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a b s t r a c t 

Nitrate products are widely used in manufacturing as crucial raw materials and fertilizers. The traditional nitrate 
synthesis process involves high energy consumption and emission, thereby opposing the goals of zero-carbon 
emission and green chemistry. Thus, a sustainable roadmap for nitrate synthesis that uses green energy input, 
clean N sources, and direct catalytic processes is urgently required ( e.g. , developing a novel photosynthesis sys- 
tem). Here, we synthesized TiO 2 -supported atomically dispersed Cu species for N 2 photofixation to nitrate in a 
flow reactor. The optimized photocatalyst yielded a high nitrate photosynthesis rate of 0.93 𝜇mol h − 1 and selec- 
tivity of ∼90%, which is superior to most of the values reported thus far. Further, experimental results and in-situ 

investigations revealed that the atomically dispersed Cu sites in the as-designed sample significantly enhanced 
the separation and transfer efficiency of photogenerated carriers, adsorption and activation of reactants, and the 
formation of chemisorbed NO x intermediates, thereby realizing the excellent photofixation of N 2 to nitrate. 
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. Introduction 

In addition to being used as chemical fibers, medicines and fertiliz-
rs in agriculture, as well as oxidants in explosives, nitrate products are
ssential for chemical analysis [1–5] . They are industrially produced by
ntegrating the Haber–Bosch and Ostwald processes using noble metal
atalysts under harsh conditions (15–25 MPa, 400–600 °C) [6–10] . Strict
onditions and multi-step catalytic processes introduced during ammo-
ia synthesis cause high energy consumption and emission, violating
he current global zero-carbon emission goal. Theoretically, the use of
lean N sources and green energy as alternatives may facilitate sustain-
ble development. Crude saltpeter, atmospheric N 2 , and ammonia have
ainly been used as N sources. Among them, atmospheric N 2 is consid-

red to be a promising alternative for ammonia because of its sustain-
bility and accessibility. However, the sluggish dissociation of the N ≡N
ond of N 2 makes the industrial N 2 activation technique demanding and
nergy-intensive, which accelerates the flourish of the mild N 2 activa-
ion technique [11–14] . In addition, efficient non-precious-metal-based
atalysts must be explored to replace expensive noble metals. At present,
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he simultaneous achievement of high-efficiency and sustainable nitrate
ynthesis over non-precious metal catalysts is considerably challenging.

N 2 fixation to nitrate is a common oxidation reaction [5] . Hence, the
pplication of photocatalysis, which is widely studied as an advanced
xidation technology, may be beneficial for this process. TiO 2 , which
s a commonly used photocatalyst, exhibits excellent oxidation proper-
ies that may benefit the photofixation of N 2 to nitrate under ambient
onditions. Recently, several studies have shown that TiO 2 -based pho-
ocatalysts could photofix N 2 to nitrate or nitrite [10–16] . However,
he poor performance of such photocatalysts makes them unsuitable for
ndustrial use. The reaction involves the following two obstacles: i) ad-
orption and activation of gaseous reactant molecules, particularly inert
olecular N 2 , and ii) efficient charge transfer for the subsequent bond-

ng process of N 2 and O 2 . Extensive research has been conducted to
vercome these obstacles and enhance the yield. Metal-doping strate-
ies that can introduce other active sites and improve photogenerated
harge transfer have been extensively applied in photocatalysis [ 17 , 18 ].
mong non-precious metals, metallic Cu, which can act as a catalytic
enter or promoter, has drawn particular attention for N 2 photofixation.
oreover, Cu-catalyzed cross-coupling reactions inspired us to consider
ang) . 
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t  
he possibility of using Cu species for the efficient coupling of N 2 and O 2 
19] , which may benefit the formation of N–O bonds for nitrate photo-
ynthesis. Therefore, constructing Cu-doped TiO 2 that can expose abun-
ant Cu species is expected to be an advanced strategy for facilitating
harge transfer efficiency, as well as the adsorption and activation of
eactants to promote nitrate formation. 

