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Abstract: Alx/HKUST-1(x=1/24, 1/12, 1/6, 1/3), one of the bimetallic copper-based organic framework materials, was 
successfully prepared by the synthetic exchange method and characterized by X-ray diffraction (XRD), scanning 
electron microscopy (SEM), specific surface area (BET), thermogravimetric analysis (TG), infrared spectra (IR), X-ray 
photoelectron spectroscopy (XPS), and H2-temperature programmed reduction (H2-TPR). The findings indicated that 
Alx/HKUST-1 maintained the octahedral morphology of its precursor (HKUST-1). The thermal stability and catalytic 
reduction ability of HKUST-1 skeleton were improved by doping aluminum (Al3+). Al1/12/HKUST-1 showed the best 
performance among all samples, with a nitric oxide (NO) conversion rate of 100% at 210 °C (50 °C lower than that of 
HKUST-1). The valence kind of Al, Cu, and O in Al1/12/HKUST-1 did not change after the catalytic reaction, but the 
contents of Al, Cu, and O in different forms changed significantly. The catalytic process of the Alx/HKUST-1 followed a 
Langmuir−Hinshelwood mechanism. 
Key words: copper-based organic framework; aluminium doping; synthetic exchange; denitration at low temperature; 
carbon monoxide 
                                                                                                             
 
 
1 Introduction 
 

The emission of nitrogen oxides (NOx), 
including NO and NO2, is harmful to the 
environment and human health, causing 
photochemical smog, acid rain, ozone depletion, 
and the greenhouse effect [1−3]. The selective 
catalytic reduction (SCR) of NO has been 
considered to be a promising solution to reduce NO 
pollution [1]. As one of the contaminants in exhaust, 
carbon monoxide (CO) is a promising reductant in 
SCR processes, and CO-SCR can reduce CO and 

NOx emissions at the same time to achieve the 
purpose of “using waste to treat waste” [3,4]. 
However, existing catalysts have many 
disadvantages, such as poor performance at low 
temperature, toxicity, and a narrow window of 
activated temperatures. At present, developing new 
types of catalysts which are non-toxic, harmless, 
stable in structure, and with superior low- 
temperature performance is extremely urgent. 

Metal-organic frameworks (MOFs), a new 
class of crystalline materials formed by metal ions 
(joint) and organic ligands (linker) [5,6], have 
attracted much attention due to their varied nano-  
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structures which can be controlled by a self- 
assembly process [7,8]. MOFs have been applied in 
the field of gas separation and storage [9], carbon- 
dioxide (CO2) capture [10], sensing [11], drug 
delivery [12] and catalysis [13,14] based on    
their high pore volume and large specific    
surface [15−19]. 

The copper-based organic framework (i.e. 
Cu3(BTC)2, BTC=1,3,5-benzenetricarboxylate), 
named HKUST-1, is a representative MOF material 
with a microporous structure and open Cu2+ sites 
with unsaturated coordination, in which the   
length of Cu—Cu is 2.628(2) Å, the length of   
Cu—OCO is 1.952(3) Å, and that of Cu—OH2 is 
2.165(8) Å [20]. HKUST-1, synthesized by CHUI 
et al [21], has a pocked-channel structure with 
specific surface area of 692.2 m2/g, high    
thermal stability, small pore size (9 Å × 9 Å) and 
coordinatively unsaturated Cu2+ sites [22]. 
DHAKSHINAMOORTHY et al [23] reported that 
HKUST-1 can be used to catalyze the oxidative 
hydroxylation of arylboronic acids to the 
corresponding phenols with a conversion rate of 
80%. SHI et al [24] prepared new Cu-based MOFs 
by a solvothermal method and used them to 
catalyze the epoxidation reaction of olefins. Their 
findings showed that there was a high epoxide 
productivity of olefins and the Cu-MOF material 
maintained its structural integrity after the catalytic 
reaction. 

