pharmaceuticals, agricultural chemicals, dyes, perfumes and 
key intermediates [11–14]. Using CO2 and PhSiH3 as the reactants, 
Cantat and coworkers [11,12] realized the formylation and methylation 
of amines with triaza bicyclodecene and zinc complexes as the catalysts, 
respectively, and high yields of 99 %−100 % are achieved after 20–24 h 
reaction at 100 ◦C. Liu et al. [15] synthesized N-doped carbon-supported 
Pd catalysts for the N-formylation of amines with CO2 and H2 at 130 ◦C. 
Lin et al. [16] developed a PdZn-TiO2 catalyst and realized the 
N-methylation of N-methylaniline (MA) with a selectivity of 99.9 % 
using CO2 and H2 as the reductants at 180 ◦C. However, those 

thermocatalytic processes usually require external energy supply, high 
pressure and expensive noble metal or homogeneous catalysts. Recently, 
the N-formylation of amines with CO2 is realized at room temperature 
using ionic liquids as the catalyst and PhSiH3 as the reducing agent. [17, 
18] Photocatalytic formylation and methylation of amines with CO2 
under a moderate condition is a promising sustainable strategy. In 2021, 
Prajapati et al. [19] developed a CuO-BiVO4 photocatalyst for the 
N-formylation of aniline with CO2 using PhSiH3 as the reducing agent, 
and a conversion of 85 % is reached after 24 h radiation. Using zinc 
phthalocyanine-C3N4 hybrid photocatalyst, Malik et al. [20] obtained a 
yield of 95 % for the N-formylation of morpholine. However, the 
mechanisms of those photocatalytic processes require further investi-
gation, and the high cost of PhSiH3 limits their practical application. 

TiO2 is one of the most commonly used semiconductor photo-
catalysts due to its abundance, low cost, non-toxicity and long-term 
stability [21–23]. However, the photocatalytic efficiency of TiO2 is not 
satisfactory mainly because of the poor light absorption and severe 
charge carrier recombination [24–26]. In 2011, Chen et al. [27] pre-
pared black TiO2 photocatalyst via heat treatment in a high-pressure 
hydrogen atmosphere. The hydrogenation introduces disordered 
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surface layers, which enhance solar absorption and facilitate 

photoexcited electron-hole separation. In recent years, black TiO2 has 
been widely studied in photocatalytic systems such as water splitting, 
organic pollutant removal and CO2 reduction [28–30]. The abundant 
oxygen vacancy (OV) in black TiO2 is generally considered to be the 
main reason for the enhancement of photocatalytic activity. 

The incorporation of cocatalysts is an effective strategy to improve 
the photocatalytic performance of black TiO2. Noble metals such as Pt, 
Ru and Pd are commonly used to narrow the band gap, prevent the 
recombination of charge carriers and enhance the apparent quantum 
efficiency of black TiO2 [31–34]. In addition, earth-abundant transition 
metals such as Fe and Ni are also alternatives as cocatalysts [35,36]. In 
2016, Zhao et al. [37] prepared black TiO2-coated Cu nanoparticles for 
CO2 photoreduction. The metallic Cu enhances the absorption of visible 
light and promotes the separation of photoinduced electron-hole pairs. 
Choi et al. [38] incorporated Cu into g-C3N4/black TiO2 nanofiber het-
erostructure for photocatalytic H2 evolution and pollutant removal. 
Chen et al. [39] designed black TiO2-Cu-ZnO Z-scheme heterojunction 
for photocatalytic water splitting. The ZnO nanolayer prepared by the 
atomic layer deposition technique protects the metallic Cu from 
oxidation. 

Herein, we synthesize a Cu-black TiO2 photocatalyst, which has 
demonstrated high promise to utilize solar energy efficiently, through a 

Fig. 1. XRD patterns of the samples.  

Fig. 2. TEM images of (a) TO-600, (b) CTO-500, (c) CTO-600 and (d) CTO-700. The red arrows indicate Cu nanoparticles.  
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solvothermal process for the N-formylation of MA with CO2. Cost- 
effective NaBH4 is used as the reducing agent. The composite catalyst 
exhibits promising activity and stability. Meanwhile, a possible mech-
anism of the photocatalytic process is proposed. 