Herein, we prepared TiO 2 -supported atomically dispersed Cu species
or N 2 photofixation to nitrate in a flow reactor. Results indicated that 1
ol% Cu-doped TiO 2 (herein denoted as 1% Cu/TiO 2 ) exhibited a high
itrate photosynthesis rate of 0.93 𝜇mol h − 1 , outperforming most pho-
ocatalysts reported to date. Detailed characterizations indicated that
he Cu species were atomically dispersed in TiO 2 and produced excel-
ent active sites during use. In-situ diffuse reflectance infrared Fourier
ransform spectroscopy (DRIFTS) confirmed that Cu species acted as ac-
ive sites to control the reaction pathway to nitrate through the NO x in-
ermediates. Subsequent measurements ( i.e. , temperature-programmed
esorption measurements and kinetic behaviors of photogenerated car-
iers) revealed that the Cu species enhanced the separation and transfer
fficiency of photogenerated carriers and promoted the adsorption and
ctivation of N 2 and O 2 . Thus, the photofixation of N 2 to nitrate exhib-
ted excellent performance. 

. Materials and methods 

.1. Preparation of photocatalysts 

TiO 2 photocatalysts doped with different amounts of Cu were syn-
hesized by using a facile solvothermal method [20] (denoted as x%
u/TiO 2 , where x = 100 × mol Cu / mol TiO2 , x = 0, 0.5, 1, 3, 6). Typi-
ally, a certain amount of CuCl 2 ·2H 2 O, 1.2 mL of hydrofluoric acid, and
0 mL of tetrabutyl titanate were added to 40 mL of anhydrous ethanol.
fter being stirred, the mixed solution was transferred to a Teflon-lined
tainless-steel autoclave and heated at 180°C for 12 h. The final product
as washed with ultrapure water and dried overnight at 60 °C. Other
etal-doped TiO 2 samples, except for the corresponding metal chlo-

ide salts, were prepared by using a synthetic method similar to that
or Cu/TiO 2 . 

.2. Photocatalytic tests 

The photocatalytic N 2 fixation reaction was conducted in a self-built
eaction system that contained a customized quartz flow reactor and
n absorption cell filled with 10 mL of ultrapure water. The photocat-
lyst (100 mg) was dispersed in 50 mL of ultrapure water (18.2 M Ω),
onicated for 1 h and then filtered through a microfiltration membrane
hydrophilic, bore diameter: 0.2 𝜇m). After being filtered, the photocat-
lysts were further washed with 200 mL of ultrapure water, transferred
o a clean oven, and dried overnight at 60°C. The freshly cleaned photo-
atalysts with the membrane were transferred to a flow reactor (diame-
er 23 mm). Subsequently, the reaction gas (N 2 :O 2 = 4:1) penetrated the
hotocatalysts from top to bottom at a flow rate of 8 mL min − 1 . After 30
in of pre-ventilation, a monochromatic light source ( 𝜆 = 365 nm) was

ntroduced by using a PLS-LED100B lamp (Beijing PerfectLight) for pho-
ocatalytic N 2 conversion. After irradiation, the products were collected
nd identified by employing an ion chromatography (930 compact IC
lex, Metrohm). 14 N 2 and 15 N 2 were used to conduct an isotopic trac-
ng test in a batch kettle reactor and the product was analyzed directly
y using liquid chromatography-high resolution mass spectrometry (LC-
RMS) [21] . 

.3. In-situ DRIFTS measurements 

In-situ DRIFTS was conducted to monitor the intermediates formed
uring photocatalytic N 2 fixation to nitrate under ambient temperature
nd pressure conditions. In-situ DRIFTS data were collected every minute
t a resolution of 4 cm 

− 1 . A Vector 70v (Brucker) spectrophotometer
2 
quipped with a liquid-N 2 cooled detector and a custom-built in-situ dif-
use reflectance cell was used for the DRIFTS studies. A 365 nm LED
PLS-LED100B) light was used as the light source. For each subsequent
est, 50 mg of the catalyst was compacted into the reaction cell. Sub-
equently, a feeding gas (N 2 :O 2 or Ar) was introduced into a reactor at
 flow rate of 8 mL min − 1 to achieve an experimental atmosphere. Fi-
ally, the 365 nm LED light was turned on and in-situ DRIFTS data were
ollected as a function of the irradiation time using an MCT detector. 

