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Cu/zeolites were prepared to elucidate the effect of phosphorus poisoning on different zeolite framework 
structures for NH3-SCR. The results show that there are significant differences in phosphorus poisoning 
depending on the zeolite framework structure. The PO3

− /PO4
3− species gradually decreased along with an increase 

in P2O5 in the following order: Cu/SSZ-13, Cu/ZSM-5, and Cu/BEA. One possible reason could be the increased 
pore size of these zeolites, which results in less steric hindrance for larger P2O5 species. P2O5 is suggested to 
enhance the redox ability of Cu ions, which results in an increase in low-temperature activity in NH3-SCR, 
whereas Cu ions were significantly poisoned by PO3

− /PO4
3− , resulting in low-temperature deactivation. 

Furthermore, the effect of phosphorus poisoning on the structure of Cu/ZSM-5 was found to be much greater 
than that of Cu/BEA and Cu/SSZ-13, possibly due to phosphorus attacked the surface defects of the zeolite, 
causing local expansion and cracking.   

1. Introduction 

Catalysts for emission control have attracted great attention due to 
the huge number of vehicles in the world [1,2]. The elimination of ni-
trogen oxides (NOx, where 90 % or more is NO), has become particularly 
important [3–5], and countries around the world have adopted strict 
legislations to limit NOx emissions. 

Selective catalytic reduction is one of the most studied processes that 
can effectively eliminate NOx. Some of these processes have been 
industrialized, such as ammonia selective catalytic reduction, abbrevi-
ated as NH3-SCR [6–12]. The selective reduction of NOx with the help of 
NH3 has been widely used to eliminate NOx from the exhaust of engines 
[3,13], nitric acid plants [14], and power plants [15]. At present, a 
variety of catalytic systems are being extensively studied, among which 
V2O5-WO3/TiO2 is the most representative for stationary sources [16], 
and Cu/zeolites are used for mobile sources [4,5]. 

Up to now, copper ion-exchanged zeolites, e.g., Cu/CHA, have been 
the commercial NH3-SCR material used for large-scale applications in 
diesel-powered vehicles, owing to the remarkable catalytic activity and 

long-term thermal stability [4,17]. Though Cu/zeolite catalysts show 
excellent performance, different substances (e.g., sulphur and phos-
phorus) in emissions may result in reversible or irreversible deactivation 
of Cu/zeolite catalysts [11,18]. The poisoning of phosphorus is generally 
considered irreversible through physical (i.e., pore blocking, surface 
masking, etc.) and chemical (i.e., interacting with active sites and the 
supports) mechanisms [18,19]. The volatile engine oils (e.g. lubricant 
ZDDP, zinc diakyl dithio phosphates) are typical sources of phosphorus 
in engine exhaust. For example, the American Petroleum Institute (API) 
regulations for phosphorus content in lubricants include 1200 ppm 
phosphorus for SH grade lubricants and less than 800 ppm phosphorus 
for SN grade lubricants, and this specification is also applied in many 
other markets, such as China. Our earlier studies [20–22] explored the 
effect of phosphorus on a copper-exchanged chabazite catalyst in SCR 
reactions and also compared the hydrothermal stability of fresh and P- 
poisoned samples. The properties of phosphorus and zeolite interactions 
were extensively studied to examine the behaviors of the catalysts to-
wards different aspects, e.g., hydrothermal stability, acid sites, and 
catalytic performance. It was found that phosphorus can act as a 
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promoter on Cu/zeolite catalysts, where phosphorous can increase high- 
temperature selectivity/conversion owing to the inhibition of non- 
selective ammonia oxidation caused by the reaction of phosphorus 
and unexchanged copper oxide. However, phosphorous can also have 
negative effects, such as in the decline in low-temperature catalytic 
activity and high-temperature hydrothermal stability. The effect of 
phosphorus poisoning on two Cu ions, i.e., ZCuOH and Z2Cu, was also 
elucidated [21], and it was found that the poisoning of Z2Cu involved 
P2O5, but that PO3

− /PO4
3− was responsible for ZCuOH poisoning. As a 

promoter, one recent study [23] found that the proper addition of 
phosphate ions can prevent the destruction of the zeolite framework 
caused by harsh aging. This results in preserving the ion-exchanged 
copper ions and the remarkable NH3-SCR activity of Cu/SSZ-13. Those 
authors have suggested that a small amount of phosphorus (approxi-
mately 1–2 wt%) in the exhaust gas may be beneficial for the hydro-
thermal stability of Cu/SSZ-13 with a low Si/Al ratio. In addition, low- 
phosphorus content has been suggested to enhance the catalytic activity 
of the SCR reaction [18]. Moreover, the addition of phosphorous was 
found to have only a minor impact on the SCR performance of Cu/FER 
catalysts. However, it was found that the poisoning effect of phosphorus 
was significant for the catalytic deactivation when co-addition with 
sodium was done [19]. 