However, the poor water and thermal stability 
of HKUST-1 [19] has hindered its large-scale 
application. Numerous methods have been reported 
to improve the thermal stability of HKUST-1. One 
simple and effective method is to form a bimetallic 
copper-based organic framework by doping with 
another metal element [1,4]. Usually, the 
post-synthetic ion exchange method [1,4] is used to 
produce a bimetallic copper-based organic skeleton, 
but the process is long and the number of exchange 
ions is difficult to control. In this study, a series of 
Alx/HKUST-1(x=1/24, 1/12, 1/6, 1/3), where x 
represents the molar ratio of aluminum to copper in 
HKUST-1, were prepared by the synthetic exchange 
solvothermal method. The effect of Al content on 
the properties of HKUST-1 composites was studied. 
CO+NO reaction curves of Alx/HKUST-1, carried 
out at temperatures lower than 300 °C, were 
obtained to illustrate the denitration mechanism of 
the HKUST-1 composites. 

 
2 Experimental 
 
2.1 Preparation of HKUST-1 

HKUST-1 was prepared by the synthetic 
exchange solvothermal method. Briefly, 8 mmol of 
benzebe-1,3,5-tricarboxylic acid (H3BTC, 98 wt.%) 
was dissolved in 40 mL of ethyl alcohol 
(CH3CH2OH, 99 vol.%) to obtain Solution A. Then, 
12 mmol of copper nitrate trihydrate (Cu(NO3)2, 
99 wt.%) was dissolved in 40 mL of ultra-pure 
water to obtain Solution B. Afterward, Solution A 
and Solution B were mixed together and stirred  
for 30 min. The mixed solution was transferred   
to a 100 mL stainless steel reactor with a 
polytetrafluoroethylene liner. The reactor was then 
placed in an oven at 120 °C for 24 h. The 
precipitated crystals from the solution were filtered 
and purified through ethyl alcohol and ultrapure 
water, repeatedly, to remove unreacted chemicals. 
Finally, the product was dried at 100 °C for 10 h 
before testing. 
 
2.2 Synthesis of Alx/HKUST-1(x=1/24, 1/12, 1/6, 

1/3) 
Al doping in HKUST-1 was carried out by the 

ion exchange method, and the preparation steps 
were similar to those of HKUST-1. In the first step, 
12 mmol of copper nitrate trihydrate (Cu(NO3)2, 
99 wt.%) and a calculated amount of aluminum 
nitrate nonahydrate (Al(NO3)3, 99 wt.%) were 
dissolved in 40 mL of ultra-pure water to obtain 
Solution B. The following steps were the same as 
those in Section 2.1. After that, Alx/HKUST-1 was 
prepared. 
 
2.3 Characterization of catalysts 

X-ray diffraction (XRD) data were collected 
on a Rigaku D/Max 2200 diffractometer employing 
Cu Kα radiation. Scanning electron microscopy 
(SEM) images were taken on a JEOL 3600 electron 
microscope using a 20 kV energy source under 
vacuum. The surface area of the catalysts was 
obtained by analyzing a nitrogen adsorption and 
desorption isotherm using the Brunauer-Emmett- 
Teller (BET) method on an ASAP 2020 HD88 
(Micromeritics Instrument Corporation). The 
thermogravimetric analysis (TG) data were 
measured by a Q600 SDT instrument (America TA 
Instruments). The catalysts were degassed at 120 °C 
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for 8 h and analyzed with N2 at 77 K. Infrared 
spectra (IR) data were recorded using a NICOLET 
6700 (Thermo Scientific company). X-ray 
photoelectron spectrum (XPS) was acquired on a 
VG ESCALAB5 electron spectrometer equipped 
with a Mg Kα radiation source (hν=123.6 eV). The 
main C 1s peak (Binding energy=284.6 eV) was 
chosen as an internal standard to calibrate the 
energy scale. H2-temperature programmed 
reduction (H2-TPR) was carried out on a PCA− 
1200 chemisorption analyzer (BUILDER, Beijing, 
China). 
 
2.4 Activity testing of catalysts 

The experimental system consisted of three 
parts: gas distribution, catalysis and detection. NO 
was the main target for removal by denitration. The 
NO reduction reaction in specific stream was 
carried out with a flow reactor. For each experiment, 
0.5 g of catalyst was placed in the center of a 
high-temperature resistant quartz glass tube with an 
inner diameter of 12 mm and a length of 500 mm. 
Then, the quartz glass tube with catalyst was  
placed in a tube electrical furnace with automatic 
temperature control. A gas mixture of CO and NO 
at a 1:1 molar ratio was filled into the reactor     
as a reactant at a constant space velocity of 
24000 mL/(h·g). The real-time flue gas composition 
was recorded every minute by an online flue gas 
analyzer (MRU VARIO-plus), and an NDIR 
infrared sensor was used in the flue gas analyzer to 
detect the NO emission. When analyzing the data 
recorded by the flue gas analyzer per minute, the 
maximum deviation value was discarded and the 
average value was regarded as the gas composition 
at the corresponding temperature. The NO 
conversion (XNO) was calculated as  
XNO={([NO]in−[NOx]out)/[NO]in}×100%       (1)  
where [NO]in represents the NO content entering 
the quartz tube and [NOx]out represents the contents 
of NO and NO2 after the reaction, as recorded by 
the flue gas analyzer.  
 