2. Experimental 

2.1. Materials 

Titanium tetrachloride (TiCl4, 99.0 %) and copper nitrate hydrate 
(Cu(NO3)2⋅3H2O, 99 %) were from Shanghai Macleans Biochemical 
Technology Co., Ltd. Absolute ethanol (C2H5OH, AR) was purchased 
from Tianjin Jiangtian Chemical Technology Co., Ltd. MA was obtained 
from Shanghai Aladdin Biochemical Technology Co., Ltd. Ethylene 
glycol ((CH2OH)2, AR) and acetonitrile (CH3CN, HPLC) were from 
Tianjin Komiou Chemical Reagent Co., Ltd. Sodium borohydride 
(NaBH4, 98 %) was purchased from Shanghai Titan Technology Co., Ltd. 

2.2. Catalyst preparation 

1 wt. % Cu-TiO2 (CTO) catalyst was synthesized through a facile 
solvothermal method [40]. Specifically, 1 mL TiCl4 was dropwise added 
into 30 mL (CH2OH)2 and stirred at room temperature until the yellow 
complex was completely dissolved. Then, 1 mL of deionized water and 
stoichiometric Cu(NO3)2⋅3H2O were added into the solution under 
continuous stirring. The obtained mixture was further stirred for 30 min 
and then transferred into a 150 mL Teflon-lined stainless-steel auto-
clave, followed by heating at 150 ◦C for 8 h. After cooling to room 
temperature, the white precipitate was washed with deionized water 
and ethanol for three times, respectively, and dried at 60 ◦C overnight. 
Finally, the powder was reduced with H2 for 5 h at 500, 600 and 700 ◦C, 
and the obtained catalysts were marked as CTO-500, CTO-600 and 
CTO-700, respectively. For comparison, bare TiO2 (TO) was prepared 
without the addition of Cu(NO3)2⋅3H2O following the same procedure, 
and 1 wt. % Pt-TiO2 (PtTO) and 1 wt. % Pd-TiO2 (PdTO) were also 

synthesized with the addition of stoichiometric H2PtCl6 and PdCl2. 

2.3. Characterization 

The crystal structures of the catalysts were determined by X-ray 
diffraction (XRD) using a D8-focused diffractometer (Bruker Corp., 
Germany) with a Cu-Kα radiation source (λ = 1.54056 Å). The 
morphology and microstructure of the samples were observed with a 
scanning electron microscope (SEM, S-4800, Hitachi, Japan) and a 
transmission electron microscope (TEM, JEM-2100 F, JEOL Inc., Japan). 
The N2 adsorption isotherms of the samples were measured using a 
BELSORP-mini analyzer (MicrotracBEL, Japan), and the specific surface 
areas of the photocatalysts were determined with the Brunauer-Emmett- 
Teller (BET) equation. The surface chemical state of the samples was 
analyzed with an ESCALAB 250 Xi X-ray photoelectron spectrometer 
(XPS, Thermo-VG Scientific, USA) using Al-Kα (hν = 1486.6 eV) as the X- 
ray source, and the binding energies were calibrated against the C 1 s 
peak at 284.8 eV. The ultra-violet-visible (UV–vis) absorption spectra 
were measured with a Hitachi-3900 UV–vis spectrophotometer in the 
range of 200–800 nm, and BaSO4 was selected as a reference. Photo-
luminescence spectra (PL) of the samples were recorded using a 
Fluorolog-3 spectrometer (HORIBA Jobin Yvon, USA) with a 380 nm 
excitation wavelength. 

The photoelectrochemical properties of the samples were tested 
using a CHI-660B electrochemical workstation (CH Instruments, USA) 
with a three-electrode system in a quartz glass electrolytic cell. The 
working electrode was prepared by dispersing 2 mg of the photocatalyst 
powder into 25 μL ethanol and 10 μL Nafion under ultrasonication, 
which was then coated onto a 1.0 × 2.0 cm2 fluorine-doped tin oxide 
(FTO) glass and dried at 60 ◦C. Pt was used as the counter electrode and 
Ag/AgCl was used as the reference electrode. The photocurrent 
response, the electrochemical impedance spectroscopy (EIS) and the 
Mott-Schottky plot tests were carried out in a 0.5 mol L−1 Na2SO4 
aqueous solution. The frequency range of the EIS measurement was from 
100 kHz to 0.1 Hz. The test frequencies of the Mott-Schottky plots were 

Fig. 3. High-resolution XPS of (a) O 1 s and (b) Cu 2p of the photocatalysts.  
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800, 1000 and 1200 Hz. 