As we know that CHA is a small-pore zeolite with an 8-membered 
ring, while MFI and BEA have a 10-membered ring and 12-membered 
ring, respectively. In addition, Cu/CHA is the current commercial SCR 
catalyst, and Cu/MFI or Cu/BEA is widely studied materials for SCR 
reaction. Therefore, these three materials are representative for studying 
the relationship between zeolite structure and phosphorus poisoning. 
However, according to our knowledge, a comparison of using CHA, MFI, 
and BEA framework on the mechanisms of the phosphorus poisoning of 
Cu/zeolites has not been studied, which is the objective of the current 
work. This study has provided a thorough investigation of phosphorus 
and zeolite interaction. We synthesized Cu/CHA, Cu/MFI, and Cu/BEA 
catalysts with analogous chemical components and studied them in 
detail using multiple techniques including ICP, XRD, BET, XPS, NH3- 
TPD, H2-TPR, NO-NH3-TPR and NO2-TPD. 

2. Experimental methods 

2.1. Catalyst synthesis 

Three types of zeolites in H form were used as blank catalysts for 
copper ion-exchanged catalysts. H/SSZ-13 zeolite (CHA) with a Si to Al 
mole ratio of ~ 10 was synthesized following the detailed procedures 
described elsewhere [24]. Beta zeolite (BEA, CP814E from Zeolyst) and 
ZSM-5 zeolite (MFI, CBV2314 from Zeolyst) with Si to Al mole ratios of 
around 10 were used, and the SAR ratios were measured with ICP. The 
BEA and MFI zeolites (NH4 forms) were transformed to H form by 
calcination at 550 ◦C for 4 h in static air in a furnace (5 ◦C /min). 

Three Cu-loaded catalysts with the aforementioned zeolite supports 
were prepared with the wetness impregnation method with Cu(NO3)2 
solution as the Cu precursor [25]. First, a calculated amount of Cu 
precursor was added to ethanol with magnetic stirring for 10 min. H 
form material (i.e., CHA, MFI, and BEA) was gently added to the Cu 
(NO3)2 solution, and then the mixing container was covered with foil 
and continuously stirred until the slurry became homogenously blue. 
After that, the obtained product was placed in a fume hood at room 
temperature overnight. The dried powder was well ground and calcined 
in static air at 600 ◦C for 8 h and thereafter at 750 ◦C for 2 h (2 ◦C/min). 

Phosphorus poisoning of the Cu/zeolite catalysts was carried out 
using the incipient wetness impregnation (IWI) method with a diluted 
(NH4)2HPO4 solution following the detailed procedures described else-
where [26].We previously systematically studied three different 
methods of phosphorus poisoning [20,22,26,27] that included (1) the 
IWI method with (NH4)2HPO4; (2) vapor-phase phosphorus exposure 
with aqueous H3PO4 solution; (3) phosphorus poisoning with biodiesel 

exhausts using a diesel burner aging rig. It was found that the phos-
phorus species formed on the catalyst using the three phosphorus 
poisoning methods had considerable similarities. It is also found that 
catalyst performance was similarly affected when the phosphorus con-
tent was similar. Therefore, the IWI method was applied to better con-
trol the phosphorus poisoning amount in the three zeolites in this study. 
Note that the P-poisoned catalysts were calcined at 550 ◦C for 4 h in 
static air in a furnace. The theoretical value of P to Cu molar ratio ~ 1.0 
was used for all the catalysts. According to our previous study [22], 
when the phosphorus content was too low (i.e. P/Cu less than 0.5), its 
effect on the catalytic performance was not obvious, while when the 
phosphorus content was too high it is a risk that the effect of the zeolite 
structure will be masked. We therefore choose a moderate phosphorus 
content, i.e. P/Cu ratio ~ 1. Three Cu/zeolite catalysts with different 
frameworks were denoted Cu/SSZ-13_F, Cu/ZSM-5_F, and Cu/BEA_F, 
and the P-poisoned catalysts were denoted Cu/SSZ-13_P, Cu/ZSM-5_P, 
and Cu/BEA_P. 

The powder of fresh and P-poisoned Cu/zeolite catalysts was loaded 
onto monoliths with a length of 20 mm and a diameter of 22 mm and a 
cell density of 400 cpsi. Details are described in our earlier work [28]. To 
improve the adhesion of the powder onto the monoliths during wash-
coating, Disperal P2 from Sasol was co-added as a binder. The mass ratio 
between catalyst powder and binder was around 95 to 5. The entire 
loading amount was about 700 mg. The obtained monolithic catalysts 
were calcined at 500 ◦C for 2 h in static air in a furnace. 