. Results and discussion 

.1. Synthesis and characterization of photocatalysts 

The as-designed Cu/TiO 2 photocatalysts were successfully synthe-
ized by using a facile solvothermal method [20] and directly confirmed
y the corresponding X-ray diffraction (XRD) patterns (Fig. S1). No
istinct peaks corresponding to the Cu-containing matter (CuO x or Cu
etal particles) were observed in any of Cu/TiO 2 samples, indicating

hat Cu species were highly dispersed in Cu/TiO 2 . Ultraviolet-Visible
iffuse reflectance spectroscopy showed intensified absorbance ranging
ver 400–800 nm with an increasing Cu content in Cu/TiO 2 (Fig. S2),
hich could be attributed to the absorption of Cu species [22] , providing

atent evidence for the successful introduction of Cu species into TiO 2 .
oreover, transmission electron microscopy (TEM) and high-resolution

ransmission electron microscopy (HRTEM) were conducted, further re-
ealing that the as-prepared 0% Cu/TiO 2 had a size of 20–30 nm (Fig.
3). After Cu species were introduced, the TEM image of the synthe-
ized Cu/TiO 2 sample (1% Cu/TiO 2 was taken as a representative exam-
le; Fig. 1 a) indicated that the sample was approximately the same size
20–30 nm) as 0% Cu/TiO 2 . The Moiré fringe spacing of 0.35 nm in the
RTEM image ( Fig. 1 b) could be attributed to the (101) plane of anatase
iO 2 ; this is in good agreement with the aforementioned XRD findings.
EM and HRTEM images of 1% Cu/TiO 2 also indicated the absence of
u nanoparticles whereas uniformly dispersed Cu element was detected
y applying energy dispersive spectroscopy (EDS) elemental mapping
 Fig. 1 c). This provides an auxiliary note for the mono-dispersion of Cu
pecies. 

The mono-dispersion of Cu species was further identified by perform-
ng X-ray absorption fine structure (XAFS) spectroscopy. The Fourier
ransform k 3 -weighted extended XAFS (EXAFS) spectra of 1% Cu/TiO 2 
nd standard Cu samples (Cu foil, Cu 2 O and CuO) at Cu k-edge are
resented in Fig. 1 d. The 1% Cu/TiO 2 displays its highest absorbance
t ∼1.5 Å (the contribution of Cu-O in CuO [23–26] ), and no obvious
eaks appear at ∼2.25 Å (the contribution of Cu-Cu [23–26] ), suggest-
ng the presence of Cu coordinated to O atoms and the absence of Cu-Cu
hell in 1% Cu/TiO 2 . These observations clearly affirm that Cu atoms
ere mono-dispersed in 1% Cu/TiO 2 . Further, the mono-dispersion of

he Cu atoms was visualized by conducting wavelet transform analysis.
s shown in Fig. 1 e, f, the discrepancy between the intensity maximum

n the wavelet transform image of 1% Cu/TiO 2 and the Cu foil ( ∼1.5
vs. ∼2.25 Å) is consistent with the results of EXAFS, confirming the
ono-dispersion of Cu in 1% Cu/TiO 2 . Additionally, the horizontal axis

f the wavelet transform plot shows the wave vector (k), which is the key
o distinguishing the different types of coordination atoms. Compared
ith that of the Cu foil (6–9 Å− 1 ), the strongest oscillation or intensity
aximum of 1% Cu/TiO 2 in k space shifts to a lower k space (4–7 Å− 1 ),

mplying that Cu is coordinated by atoms with smaller atomic num-
ers. As described earlier, the successful preparation of TiO 2 -supported
tomically dispersed Cu species provides excellent active sites for the
onversion of N 2 to nitrate. The results are confirmed and discussed in
etail as follows. 

.2. Photofixation of N 2 to nitrate 

The photofixation of N 2 to nitrate was performed in a flow reac-
or under an irradiation with 365 nm LED light ( Figs. 2 a and S4). The
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Fig. 1. Structural characterizations of as-designed Cu/TiO 2 . (a) TEM, (b) HRTEM images and (c) EDS elemental mapping of 1% Cu/TiO 2 . (d) k 3 -weighted Fourier 
transform of the EXAFS spectra for 1% Cu/TiO 2 and standard Cu samples at Cu k-edge. Wavelet transform analysis from EXAFS of (e) 1% Cu/TiO 2 and (f) Cu foil. 