3 Results and discussion 
 
3.1 XRD results of catalysts 

The XRD results of HKUST-1 and 
Alx/HKUST-1 are shown in Fig. 1. It was obvious 
that the curves of HKUST-1 and Alx/HKUST-1 
samples exhibited similar main characteristic peaks 

with the standard curve of HKUST-1, which 
confirmed that the synthetic samples maintained the 
structure of HKUST-1. The doping of Al weakened 
the diffraction peak intensity of HKUST-1. The 
crystal strength of HKUST-1 decreased with the 
increase of Al content, forming HKUST-1 with low 
crystallinity. The characteristic peaks at 5.7° and 
11.7° remained essentially unchanged when x 
increased from 1/24 to 1/12, while the peaks 
became weak and ultimately disappeared as x 
increased from 1/12 to 1/3. 
 

 
Fig. 1 XRD patterns of HKUST-1 and Alx/HKUST-1 
 
3.2 SEM results of catalysts 

SEM images of HKUST-1 and Alx/HKUST-1 
were observed, as shown in Fig. 2. The four 
samples maintained the morphology of a standard 
octahedral structure (Fig. 2). As the content of Al 
increased, metal oxides formed on the surface of the 
catalyst, and some damaged octahedrons appeared 
in the HKUST-1 structure. This indicates that the 
stability of the HKUST-1 structure can be 
compromised after a large number of Al ions enter 
the HKUST-1 structure. 
 
3.3 BET results of catalysts 

The specific surface areas of HKUST-1 and 
Alx/HKUST-1 were investigated and the results are 
presented in Table 1. According to our analysis, 
both HKUST-1 and Alx/HKUST-1 displayed a 
larger specific surface area than oxide catalysts of 
denitration, such as metal composite oxides and 
perovskite-type oxides. As the Al content of the 
catalyst increased, the specific surface area of 
Alx/HKUST-1 continuously decreased. As observed 
in the SEM images (Fig. 2), the morphologies of the 
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Fig. 2 SEM images of HKUST-1 (a), Al1/24/HKUST-1 (b), Al1/12/HKUST-1 (c), Al1/6/HKUST-1 (d) and Al1/3/HKUST-1 (e) 
 
Table 1 Specific surface areas of HKUST-1 and 
Alx/HKUST-1 

Sample Special surface area/(m2·g−1) 

HKUST-1 1214.14 

Al1/24/HKUST-1 1201.86 

Al1/12/HKUST-1 1144.46 

Al1/6/HKUST-1 1132.81 

Al1/3/HKUST-1 987.90 
 
samples were affected with the inclusion of Al, 
which might account for the gradual decrease in 
specific surface area. However, Alx/HKUST-1 
maintained a large specific surface area of around 
1000 m2/g. The large specific surface area of 
Alx/HKUST-1 might provide a large adsorption 

interface for the gases involved in catalytic 
denitration reactions. 
 
3.4 TG results of catalysts 

The thermal stabilities of the synthetic samples 
were characterized by Q600 SDT and the results  
are shown in Fig. 3. The TG curves of all the 
samples exhibited a similar trend. With increasing 
temperatures from room temperature to 100 °C, the 
mass of the samples decreased markedly, 
corresponding to the loss of water adsorbed in the 
metal-organic framework. The mass of the samples 
decreased slowly between 100 and 200 °C, possibly 
due to the evaporation of crystalline water or 
oxidation combustion of some organic matter in the 
MOF. From 200 to 300 °C, the curves plateaued,  
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Fig. 3 TG curves of HKUST-1 (a), Al1/24/HKUST-1 (b), Al1/12/HKUST-1 (c), Al1/6/HKUST-1 (d) and Al1/3/HKUST-1 (e) 
 
indicating that the structure of the samples was 
stable in this temperature range. The mass of the 
samples decreased rapidly after 300 °C, likely due 
to the fact that such high temperatures resulted in 
the pyrolysis of the MOF. By comparing the value 
of the platform of HKUST-1 and Alx/HKUST-1 
before 300 °C, it was clear that HKUST-1 
maintained about 60% of its original mass, while 
Alx/HKUST-1 maintained more than 70%. 