2.2. Flow reactor measurements 

All the activity experiments were carried out on monolithic catalysts 
in a horizontal quartz tube. Details are described elsewhere [28]. Con-
centrations of reactants and products (e.g., NH3, NO, H2O, etc.) were 
recorded in real time using the MultiGas FTIR spectroscopy gas analyzer 
(MKS 2030 model). A flow rate of 2800 ml/min with a GHSV of 22,100 
h− 1 was applied in all the experiments. Before reactions, the as-prepared 
monolithic catalysts were degreened at 500 ◦C for 2 h using 400 ppm 
NO, 400 ppm NH3, 5 % H2O, and 8 % O2 in Ar. Also note that the cat-
alysts were pre-treated using 8 % O2 in Ar at 550 ◦C for 30 min between 
standard NH3-SCR and NH3 oxidation. 

Standard NH3-SCR tests were carried out using 400 ppm NH3, 400 
ppm NO, 5 % H2O, and 8 % O2 in Ar with a total flow rate of 2800 ml/ 
min. The monolithic catalysts were heated to 550 ◦C and maintained at 
that temperature for 30 min in the reaction gases, and then the tem-
perature was stepwise reduced to 100 ◦C (20 ◦C/min) and maintained at 
each targeted temperature for 30 min. 

The NH3 oxidation tests were carried out using 400 ppm NH3, 5 % 
H2O, and 8 % O2 in Ar with a total flow rate of 2800 ml/min. First, the 
monolithic catalysts were exposed to the gas mixture at 550 ◦C for 30 
min, and then the temperature was gradually decreased to 300 ◦C 
(20 ◦C/min), and at each step the temperature was maintained for 30 
min. 

2.3. Catalyst characterization 

The results of the inductively coupled plasma (ICP) analysis of the 
Cu, P, Si, and Al content of the catalysts were provided by ALS Scandi-
navia AB. 

Specific surface areas (BET method) and pore volumes (t-plot 
method) were acquired with a Tristar 3000 instrument (Micromeritics) 
through the nitrogen adsorption and desorption isotherms. The samples 
were placed in liquid nitrogen, i.e., 77 K. Prior to the tests, the catalyst 
powder was degassed at 250 ◦C overnight in a continuous N2 flow. 

X-ray diffraction (XRD) was conducted on a BrukerAXS-D8 advance 
instrument equipped with an Ni-filtered copper K-alpha radiation with 
an X-ray wavelength of 1.5418 Å (40 kV, 40 mA). Spectra were recorded 
at 5-40◦ (2 theta) with 0.02◦ steps. 

X-ray photoelectron spectroscopy (XPS) was obtained with a PHI 

A. Wang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 454 (2023) 140040

3

Versa Probe Microprobe using mono-chromatic Al Kα X-rays (hν =
1486.6 eV). The energy resolution (FWHM) was 0.646 eV. The instru-
ment was calibrated through Au 4f7/2 = 83.96 eV, Ag 3d5/2 = 368.21 
eV, and Cu 2p3/2 = 932.62 eV. During the analysis, the XPS spectra 
were calibrated using the C 1 s spectrum at 284.8 eV. 

NH3 temperature-programmed desorption (NH3-TPD) was per-
formed using monoliths in the NH3-SCR setup to acquire the NH3 
adsorption/desorption of the weak/strong acid sites of the catalysts. The 
procedure was as follows: (1) pre-treat the catalyst at 550 ◦C using 8 % 
O2 in Ar for 30 min; (2) cool sample to 100 ◦C, then turn off O2, and 
maintain Ar flow for 10 min; (3) adsorb 400 ppm NH3 in Ar at 100 ◦C for 
1 h; (4) turn off NH3 and maintain Ar flow for 20 min at 100 ◦C; and (5) 
ramp from 100 ◦C to 600 ◦C (20 ◦C/min). 

H2 temperature-programmed reduction (H2-TPR) was carried out 
using a differential scanning calorimeter (DSC). The outgoing gas from 
the main line was introduced into the mass spectrometer (Hiden HPR-20 
QUI MS) for H2 detection. The experiment was performed from 25 to 
800 ◦C at a ramp rate of 10 ◦C/min with 2000 ppm H2 in Ar. 

NO temperature-programmed reduction (NO-NH3-TPR) was con-
ducted to evaluate the redox capacity of copper species close to the 
condition of a real NH3-SCR reaction. The procedure was as follows: (1) 
pre-treat the catalyst at 550 ◦C using 8 % O2 in Ar for 30 min; (2) cool the 
sample to 50 ◦C, then turn off O2, and maintain Ar flow for 10 min; (3) 
purge 400 ppm NO, 400 ppm NH3 in Ar at 50 ◦C for 1 h; (4) maintain NO 
and NH3 gases and ramp from 50 to 400 ◦C at a rate of 20 ◦C /min, and 
finally maintain the temperature at 400 ◦C for 10 min. 

NO2 temperature-programmed desorption (NO2-TPD) was used to 
study the interaction between NOx and the surface copper sites. The 
NO2-TPD procedure was conducted similar to the procedure for NH3- 
TPD, except that 400 ppm NO2 was added instead of 400 ppm NH3. The 
maximum desorption temperature was set at 550 ◦C. 