Fig. 2. Evolution of the photocatalytic performance of Cu/TiO 2 in a flow cell. (a) Schematic illustration of the reaction system. (b) N 2 photofixation performance 
of x% Cu/TiO 2 under 550 mW cm 

− 2 of irradiation for 1 h. (c) Comparison between the performance of 1% Cu/TiO 2 and reported photocatalysts [ 5 , 10 , 15 , 16 , 27 , 28 ]. 
(d) NO 3 

− yield of 1% Cu/TiO 2 under different time and conditions (dark or light; with or without catalyst; different reactants: N 2 :O 2 or Ar). (e) NO 3 
− yield under 

different irradiation intensities for 1 h. 

3 
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Fig. 3. Isotope-labelling measurement results. HRMS data of (a) standard nitrate samples and (b) produced nitrate with pure 14 N 2 and additional 15 N 2 as reactants. 
(c) Calculated 15 N abundance of produced NO 3 

− under different feeding gas. 
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h  
eeding gas, a mixture of N 2 and O 2 (N 2 :O 2 = 4:1), was blown into
he reactor at a flow rate of 8 mL·min − 1 . After irradiation, the related
roducts were collected and identified by using ion chromatography
o quantify the generated nitrate or nitrite (the standards are shown
n Fig. S5, and Table S1, 2). As expected, the results shown in Fig. S6
uggested that all of the different metal-doped TiO 2 photocatalysts are
ctive for N 2 photofixation to nitrate. The Cu-doped TiO 2 conveyed the
ighest yield of nitrate with considerable selectivity (94.49%) compared
ith other photocatalysts. Thus, the corresponding performances for N 2 
hotofixation to nitrate of Cu-doped TiO 2 with different Cu amounts
x% Cu/TiO 2 ) were further studied. As shown in Fig. 2 b, photocata-
ysts performed the detectable yield of nitrate following the order: 1%
u/TiO 2 (0.93 𝜇mol h − 1 ) > 3% Cu/TiO 2 (0.72 𝜇mol h − 1 ) > 6% Cu/TiO 2 
0.50 𝜇mol h − 1 ) > 0.5% Cu/TiO 2 (0.45 𝜇mol h − 1 ) > 0% Cu/TiO 2 (0.30
mol h − 1 ), together with high nitrate selectivity ( ≥ 90%). Among the x%
u/TiO 2 samples, 1% Cu/TiO 2 exhibited the highest yield of nitrate with
he threefold enhancement factor of 0% Cu/TiO 2 , which is superior to
ost of the reported photocatalysts ( Fig. 2 c) [5–28] . The excellent pho-

ogenerated nitrate rate and structure of 1% Cu/TiO 2 can be maintained
nd stabilized after five cycle tests (Figs. S7, S8). Increasing the doping
mount of Cu to 3% and 6% resulted in a decrease in activity from 0.72
o 0.50 𝜇mol h − 1 , which may be caused by the significantly reduced
xidation ability of the Cu/TiO 2 samples (Fig. S9). Moreover, a series of
ontrol experiments ( e.g. , in pure Ar, without light or a photocatalyst)
howed little nitrate evolution ( Figs. 2 d and S10). Hence, a photocat-
lytic system co-containing photocatalysts (1% Cu/TiO 2 ), light irradia-
ion, and N 2 :O 2 gas mixture as reactants could present an outstanding
erformance that increased over time. The aforementioned control ex-
eriments emphasized the indispensable role that photocatalyst, light ir-
adiation, and N 2 :O 2 as reactants play in nitrate photosynthesis. Further,
he relationship between the nitrate yield and irradiated light intensity
as investigated in detail ( Fig. 2 e), and the corresponding original ion

hromatograms are presented in Fig. S11. The detected nitrate yield fol-
owed the trend of the irradiation intensity, suggesting that the fixation
f N 2 to nitrate is a photocatalytic process. 