2.4. Photocatalytic reaction 

In a typical reaction, 10 mg of photocatalyst, 50 mg of MA, 5 mL of 
CH3CN (ACN) and 50 mg of NaBH4 were added into a 50 mL autoclave 
reactor equipped with a glass window. The photocatalytic test was 
performed with magnetic stirring under 0.5 MPa of CO2. Light irradia-
tion was provided by a CEL-HXF300 Xe lamp (CEAuLight, China). The 
liquid products were qualitatively analyzed with a gas chromatograph- 
mass spectrometer (GC-MS, GC-Agilent 6890 A and MS-Agilent 5973 
C) and then quantitatively analyzed using gas chromatography (GC, 

Shimadzu, Japan) with a flame ionization detector and an SH-Rtx-1 
capillary column (30 m × 0.25 mm×0.25 µm). The liquid products 
were also characterized with 1H and 13C nuclear magnetic resonance 
(NMR) using a Bruker spectrometer (AVANCE III HD 400). The gaseous 
product was analyzed using a GC (Shimadzu GC-2014 C) with a thermal 
conductivity detector and a TDX-101 packed column. 

3. Results and discussion 

3.1. Characterization 

The TO and CTO powders before reduction both exhibit a white 
colour, which changes to black after reduction, indicating the formation 
of black TiO2 (Fig. S1). The XRD pattern of CTO without reduction 
shows mixed anatase (JCPDS 21–1272) and rutile (JCPDS 21–1276) 
structures with a low degree of crystallinity (Fig. 1). After the reduction 
at 500 or 600 ◦C, the anatase phase becomes more crystalline, while the 
rutile phase disappears. However, when the reduction temperature in-
creases to 700 ◦C, the mixed anatase-rutile structure forms again. The 
structure of bare TiO2 reduced at 600 ◦C is similar to that of CTO-600. 
The SEM image of CTO shows a flower-like morphology composed of 
nanowires (Fig. S2) with a BET surface area of 219.1 m2 g−1 (Table S1). 
Agglomeration is observed with the rise of the reduction temperature, 
and the surface area decreases to 60–80 m2 g−1 accordingly. 

Fig. 2 shows the TEM images of the samples. Lattice fringes with a 
spacing of 0.350 nm corresponding to the (101) crystal plane of anatase 
TiO2 are observed in TO-600 (Fig. 2a) [41]. With the addition of Cu, 
particles with an average size of about 5 nm are found, and the inter-
planar spacing of 0.208 nm can be attributed to the Cu (111) facet 
(Fig. 2b-d) [42,43]. Besides, the (110) plane of rutile TiO2 with a spacing 
of 0.319 nm is also observed in CTO-700 (Fig. 2d), which is consistent 

Fig. 4. (a) UV–vis absorption, (b) band-gap energy and (c) PL spectra of 
the samples. 

Fig. 5. (a) Photocurrent responses and (b) EIS curves of the samples.  
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with the XRD results (Fig. 1). 
The O 1 s XPS curve of CTO can be resolved into three peaks 

(Fig. 3a). The two peaks at 528.8 and 529.9 eV are assigned to lattice 
oxygen (OLatt) in TiO2 [27], and the other peak at 531.6 eV is attributed 
to oxygen species adsorbed on surface OV [37]. The peak at 528.8 eV 
disappears after reduction. Meanwhile, another peak at about 533.1 eV 
is observed, which can be ascribed to oxygen in surface hydroxyl groups 
adsorbed on OV [44]. The rise of the reduction temperature results in 
more OV. Nevertheless, the OV content of CTO-700 is lower than that of 
CTO-600 probably due to the formation of the rutile phase. Further-
more, the OV concentration of CTO-600 is higher than that of TO-600, 
indicating that Cu species facilitate the reduction of TiO2. 

The Cu 2p XPS curves of the samples are shown in Fig. 3b. The peaks 
at 953.1 and 933.2 eV in the result of CTO can be ascribed to Cu2+, 
which move to lower binding energies (951.7 and 931.6 eV) corre-
sponding to Cu+ or Cu0 after reduction [45,46]. Though it is difficult to 

distinguish between Cu+ and Cu0 in the XPS results, the Cu LMM Auger 
spectra involving Cu0 peaks at 565.2 eV but no Cu+ peaks at 571.1 eV 
indicate that Cu2+ is reduced to Cu0 rather than Cu+ (Fig. S3) [47,48]. 