Note that some powder from each catalyst was degreened at 500 ◦C 
for 2 h using 400 ppm NO, 400 ppm NH3, 5 % H2O, and 8 % O2 in Ar for 
BET, XRD, XPS, and H2-TPR characterizations. 

3. Results and discussion 

3.1. Characterizations 

The influence of phosphorus poisoning on three types of Cu/zeolites, 
i.e., Cu/SSZ-13, Cu/ZSM-5, and Cu/BEA, with comparable chemical 
compositions was extensively investigated. Table 1 presents the Cu and 
P contents, the Si to Al ratio, the Cu to Al ratio, and the P to Cu ratio of 
the fresh and P-poisoned samples. The Si/Al ratios of Cu/zeolites were 
approximately 8 ~ 10, and the corresponding Cu/Al ratios were 
controlled at 0.25 ~ 0.35 to ensure that the majority of copper was 
located at ion-exchanged sites. The P/Cu ratios were calculated and 
found to be ca 0.8 ~ 1.1 for all three P-poisoned samples. 

Table 1 also shows the specific surface areas using the BET method 
and pore volumes using the t-plot method for fresh and P-poisoned Cu/ 
zeolite catalysts. Small differences were found in Cu/SSZ-13 and Cu/ 
BEA catalysts upon phosphorus poisoning, with a decline less than 5 % 
[21]. A moderate decrease in SBET and Vpore was observed in Cu/ZSM-5, 
approximately 10–20 %. These results suggest that the structure of the 
Cu/ZSM-5 catalyst experienced a certain degree of damage after 

phosphorus poisoning or possibly pore blocking, which was not found 
for the structures of CHA and BEA. 

X-ray diffraction analysis was conducted to detect possible changes 
in zeolite structure after phosphorus poisoning [6]. The obtained XRD 
patterns for all samples (panel a) and enlarged peaks (panels b-d) are 
presented in Fig. 1. Only minor changes were detected for Cu/SSZ-13 
(panel b) and Cu/BEA (panel d), which indicates that the framework 
structure of these materials was maintained mostly intact after phos-
phorus poisoning [18,23]. A comparison of the diffraction peaks for 
fresh and P-poisoned Cu/ZSM-5 samples (panel c) clearly shows a 
decrease in the crystallinity of this zeolite as a result of phosphorus 
poisoning, in line with the decrease in BET surface area and pore vol-
umes. No CuO phase located at peaks of 35.55◦ and 38.70◦ was found in 
the XRD pattern of P-poisoned Cu/ZSM-5, despite obvious structural 
damage [29]. Kwak et al. [30] clearly observed CuO peaks caused by the 
destruction of the zeolite structure in different Cu ion-exchanged zeo-
lites as a result of poisoning/hydrothermal aging. It is well known that 
phosphorus species (e.g., phosphate ions and phosphorus oxides) not 
only bonds to ion-exchanged Cu active sites, but these species can also 
possibly interact with Brønsted acid sites (likely with phosphate ions due 
to the basic nature) and surface hydroxyls/structural defects [22,26]. It 
is possible that the decrease in the crystallinity of the Cu/ZSM-5 sample 
was caused by the effect of phosphorus on acid sites instead of copper 
sites. In addition, the zeolite diffraction peaks shifted to lower angles in 
the P-poisoned Cu/ZSM-5 sample than in its fresh counterpart (panel c), 
which indicates that the lattice spacing of the zeolite structure expanded 
(approximately 0.005214 nm) in accordance with Bragg’s equation (d =

nλ
2sinθ) [22]. This peak shift phenomenon was visible but minor in Cu/SSZ- 
13 (panel b), and it was undetected in Cu/BEA (panel d). 

The distribution of phosphorus species among these P-poisoned 
samples was explored with the aid of XPS analysis. Fig. 2a shows the 
plots for the normalized XPS spectra of P 2p of Cu/SSZ-13_P, Cu/ZSM- 
5_P, and Cu/BEA_P samples. Three main types of phosphorus species are 
proposed based on the peak fitting. These species were identified as the 
oxide state, i.e., P2O5 centered at ca 135.6 eV, and anionic states, 
including PO3

− at ca 134.5 eV and PO4
3− at ca 133.4 eV. Similar species 

can be found in the literature [21]. The percentages of P2O5, PO3
− , and 

PO4
3− species were obtained through area integration and are shown in 

Fig. 2b. The results clearly show that the type of zeolite framework 
significantly influences the types of P species formed on the Cu/zeolite. 
The Cu/SSZ-13 sample exhibited a large amount of PO3

− and PO4
3− , 

which was less on the Cu/ZSM-5 sample and even less on the Cu/BEA 
sample. At the same time as PO3

− and PO4
3− species decreased, P2O5 

species increased. One possible reason for this could be related to the 
increased pore size of the zeolite (CHA (~3.8 Å), MFI (~5.5 Å), to BEA 
(~6.6 Å)). The increased pore size could result in less steric hindrance 
for P2O5 species, which could explain the large amount of P2O5 found in 
the Cu/BEA sample. However, there could also be other possible reasons 
for the differences between these three zeolite samples, such as Brønsted 
acid strength, the distribution of Cu species (i.e., Z2Cu and ZCuOH). 