.3. Identification of the N source in produced nitrate 

To further confirm that the produced nitrate originated from N 2 ,
5 N-labeled isotope-tracing experiments were conducted with the col-
ected products measured by using LC-HRMS. First, we identified the
ass-to-charge ratio (m/z) of the standard nitrate samples labeled with

4 N and 15 N ( 14 NO 3 
− and 15 NO 3 

− ). In Fig. 3 a, the HRMS data of the
tandard nitrate samples displayed that the m/z values of 14 NO 3 

− and
5 NO 3 

− are 61.987 and 62.984, respectively. These results are consis-
ent with the corresponding exact masses ( 14 NO 3 

− : 61.988 g/mol and
5 NO 3 

− : 62.985 g/mol). Then, the photofixation of N 2 to nitrate using
4 N 2 as N source was performed for comparison ( Fig. 3 b), and a peak
t m/z 61.987 was detected, qualitatively indicating the generation of
4 
itrate ( 14 NO 3 
− ). When 15 N 2 was additionally bubbled into the reactor,

nother peak at m/z 62.984 appeared, which was assigned to 15 NO 3 
− .

his result suggests that the produced nitrate could have originated from
5 N 2 . The calculated abundance of 15 NO 3 

− detected in the 15 N-isotope-
racing experiment was 47.24% ( Fig. 3 c), which was significantly higher
han the abundance of the product generated using 14 N 2 as the feed-
ng gas (0.23%) or the natural 15 N abundance ( ∼0.34%) [9–29] . The
resented isotope-tracing experiments confirmed that photogenerated
itrate could originate from atmospheric N 2 . 

.4. Investigation of reaction intermediates and behaviors of photoinduced 

arriers 

In-situ DRIFTS was conducted to monitor the intermediates formed
uring photocatalytic N 2 fixation under ambient temperature and pres-
ure conditions. For the 1% Cu/TiO 2 photocatalyst with a N 2 :O 2 mix-
ure as the feeding gas, an obvious peak (2121 cm 

− 1 ) appeared near
O 2 , assigned to the vibrations of NO x intermediates (NO 2 

+ , NO 

+ , or
O 

𝛿+ ) adsorbed at the Cu sites after irradiation [30–33] . This peak
ncreased along with the irradiation time (Figs. S12 and 4a). The en-
anced NO x intermediates strongly agree with the evolution trend of
itrate with the prolonged irradiation time, as depicted in Fig. 2 d. This
esult indicated that Cu species acting as active sites may undertake
he reaction pathway to produce nitrate through the NO x intermedi-
tes. Further, when the feeding gas was turned into single-component
r, N 2 or O 2 molecules for comparison, the peak at 2121 cm 

− 1 was not
bserved after 1 h of continuous irradiation (Fig. S13); this further in-
icated the indispensability of co-existing N 2 and O 2 as reactants and
he origin of the N and O sources in the produced nitrate. More im-
ortantly, the 0% Cu/TiO 2 photocatalyst without Cu species did not
xhibit any peaks at ∼2121 cm 

− 1 in the photofixation process of N 2 
nd O 2 mixtures. The comparative results also provided convincing ev-
dence that atomically dispersed Cu species act as efficient active sites
n Cu/TiO 2 to benefit the formation of NO x intermediate species, thus
romoting high-efficiency nitrate photosynthesis through the NO x inter-
ediate pathway. Furthermore, the discrepancy between the adsorption

nd activation of 0% Cu/TiO 2 and 1% Cu/TiO 2 was further studied by
erforming N 2 - and O 2 -temperature-programmed desorption (N 2 -TPD
nd O 2 -TPD) measurements. As shown in Fig. 4 b, 1 % Cu/TiO 2 exhib-
ted three enhanced N 2 -desorption peaks at 213, 250 and 307 °C relative
o those of 0% Cu/TiO 2 , and these are attributed to physically adsorbed
nd chemisorbed N 2 onto the catalyst surface [34] . The same tendency
an be observed in O 2 -TPD ( Fig. 4 c), indicating the enhanced adsorp-
ion and activation of O 2 . The co-enhanced adsorption and activation
f N 2 and O 2 by 1% Cu/TiO 2 are likely responsible for the outstanding
itrate photosynthesis activity. 

In addition to the enhanced adsorption and activation of reactants,
he charge transfer behaviors could play an indispensable role in the en-
anced performance [35–39] . To investigate the photoinduced charge
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Fig. 4. In-situ characterization and TPD responses. (a) In-situ DRIFTS measurements of 0% Cu/TiO 2 and 1% Cu/TiO 2 with N 2 :O 2 mixture as the feeding gas. (b) 
N 2 -TPD and (c) O 2 -TPD measurements of 0% Cu/TiO 2 and 1% Cu/TiO 2 . 
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ransfer in 1% Cu/TiO 2 , we performed the Mott–Schottky measurements
f 0% Cu/TiO 2 and 1% Cu/TiO 2 ( Figs. 5 a and S14). The Mott–Schottky
lots revealed that both 0% Cu/TiO 2 and 1% Cu/TiO 2 are n-type semi-
onductors. The charge distribution at the semiconductor is usually de-
ermined based on the Mott–Schottky relationship between electrode
apacitance C and electrode potential E, as shown in the following equa-
ion [ 40 , 41 ]: 