Furthermore, there was a clear increase in the 
reserved mass of the samples with increased Al 
content, indicating that the addition of Al3+ ion 
enhanced the thermal stability of HKUST-1. 
 
3.5 IR results of catalysts 

The infrared spectra of H3BTC, HKUST-1 and 
Alx/HKUST-1 are shown in Fig. 4. The IR spectrum 
of HKUST-1 showed the peak of Cu—O bond at 
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Fig. 4 Infrared spectra of H3BTC, HKUST-1 and 
Alx/HKUST-1 
 
500 cm−1, which indicated that Cu atom was 
chelated or formed a bidentate ligand with H3BTC 
successfully. By comparing the curves of the 
Alx/HKUST-1 samples with that of HKUST-1 in 
Fig. 4, it was evident that all the spectra showed 
similar characteristic peaks, demonstrating that the 
Alx/HKUST-1 samples maintained the main 
structure of HKUST-1 [25]. Nevertheless, the peak 
corresponding to the Al—O bond at 1043 cm−1 [26] 
appeared on the curves of Alx/HKUST-1 samples, 
confirming that Al successfully entered the 
HKUST-1 structure and formed the Alx/HKUST-1 
structure. 
 
3.6 XPS results of catalysts 

The Alx/HKUST-1 samples were further 
characterized by X-ray photoelectron spectroscopy 
(XPS) to identify the oxidation states of the metal 
compounds. The Al 2p, Cu 2p, and O 1s data of the 
Alx/HKUST-1 samples are displayed in Fig. 5. Al 
kept its original valence state of +3 in nitrates and 
the spectra of Al 2p (Fig. 5(a)) can be divided into 
two sub-bands. The lower binding energy peak at 
74.3 eV was assigned to Al2O3, and the higher 
binding energy peak (near 77.4 eV) probably 
originated from the Al—O bond related to atoms 
situated in sites adjacent to metal cation   
vacancies [27−29]. It indicated that all Al3+ should 
be located at the metal nodes (Al3+—Al3+ and   
Al3+—Cu2+ paddlewheels). The deconvolution of 
the Cu 2p (Fig. 5(b)) revealed the existence of  
Cu+ [30−32] with a peak binding energy     
around 932.4 eV and Cu2+ [30−32] with peaks    
at 934.7, 940, and 944.6 eV both in HKUST-1 and  

 

 
Fig. 5 XPS spectra of HKUST-1 and Alx/HKUST-1:   
(a) Al 2p; (b) Cu 2p; (c) O 1s 
 
Alx/HKUST-1 samples. These results provided solid 
evidence that both Cu2+/Cu2+ paddle-wheel units 
and Cu+/Cu2+ paddle-wheel defect pairs existed in 
HKUST-1 and Alx/HKUST-1. The Cu+/Cu2+ paddle- 
wheel defects might be created by the thermal 
treatment during the preparation process. According 
to Fig. 5(c), the oxygen atoms existed in the two 
different chemical environments: one is the oxygen 
atoms in the oxide lattice (O2−) with the peak at 
binding energy around 532 eV, and the other is the 
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oxygen atoms near vacancy-type defects in the 
organic skeleton with the peak at binding energy 
around 533 eV [27−29]. 

The results of the quantitative analysis shown 
in Table 2 revealed that the doped Al mainly entered 
the skeleton of HKUST-1 to form Al—O bond in 
the defective site. As the content of Al into 
Alx/HKUST-1 increased, the content of Al—O bond 
in the defective site increased. In addition, doping 
Al into Cu-based MOF reduced the molar ratio of 
Cu+ to Cu2+ when x was small (e.g. x=1/24, 1/12). 
However, as x in Alx/HKUST-1 increased further to 
1/6 or 1/3, there was a corresponding increase in the 
molar ratio of Cu+ to Cu2+. As expected, the content 
of oxygen vacancy increased slightly as the Al 
entered the organic skeleton to replace copper, 
which played a key role in improving the catalytic 
ability of Alx/HKUST-1. Al1/12/HKUST-1 showed 
the highest content of O—Me in the defective site 
and it may possess good catalytic acidity. 