More than 80 % of the phosphorus in the Cu/BEA sample did not 
chemically react with the catalyst but was simply in the physical state 
form (P2O5). P2O5 can form polycyclic dimers (P4O10) that then physi-
cally block the catalyst [31]. Note that although the Cu/BEA sample 

Table 1 
ICP analysis results, BET surface areas (SBET), and pore volumes (Vpore) for all samples.  

Sample Cu (wt.%) Si (wt.%) Al 
(wt.%) 

P 
(wt.%) 

Si/Al 
ratio 

Cu/Al 
ratio 

P/Cu 
ratio 

SBET 

(m2/g) 
Vpore 

(cm3/g) 

Cu/SSZ-13_F  3.1  31.0  3.7 − 8.1  0.35 − 653  0.30 
Cu/SSZ-13_P  2.9  30.0  3.6 1.25  8.0  0.34 0.88 639  0.29 
Cu/ZSM-5_F  2.1  33.9  3.3 − 10.0  0.27 − 397  0.15 
Cu/ZSM-5_P  2.0  34.1  3.2 0.93  10.2  0.26 0.97 344  0.12 
Cu/BEA_F  1.8  36.3  3.2 − 10.8  0.24 − 566  0.17 
Cu/BEA_P  1.8  34.9  3.3 0.94  10.1  0.23 1.06 562  0.17  
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contained a large amount of P2O5, the impact on the BET surface areas 
was negligible, as seen in Table 1. This can be attributed to the large 
aperture of BEA, ~ 6.6 Å [31,32]. Also, it is possible that part of the P2O5 
was on the surface of zeolite crystal and did not lead to a reduction in the 
BET areas. 

Cu 2p XPS were also performed on the P-poisoned Cu/zeolites and 
the spectra are shown in Fig. S1. As can be seen in the figure, the peak 
positions of Cu 2p3/2 are at 933.1 eV and 935.9 eV for P-poisoned Cu/ 
SSZ-13 samples, respectively, suggesting two different Cu(II) compo-
nents. The peak at 933.1 eV was assigned to Z2Cu/ZCuOH and the peak 
at 935.9 eV was assigned to Cu3(PO4)2/Cu(PO3)2 [33]. The peak posi-
tions of Cu2p3/2 were similar in the analysis of P-poisoned Cu/ZSM-5 
sample (Fig. S1b), (933.6 eV and 936.7 eV), thus indicating the pres-
ence of Z2Cu/ZCuOH and Cu3(PO4)2/Cu(PO3)2. However, it is clear that 
the amount of copper phosphate formed in the Cu/ZSM-5 sample is 

considerably smaller than that in the Cu/SSZ-13 sample. Cu 2p XPS was 
also performed over the P-poisoned Cu/BEA sample shown in Fig. S1c, 
where the peak position of Cu 2p3/2 was mostly centered at 933.7 eV. It 
is known that the interaction between Cu active sites and NH3 is a crucial 
step in the SCR reaction mechanism [34,35]. Therefore, these changes 
are critical to SCR performance, which will be discussed in Section 3.2 in 
combination with the flow reactor results. 

The nature of acid sites before and after phosphorus poisoning were 
studied with NH3-TPD analysis [36]. The complete NH3 adsorption/ 
desorption results are presented in Fig. S2 for the fresh and P-poisoned 
Cu/zeolites. Enlarged curves of the NH3 desorption regions are shown in 
Fig. 3a. A decline in NH3 storage capacity was found for all P-poisoned 
catalysts in comparison to the corresponding fresh ones, which was re-
flected in the shorter NH3 breakthrough time (Fig. S2) and weaker NH3 
desorption feature (Fig. 3a) [19,21]. 

To better understand the changes in NH3 desorption for various 
zeolite frameworks upon phosphorus poisoning, the desorption areas 
were integrated. The obtained results are plotted in Fig. 3b. Note that 
these values were normalized to an NH3 desorption amount from 700 
mg washcoat. It is clear that the Cu/SSZ-13 sample had a significantly 
greater decrease in NH3 storage capacity than the Cu/ZSM-5 and Cu/ 
BEA samples after phosphorus poisoning. Cu/SSZ-13 showed the largest 
decline in NH3 storage capacity (ca 25 %), although the total content of 
phosphorus was similar for these P-poisoned samples. This finding could 
be related to the XPS profiles (Fig. 2), where it was found that PO3

− /PO4
3−

is the main species in Cu/SSZ-13, and P2O5 is dominant in Cu/BEA. 
Combining these two characterization results, it can be inferred that 
P2O5 has a smaller impact on the amount of adsorbed NH3. 