1 
C 

2 = 

2 
εε 0 eN D 

(
E − E fb − 

KT 
e 

)

here e is the electron charge, the dielectric constant ( 𝜀 ) of anatase
iO 2 is 55 [42] , 𝜀 0 is the vacuum permittivity (8.854 × 10 − 14 F/cm),
oltzmann constant K is 1.38 × 10 23 J/K, and T and E fb are the abso-

ute temperature and flat band potential, respectively [ 40 , 41 ]. The fitted
elationship between 1/C 

2 and the potential (E), presented in Fig. 5 a,
s used to conclude that the Mott–Schottky curve slopes of 0% Cu/TiO 2 
nd 1% Cu/TiO 2 are 69.08 × 10 9 cm 

4 / (F 2 V) and 38.90 × 10 9 cm 

4 / (F 2 

), respectively. Thus, the donor density (N D ) of 0% Cu/TiO 2 and 1%
u/TiO 2 (3.72 × 10 19 cm 

− 3 vs. 6.60 × 10 19 cm 

− 3 , presented in Fig. 5 b)
an be calculated by applying the aforementioned equation, and both
alues are consistent with the reported value (10 16 –10 20 cm 

− 3 ) [42–
4] . The difference in N D indicated that Cu species increase the inher-
nt charge density of 1% Cu/TiO 2 by ∼1.77 times compared with that
f 0% Cu/TiO 2 , and this may provide more photogenerated charges for
he subsequent bonding process of N 2 and O 2 to form NO x intermediates
nd nitrate. Further, the corresponding kinetic behaviors of photogener-
ted charges were analyzed by employing photocurrent measurements,
lectrochemical impedance spectra, photoluminescence spectra and flu-
5 
rescence dynamic decay curves ( Figs. 5 c-e and S15). The photocurrent
easurements revealed that TiO 2 after doping with Cu species shows an

nhanced current density under irradiation, indicating improved charge
eparation and transfer efficiency [ 45 , 46 ]. The trend of enhanced car-
ier separation and migration is also in accordance with the results ob-
ained from the analysis of electrochemical impedance spectra owing to
he smaller arc radius ( Fig. 5 d). As presented in Figs. S15, 5e, and Ta-
le S3, the charge separation efficiency in 1% Cu/TiO 2 caused a lower
adiative relaxation and prolonged lifetime (8.79 ns) than that of 0%
u/TiO 2 (4.95 ns), suggesting that more charges are likely transferred
o the surface of the photocatalyst [36–38] . In summary, 1% Cu/TiO 2 
xhibited efficient charge separation and migration efficiencies, which
ay jointly contribute to the considerable N 2 photofixation ability of
% Cu/TiO 2 . 

. Conclusion 

We successfully achieved the high-efficiency N 2 photofixation to ni-
rate in a flow reactor, with an outstanding nitrate photosynthesis rate of
.93 𝜇mol h − 1 , which is higher than most of the results reported to date.
he introduction of Cu species as dopants in TiO 2 enhanced the charge
eparation and transfer properties. Meanwhile, the surface Cu species
cted as active sites to promote the adsorption and activation of reac-
ants (N 2 and O 2 ), and further generate NO x intermediates. Thus, the
hotocatalytic activity for the N 2 photofixation process through the NO x 
ntermediate pathway was synergistically boosted. Our findings are ex-
ected to be helpful in the development and design of high-performance
hotocatalysts containing low-cost metal sites for N 2 photofixation and
ther challenging chemical reactions. 
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Fig. 5. Dynamic behaviors of photoinduced carriers. (a) Fitted Mott–Schottky plots, (b) calculated donor density, (c) photocurrent measurements, (d) electro- 
chemical impedance spectra under irradiation, and (e) time-resolved fluorescence dynamic decay curves of 0% Cu/TiO 2 and 1% Cu/TiO 2 (excitation: 375 nm; 
emission: 440 nm). 
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