 
3.7 H2-TPR results of catalysts 

In H2-TPR analysis, the position of reduction 
peak roughly reflects the temperature at which the 
catalyst starts to consume reductant, and the area of 
the reduction peak roughly reflects the capacity of 
the catalyst consuming reductant. The results of 
H2-TPR analysis of HKUST-1 and Alx/HKUST-1 
are shown in Fig. 6. After Al was doped into 
HKUST-1, the position of the reduction peak 
shifted to a lower temperature, and the area of the 
reduction peak decreased slightly, suggesting that 
the doping of Al increased the reduction capacity of 
the catalyst. Al1/12/HKUST-1 had the strongest 
catalytic reduction capacity and the lowest catalytic 
reduction temperature in all Alx/HKUST-1 samples. 

 
3.8 Catalytic activity results of catalysts 

The CO+NO reduction reaction was 

investigated by passing reaction gases through a 
quartz tube with the Alx/HKUST-1 catalyst in a tube 
furnace whose temperature was controlled precisely 
by programmed temperature-control equipment. 
The reaction temperature increased from 30 to 
280 °C in 3.5 h. The composition of the mixed gas 
after the denitration reaction was recorded every 
minute by the online gas analytical device. The 
results (Fig. 7) showed that the NO conversion of 
HKUST-1 was higher than that of the Alx/HKUST-1 
samples (x=1/24, 1/12, 1/6, 1/3) at a temperature 
lower than 150 °C. Interestingly, the NO conversion 
of Alx/HKUST-1 increased rapidly with increasing 
temperature. The temperature of all Alx/HKUST-1 
samples with 100% NO conversion was lower 
compared to that of HKUST-1 (260 °C). 
Al1/12/HKUST-1 showed the best catalytic activity, 
with NO conversion of 100% occurring at 210 °C 
(50 °C lower than that of HKUST-1). These results 
were consistent with those of the H2-TPR analysis, 
strengthening the argument that Al1/12/HKUST-1 
exhibited the best catalytic performance due to its 
enhanced catalytic reduction capacity. 

 
3.9 Catalytic reaction process 

In order to better understand the changes of 
Alx/HKUST-1 catalyst after the CO+NO reduction 
reaction, Al1/12/HKUST-1 was selected for XPS 
spectrum analysis before and after the CO+NO 
reduction reaction (Fig. 8). It was obvious that the 
valence kind of Al, Cu, and O did not take any 
change after the catalytic reaction. The 
deconvolution of Al 2p (Fig. 8(a)) revealed that 
doped Al existed in the form of Al2O3 and Al—O 
bond in the defective site [27−29]. The Cu 2p 
spectra (Fig. 8(b)) revealed the existence of Cu+ and 
Cu2+ [30−32]. There were two forms of oxygen 
atoms (Fig. 8(c)), oxide lattice (O2−) and oxygen 
atoms near the vacancy-type defects [27−29]. 

 
Table 2 Analysis of valence state of Al, Cu, and O in HKUST-1 and Alx/HKUST-1 

Sample 
Molar fraction/% 

Al2O3 
Al—O 

(defective site) Cu+ Cu2+ O2− O—Me 
(defective site) 

HKUST-1 − − 39.88 60.12 51.37 48.63 

Al1/24/HKUST-1 41.49 58.51 36.48 63.52 43.03 56.97 

Al1/12/HKUST-1 25.85 74.15 26.76 73.24 41.44 58.56 

Al1/6/HKUST-1 26.61 73.39 42.14 57.86 44.37 55.63 

Al1/3/HKUST-1 26.64 73.36 48.94 51.06 65.40 34.60 
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Fig. 6 H2-TPR curves of HKUST-1 and Alx/HKUST-1 
 

 
Fig. 7 Catalytic activity curves of HKUST-1 and 
Alx/HKUST-1 
 
Although the valence kind of Al, Cu, and O kept 
the same before and after the CO+NO reaction, the 
contents of Al, Cu, and O in different forms 
changed significantly, as shown in Table 3. After 
the catalytic reaction, the content of the Al—O 
bond in the defective site, the content of Cu2+, and 
the content of O — Me in the defective site 
decreased, while the content of Al2O3, the content 
of Cu+, and the content of O2− increased, providing 
some basis for speculating the reaction process. 