The subtracted curves (i.e., the NH3-TPD curve for fresh samples 
(solid line) minus that for poisoned samples (dashed line)) are presented 
in Fig. 4a. Note that NH3-TPD experiments were performed in the 
absence of H2O to better observe the adsorption of NH3 onto surface 
hydroxyls/structural defects. In line with the literature [20,37,38], the 
desorption curve of NH3 from low- to high-temperature conditions was 
mainly composed of three parts: NH3 desorbed from surface hydroxyls/ 
structural defects, Cu ions, and Brønsted acid sites. The temperature of 
desorption of NH3 from surface hydroxyls/structural defects was mainly 
between 150 and 200 ◦C, while the desorption temperatures from the Cu 
sites and the Brønsted acid site were in the region of 250 ~ 350 ◦C and 
400 ~ 550 ◦C, respectively. Marberger et al. [39] have found that the 
desorption of NH3 from Brønsted acid sites occurs at around 450 ◦C in 
the fresh Cu/SSZ-13 catalyst, which is consistent with this work. Fig. 3 
(400 ~ 550 ◦C) shows that the amount of NH3 desorbed from Brønsted 
acid sites in the Cu/SSZ-13 sample was relatively small, which is due to 
that part of the Brønsted acid sites were replaced with Cu ions. Note that 
the desorption of NH3 from surface hydroxyls/structural defects (150 ~ 
200 ◦C), i.e., surface hydroxyls and structural defects [18], on the Cu/ 
ZSM-5 sample was much stronger than the desorption of the other two 
samples, as seen in Fig. 3a. It can be inferred that more surface hy-
droxyls/structural defects were present in the Cu/ZSM-5 sample. Ac-
cording to the N2 adsorption–desorption isotherms, the external surface 
areas were 27 m2/g (Cu/SSZ-13), 56 m2/g (Cu/ZSM-5), and 201 m2/g 
(Cu/BEA). It can be seen that Cu/ZSM-5 had a much larger external 
surface area than Cu/SSZ-13 but less than Cu/BEA. This could be 
explained that despite the large external specific surface area of Cu/BEA 
there were fewer defects on its grain integrity surface. 

Peak deconvolution was used to evaluate the loss of desorbed NH3 
for different sites after phosphorus poisoning. The collected results from 
relative area integration are presented in Fig. 4b for comparison. 
Clearly, all three types of NH3 desorption sites in these catalysts had 
experienced varying degrees of decline in NH3 storage capacity after 
phosphorus poisoning. A significant difference in the distribution of the 
decline of NH3 was found for different Cu/zeolites. It is worth noting 
that the dominant site for the decline in NH3 storage capacity for the Cu/ 
SSZ-13 sample was the Cu ions, accounting for approximately 69 %. The 
decrease in NH3 storage capacity on Brønsted acid sites and surface 

Fig. 1. XRD patterns for: (a) fresh and P-poisoned Cu/BEA, Cu/ZSM-5 and Cu/ 
SSZ-13 samples; (b) enlarged fresh and P-poisoned Cu/SSZ-13 samples; (c) 
enlarged fresh and P-poisoned Cu/ZSM-5 samples; (d) enlarged fresh and P- 
poisoned Cu/BEA samples. 
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hydroxyls/structural defects only accounted for 14 % and 17 %, 
respectively. A similar phenomenon was found for the Cu/BEA sample. 
Cu ions were also the most affected, approximately 50 % of the total 
decline of NH3 desorption. This suggests that phosphorus species, most 

likely PO3
− /PO4

3− , mainly interacted with Cu ions in P-poisoned Cu/SSZ- 
13 and Cu/BEA samples, which caused a decrease in NH3 adsorption. 
The exception was the Cu/ZSM-5 sample, where the weak acid sites, i.e., 
surface hydroxyls/structural defects, were the most affected (~58 % 
decrease), followed by Cu ions (~30 %) and Brønsted sites (~12 %). 
This is a very interesting finding. The XRD and BET results confirmed 
that the framework structure of the Cu/ZSM-5 sample experienced a 
certain decrease in crystallinity. For example, the surface area decreased 
from 397 to 344 m2/g after phosphorus poisoning, i.e. an approximately 
13 % decline. Thus, the majority of the crystalline phase is remained. 
The profiles of NH3-TPD experiments revealed that Brønsted sites and Cu 
ions were less affected, indicating that the structural damage found can 
be mainly related to surface hydroxyls/structural defects attacked by 
phosphorus species. This suggestion will be further supported with a 
variety of characterizations. 