3.2. Photochemical properties 

Fig. 4a shows the UV–vis absorption spectra of the samples. The 
absorption edge of CTO is about 380 nm, and its band-gap energy (Eg) 
calculated based on the Tauc plot is 3.40 eV (Fig. 4b). The light ab-
sorption region is broadened with the rise of reduction temperature 
probably attributed to the formation of more OV for CTO-500 and CTO- 
600 and the rutile phase for CTO-700, and the Eg of CTO-500, CTO-600 
and CTO-700 are 2.84, 2.48 and 2.37 eV, respectively. Meanwhile, the 
Eg of CTO-600 is much lower than that of TO-600 (3.15 eV), demon-
strating that Cu promotes light absorption of the TiO2 catalyst after 
reduction. Fig. 4c shows the PL spectra of the samples. CTO shows a high 
emission intensity due to severe charge carrier recombination [49]. The 
luminescence intensity decreases significantly after reduction, demon-
strating the enhancement of separation efficiency of photoinduced 
electron-hole pairs. The intensity of CTO-600 is much lower than that of 
TO-600, which could be explained by the effective promotion of pho-
togenerated electron extraction to Cu active sites and the more Ov [50, 
51]. 

The photoelectrochemical activities of the samples are studied with 
photocurrent response and EIS measurements. CTO exhibits the lowest 
photocurrent density (Fig. 5a) and the highest charge transfer resistance 
(the arc in Fig. 5b). The photocurrent of CTO-500 is higher than that of 
CTO due to the improved light absorption ability (Fig. 4a) as well as the 
enhanced electron-hole separation efficiency (Fig. 4c), corresponding to 
a lower charge transfer resistance. CTO-600 obtains the highest current 
density and the lowest resistance, suggesting the best photoactivity. 
CTO-700 with a mixed anatase-rutile structure shows a lower activity 
compared with CTO-600. Besides, the photoelectrochemical activity of 
CTO-600 is much higher than that of TO-600. 

Table 1 
N-formylation reaction of N-methylaniline with CO2 under various conditions.  

Entry Catalyst Reaction Time (h) Solvent Conversion (%) Yields (%) 

Reducing temperature (◦C) Cu loading (wt. %) DMA MFA  

1 no catalyst 3  ACN 22.5  14.0  8.5  
2 no reduction  1  3 ACN  26.2  15.0  11.2  
3 500  1  3 ACN  62.6  22.5  40.1  
4 600  1  3 ACN  69.9  18.1  51.8  
5 700  1  3 ACN  58.6  22.5  36.1  
6 600  0  3 ACN  54.0  23.6  30.4  
7 600  0.5  3 ACN  62.9  21.4  41.5  
8 600  2  3 ACN  62.8  22.0  40.8  
9 600  3  3 ACN  53.2  22.8  30.4  
10 600  1  0.5 ACN  20.9  13.8  7.1  
11 600  1  1 ACN  38.6  17.0  21.6  
12 600  1  6 ACN  90.9  18.7  72.2  
13 600  1  9 ACN  100  19.0  81.0  
14 600  1  9 DCM  0  0  0  
15 600  1  9 THF  33.5  17.8  14.7  
16 600  1  9 DMF  16.1  4.3  11.8  
17 600  1  9 DMSO  5.9  2.9  3.0 

Reaction condition: 50 mg of substrate, 10 mg of catalyst, 50 mg of NaBH4, in 5 mL of solvent, under 0.5 MPa of CO2, 25 ◦C, under Xe lamp irradiation. 

Fig. 6. Stability of CTO-600 catalyst during five 9-hour reaction cycles.  
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3.3. Photocatalytic performance 