In addition, Cu+ could absorb activated CO 
molecules to form Cu+(CO)n (n=1−2) [25,30]. NO 
molecules are also absorbed by Cu+ and form 
Cu+(NO)n (n=1−2) [26]. Al3+ entered the structure 
of HKUST-1 replaced Cu—O bond with Al—O 
bond, which formed plenty of oxygen vacancies  
to improve the catalytic process. Hence, this 
catalytic process followed a Langmuir− 
Hinshelwood mechanism. The mechanism of the 
catalytic reaction using Alx/HKUST-1 as the 
catalyst are as follows: 

 

 
Fig. 8 XPS spectra of Al1/12/HKUST-1 before and   
after CO+NO reduction reaction: (a) Al 2p; (b) Cu 2p;  
(c) O 1s 
 
CO(g)+Cu+→Cu+CO(ad)                   (2)  
CO(g)+Cu2+→Cu2+CO(ad)                 (3)  
CO(g)+Al3+→Al3+CO(ad)                  (4)  
NO(g)+Cu+→Cu+NO(ad)                  (5)  
Cu+NO(ad)→N(ad)+O(ad)+Cu2+                    (6)  
Cu+CO(ad)+O(ad)→CO2(g)+Cu+                    (7)  
Cu2+CO(ad)+O(ad)→CO2(g)+Cu2+                (8)  
Al3+CO(ad)+O(ad)→CO2(g)+Al3+                  (9)  
N(ad)+N(ad)→N2(g)                     (10) 
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Table 3 Analysis of valence state of Al, Cu, and O in Alx/HKUST-1 

Sample 
Molar fraction/% 

Al2O3 
Al—O 

(defective site) Cu+ Cu2+ O2− O—Me 
(defective site) 

Before reaction 25.85 74.15 26.76 73.24 41.44 58.56 

After reaction 34.80 65.20 30.36 69.64 43.55 56.45 

 
 
4 Conclusions 
 

(1) The novel catalyst Alx/HKUST-1 (x=1/24, 
1/12, 1/6, 1/3) with obvious similarities in structure 
and octahedral morphology to HKUST-1, was 
successfully generated by the synthetic exchange 
solvothermal method. 

(2) Al3+ entered the structure of HKUST-1, and 
the Al—O bond replaced Cu—O bond. With the 
increase of Al content, the structure of HKUST-1 
was damaged slightly, leading to the slight decrease 
of its specific surface area. 

(3) Compared with HKUST-1, Alx/HKUST-1 
improved thermal stability and catalytic reduction 
ability, and Al1/12/HKUST-1 exhibited the best 
properties in the CO+NO reduction reaction. 
Al1/12/HKUST-1 had NO conversion of 100% at 
210 °C, while HKUST-1 at 260 °C. Therefore, 
Al1/12/HKUST-1 could be used as an effective 
catalyst for selective catalytic reduction of NO by 
CO at 210 °C. 

(4) The valence kind of Al, Cu and O did not 
change after the catalytic reaction, but the contents 
of Al, Cu and O in different forms changed 
significantly. The catalytic process followed a 
Langmuir-Hinshelwood mechanism. 
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摘  要：采用合成交换法成功制备双金属铜基有机金属骨架材料 Alx/HKUST-1(x=1/24，1/12，1/6，1/3)，并采用

X 射线衍射(XRD)、扫描电子显微镜(SEM)、比表面积分析(BET)、热重分析(TG)、红外光谱(IR)、X 射线光电子

能谱(XPS)以及 H2程序升温还原(H2-TPR)技术对其进行表征。研究结果表明，Alx/HKUST-1 维持前躯体(HKUST-1)

的正八面体结构，掺铝(Al3+)后，HKUST-1 的热稳性和还原性能均得到提高。Al1/12/HKUST-1 表现出最佳的催化

活性，温度为 210 °C 时，催化脱硝率达到 100%，相比 HKUST-1 降低了 50 °C。催化反应后，Al1/12/HKUST-1 中

Al、Cu 和 O 的价态种类没有发生改变，但是不同价态的 Al、Cu 和 O 的含量比值发生了明显变化。Alx/HKUST-1

的催化过程遵循 Langmuir−Hinshelwood 反应机理。 

关键词：铜基有机骨架；铝掺杂；合成交换法；低温脱硝；一氧化碳 
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