Fig. 5 presents the H2-TPR profiles for the fresh and P-poisoned Cu/ 
zeolite samples. All samples in the figure show a reduction region 
around 150 ~ 650 ◦C, assigned to Cu2+ → Cu+ and/or Cu+ → Cu0 

[25,30]. Previous studies [30,40] have suggested that the reducible Cu 
species for the Cu/SSZ-13 catalyst should be Z2Cu, ZCuOH, and CuOx 
species at temperatures below 700 ◦C (Cu2+ → Cu+ for Z2Cu/ZCuOH 
and Cu2+ → Cu0 for CuOx), as Cu+ is normally reduced to Cu0 above this 
temperature for ion-exchanged copper. However, Cu2+ can be reduced 
to Cu0 (Cu2+ → Cu+ → Cu0) below 500 ◦C for Cu/ZSM-5 and Cu/BEA 
catalysts according to the literature [30]. Through integration and 
calculation, the H2/Cu ratio for fresh Cu/SSZ-13 was 0.48, i.e. close to 
0.5, which confirms a one-step reduction from Cu2+ to Cu+. Interest-
ingly, the H2/Cu ratio increased from 0.48 to 0.59 after phosphorus 
poisoning. This suggests that a portion of the Cu2+ ions in Cu/SSZ-13 
had undergone two reduction processes: Cu2+ to Cu+ and, thereafter, 
Cu+ to Cu0. These results are consistent with our previous study [21] and 
suggests that phosphorus poisoning facilitates the reduction. 

Furthermore, the H2/Cu ratios for Cu/BEA and Cu/ZSM5 were much 
less than 1.0, with values around 0.3 ~ 0.5. Specifically, H2/Cu ratios for 
fresh and poisoned Cu/ZSM-5 were 0.33 and 0.53, respectively, and for 
fresh and poisoned Cu/BEA were 0.41 and 0.56, respectively. According 
to the study from Nanba et al. [41], it is found that Cu+ can be stable in 

Fig. 2. (a) P 2p XPS spectra for Cu/SSZ-13_P, Cu/ZSM-5_P, and Cu/BEA_P; (b) The relative concentrations of three phosphorus species acquired through peak fitting.  

Fig. 3. (a) NH3 desorption curves for fresh (solid lines) and P-poisoned (dashed 
lines) Cu/BEA, Cu/ZSM-5 and Cu/SSZ-13 samples; (b) Integrated NH3 desorp-
tion amount (μmol, normalized to 700 mg washcoat) for fresh and P-poisoned 
Cu/BEA, Cu/ZSM-5 and Cu/SSZ-13 samples. 
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Cu/ZSM-5, which can possibly explain why the ratio of H2/Cu is low. In 
the same way, we propose that this is also the reason for the low H2/Cu 
ratio for Cu/BEA. Also, note that the H2 concentration used in this work 
was only 2000 ppm for the TPR experiments, which might result in less 
complete reduction of Cu2+. Interestingly, the significant enhancement 
in H2 consumption after phosphorus poisoning suggested that a portion 
of the copper ions poisoned by phosphorus would be directly reduced to 
Cu0 in TPR tests. For the NO-NH3-TPR discussed later in Fig. 6, the 
samples were pretreated at 550 ◦C using 8 % O2 in Ar for 30 min, where 
Cu+ could be re-oxidized to Cu2+. A NO/Cu consumption ratio close to 
one was found, showing that all Cu sites are accessible. Note that the 
consumption of H2 that was caused by the reduction of phosphorus 
species was excluded, according to our prior work; no H2 consumption 
was found for the P-poisoned H/SSZ-13 sample using the H2-TPR test 
[22] and the reduction temperature of copper phosphates was above 
1000 ◦C [42], i.e. significantly above our examined temperature 
interval. 

It is interesting to discover that the fresh samples showed smooth 
reduction features with increasing temperature, while the P-poisoned 
samples showed some sharp reduction peaks appeared. Note that the 
smooth reduction curves do not mean that only one reduction process 
occurred in the fresh catalysts. For example, one shoulder is apparent at 
200 ~ 300 ◦C in the TPR curve of the fresh Cu/SSZ-13 sample, accom-
panied by a main peak at ~ 450 ◦C. This suggests that the different 
reduction peaks overlapped during the TPR. Similar results were also 
found for the other two Cu/zeolites. 

The P-poisoned samples showed newly emerged peaks that are 
related to the phosphorus species that interacted with the Cu ions 
[21,22]. The sharp reduction peaks in the three poisoned samples were 
divided into two groups: the lower peak centered at 350 ~ 400 ◦C 
(denoted T1), and the higher one at 450 ~ 500 ◦C (denoted T2). 