The products of the photocatalytic reaction between MA and CO2 
with NaBH4 as the reducing agent are mainly N, N-dimethylaniline 
(DMA) and N-methylformanilide (MFA) (Figs. S4 and S5). As shown in 
Table 1, A small amount (22.5 %) MA is converted after 3 h irradiation 
under a CO2 partial pressure (PCO2) of 0.5 MPa without any catalyst 
(entry 1). With CTO as the photocatalyst, the conversion of MA is 26.2 % 
and the yields of MFA and DMA are 11.2 % and 15.0 %, respectively 
(entry 2). The conversions with the reduced catalysts are much higher 

than that over the CTO catalyst (entries 3–5). The highest conversion of 
69.9 % is reached using CTO-600 as the catalyst with 51.8 % and 18.1 % 
yields of MFA and DMA, respectively (entry 4). The performances of the 
photocatalysts with various Cu loading amounts are also studied (entries 
4, 6–9), and the catalyst with 1 wt. % Cu shows the highest activity. The 
complete conversion of MA is achieved after 9-hour reaction with CTO- 
600 catalyst, during which period the yield of MFA increases gradually, 
while that of DMA reaches an almost constant value in the first hour 
(entries 4, 10–13). Furthermore, the solvent shows significant effects on 
the conversion of MA and the yields of the products (entries 14–17). The 

Table 2 
The substrate scope of N-methylation and N-formylation.  

Entry Substrate 
1 

Products 
2                               3 

Conversion 
(%) 

Yields (%) 

  2 3 

1 
      

100 19.1 80.9 

2 
     

100 19.7 80.3 

3 
     

100 18.8 81.2 

4 
   

100 16.6 83.4 

5 

   

70.4 48.4 22.0 

6 
   

78.3 47.4 30.9 

7 
   

100 29.1 70.9 

8 
   

0 0 0 

Reaction condition: 50 mg of substrate, 10 mg of catalyst, 50 mg of NaBH4, in 5 mL of ACN, under 0.5 MPa of CO2, 25 ◦C, 9 h, under Xe lamp irradiation. 

S. Yuan et al.                                                                                                                                                                                                                                    



Journal of CO2 Utilization 71 (2023) 102453

7

conversion is reduced remarkably when ACN is replaced by other 
common organic solvents such as dichloromethane (DCM), tetrahydro-
furan (THF), dimethylformamide (DMF) and dimethyl sulfoxide 
(DMSO). 

For comparison, we prepared Cu-based photocatalyst with com-
mercial P25 TiO2, and reduced it with H2 at 600 ℃ for 5 h (marked as 
P25–600). The activity and selectivity of P25–600 (Table S2, entry 1) are 
lower than those of TO-600 synthesized in this work (Table 1, entry 6). 
We also replaced Cu in CTO-600 with Pt and Pd, and the photocatalysts 
are named as PtTO-600 and PdTO-600, respectively. The activity and 
selectivity of PtTO-600 and PdTO-600 (Table S2, entries 2–3) are both 
lower than those of CTO-600 (Table 1, entry 4). Besides, CTO-600 shows 
relatively stable activity in five 9-hour photocatalytic reaction cycles 
(Fig. 6) without obvious change in the crystal structure and surface 
chemical properties (Figs. S6 and S7), demonstrating the good durability 
of the catalyst. 

The scope of the reaction was evaluated with various substituents on 

the aromatic ring of N-methylaniline. As shown in Table 2, the con-
version and selectivity of the N-formylation reaction after 9 h radiation 
change negligibly when methyl, as a weak electron-donating substitu-
ent, is added on the phenyl ring (entries 1–3). The selectivity of the N- 
formylation reaction is improved slightly when methyl is replaced by 
methoxyl with a stronger electron-donating ability (entry 4). On the 
contrary, the activity and selectivity of the N-formylation reaction both 
decrease with an electron-withdrawing fluorine substituent on the aro-
matic ring (entries 5–7) probably due to the nucleophilicity of the re-
action, and the conversion and selectivity show an order of ortho- 
< meta- < para-substitution. The reaction is stopped with nitryl as a 
strong electron-withdrawing substituent (entry 8). 

3.4. Reaction mechanism 

The effects of NaBH4 and CO2 on photocatalytic activity are inves-
tigated. As shown in Fig. 7a, no products are generated without NaBH4. 
The yields of DMA and MFA both increase with the addition of NaBH4 
until a 100 % conversion of MA is achieved when the amount of NaBH4 
reaches 0.05 g. The further addition of NaBH4 results in more DMA and 
less MFA. The reaction stops when there is no CO2 in the system 
(Fig. 7b), while an almost complete conversion is obtained under 
0.1 MPa of CO2. The yields of MFA and DMA increase and decrease, 
respectively, with the rise of PCO2 from 0.1 to 0.5 MPa, and keep con-
stant when PCO2 is further increased. 

To elucidate the mechanism of the reaction further, isotope-labeled 
13CO2 and NaBD4 are used as feedstocks. The GC-MS results (Figs. S8 
and S9) demonstrate that in the newly formed methyl group of DMA and 
the aldehyde group of MFA, the carbon and hydrogen atoms are from 
CO2 and NaBH4, respectively. The gas product of the reaction is mainly 
H2, and the yields of DMA and MFA and the generation rate of hydrogen 
with NaBD4 as the reducing agent under various reaction conditions are 
shown in Fig. 7c. 0.909 mmol hydrogen is produced under normal 
conditions after 9 h reaction, which mainly consists of HD (Fig. S10), 
indicating that hydrogen product derives from the reaction between MA 
and NaBD4. With the addition of CCl4 as an electron scavenger, the 
yields of DMA and MFA change negligibly, while the generation rate of 
hydrogen is suppressed remarkably, which suggests the importance of 
photoinduced electrons in the formation of hydrogen. On the other 
hand, when triethanolamine (TEOA) is added to the system as a sacrifice 
agent of holes, the conversion of MA almost stops, demonstrating that 
the oxidation of MA by photogenerated holes is a key step. Nevertheless, 
the production of hydrogen is significantly promoted probably due to 
the facilitated formation of electrons. Only a tiny amount of hydrogen is 
formed without MA in the system. 

Based on the results above, a possible photocatalytic reaction 
mechanism is proposed (Scheme 1) [52–55]. Compared with the catalyst 
without reduction, the catalysts after reduction have more OV (Fig. 3a), 
resulting in a narrower band gap and the enhancement of the light ab-
sorption capacity (Figs. 4a and 4b). The results of the Mott-Schottky plot 
(Fig. S11) and the Tauc plot (Fig. 4b) indicate that the conduction and 
valence band levels of the CTO-600 catalyst with the highest activity are 
− 0.39 and 2.09 eV, respectively. Meanwhile, OV also acts as an electron 
trapper, which promotes the separation of photogenerated charge car-
riers and improves the efficiency (Fig. 4c). As shown in Scheme 1, 
electrons and holes are generated on the surface of the CTO-600 catalyst 
under light irradiation. MA is oxidized by holes, forming H+ and radical 
I. At the same time, CO2 reacts with NaBH4 and generates intermediates 
II and III gradually [52]. Radical I can react with intermediates II and III, 
forming MFA and DMA, respectively [53]. Therefore, the increase of 
PCO2 will improve the selectivity of intermediate II and the yield of MFA 
(Fig. 7b), while more NaBH4 results in a higher selectivity of interme-
diate III and an enhanced yield of DMA (Fig. 7a). Besides, H/H+ derived 
from byproduct IV might react with H+ from MA and photoinduced 
electrons to form H2, which, however, is a complicated process and re-
quires further in-depth study. 

Fig. 7. The conversion of MA and the yields of the products after 9 h reaction 
over CTO-600 with various (a) NaBH4 amounts and (b) PCO2. (c) The perfor-
mance of CTO-600 photocatalyst under various reaction conditions. 
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4. Conclusion 

In summary, a black TiO2-supported Cu photocatalyst is developed 
for the N-formylation of MA to MFA with CO2. TiO2 shows an anatase 
structure after reduction at 600 ◦C, and more OV are formed on the 
reduced samples. Cu nanoparticles with an average size of about 5 nm 
are observed on the surface of the reduced catalyst. The formation of OV 
and Cu nanoparticles decreases the Eg of the photocatalyst and promotes 
the separation of photogenerated charge carriers, thus improving the 
photocatalytic efficiency significantly. CTO-600 shows the highest 
photocatalytic activity. A complete conversion of MA is achieved after 
9 h radiation with NaBH4 as the reducing agent, and the yields of MFA 
and DMA are 81.0 % and 19.0 %, respectively. The catalyst exhibits 
good cycling stability. Both the amount of NaBH4 and PCO2 show 
important influences on the yield of MFA. The isotope-labeled results 
indicate that carbon and hydrogen in the aldehyde group are from CO2 
and NaBH4, respectively. A possible mechanism of the photocatalytic 
process is proposed. This black TiO2 with Cu nanoparticles is a prom-
ising photocatalyst for N-formylation of amines combined with high- 
efficiency CO2 conversion. 
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