Considering the presence of P2O5 and PO3
− /PO4

3− species, it was deduced 
that two different phosphorus-Cu complexes, e.g., P2O5-Cu ions and 
PO3

− /PO4
3—-Cu ions, were formed in these catalysts. The findings for 

P2O5 interacted with Z2Cu and PO3
− /PO4

3− interacted with ZCuOH were 
shown in our previous work [40], where we synthesized a series of Cu/ 
SSZ-13 with different Cu active sites distribution. The dominant Cu 
species residing in one sample was Z2Cu sites, whereas ZCuOH was the 
dominant species in another sample. Combined with different experi-
ments, we found that the poisoning of Z2Cu involves two P atoms, i.e., 
P2O5, but only one P atom (PO3

− ), or fewer (PO4
3− ), is needed for ZCuOH 

poisoning. Note that only one dominant reduction peak appeared in Cu/ 
SSZ-13 (only T2) and Cu/BEA (only T1), while both T1 and T2 appeared 
in Cu/ZSM-5 after phosphorus poisoning. PO3

− /PO4
3− was the main 

phosphorus species in the Cu/SSZ-13 sample in XPS results (Fig. 2), and 
P2O5 was the main species in the Cu/BEA sample. Since no H2 con-
sumption was found for the P-poisoned H/SSZ-13 sample using the H2- 
TPR test reported in our previous work [22], so we assume that PO3

− / 
PO4

3− species were not reducible in the temperature region of this study. 
Consequently, it is reasonable to infer that T1 is assigned to the reduc-
tion of Cu ions interacting with P2O5, while T2 is from the Cu ions that 
interacted with PO3

− /PO4
3− . It is worth mentioning that our prior work 

[21] showed that T2 was found to shift to a lower temperature as the 
amount of Cu ions-P2O5 increased in the Cu/SSZ-13 sample, but T1 was 
not observed. Therefore, the framework of zeolite probably also plays an 
important role in distinguishing T1 and T2. A detailed examination 
revealed that P2O5 seemed to shift the reduction temperature of Cu ions 
to low temperatures in the Cu/ZSM-5 and Cu/BEA samples, i.e., P2O5 
enhanced the redox ability of Cu ions. This will be further discussed in 
conjunction with data in Section 3.2. 

Inspired by the pioneering studies by Hammershoi et al. [43] and 
Villamaina et al. [44], the NO-NH3-TPR method with a NO and NH3 

Fig. 4. (a) The subtracted curves (Fresh – P-poisoned) from NH3-TPD for Cu/BEA, Cu/ZSM-5 and Cu/SSZ-13 samples; (b) The relative loss of NH3 desorbed from the 
three sites affected by P-poisoning acquired by using the peak fitting of the results in (a). 
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mixture was used to investigate the redox capacity of Cu ions in con-
ditions close to the real operating SCR environment. The samples were 
first pre-oxidized at 550 ◦C in 8 % O2/Ar for 30 min and then cooled to 
50 ◦C under the same gas flow. Subsequently, the O2 was turned off, and 
400 ppm NO/400 ppm NH3 was fed into the gas phase at 50 ◦C, and 
maintained for 1 h. Finally, the temperature was ramped from 50 ◦C to 
400 ◦C at 20 ◦C /min. The full profiles of the NO-NH3-TPR results for all 
the fresh and P-poisoned samples are shown in Fig. S3, and the enlarged 
NO consumption parts are presented in Fig. 6a. As can be seen, the three 
types of Cu/zeolite revealed diverse reduction behaviors after phos-
phorus poisoning, which clearly illustrates that phosphorus had 
different effects on the redox capacity of the Cu ions in the three sam-
ples. Since no NO consumption was found for the P-poisoned H/SSZ-13 
sample using the NO-TPR test (not shown), so we assume that phos-
phorus species were not reducible by NO. The subtracted curves (i.e., the 
NO-NH3-TPR curve for fresh samples (solid line) minus that for poisoned 
samples (dashed line)) are presented in Fig. 6b. 

According to the literature [44], the reactions for Cu ion (i.e., Z2Cu 
and ZCuOH) reduction are as follows:  

Z2Cu2+ + NO + NH3 → ZCu+ + ZH + N2 + H2O                             (1)  

ZCu2+OH + NO + NH3 → ZCu+ + N2 + 2H2O                                 (2) 

Reactions (1) and (2) indicate that the reduction of one copper ion, 
either Z2Cu or ZCuOH, requires the consumption of one NO and one 
NH3 [43,44]. The NO consumption areas were therefore integrated, and 
the obtained results are shown in Fig. 6c. The Cu amount (μmol) 
calculated from ICP results is shown for comparison. These values were 
normalized to NO consumption from 700 mg washcoat. The amount of 
NO consumed by the fresh samples was the same as the amount of 
copper from the ICP results, which confirms the above reactions and also 
shows that the Cu species in the three samples were mainly in the form of 
Cu ions since CuOx clusters do not consume NO. The order in which Cu 
ions were affected is: Cu/SSZ-13 > Cu/ZSM-5 > Cu/BEA. This is 
consistent with the XPS, NH3-TPD, and H2-TPR results and also confirms 
that PO3

− /PO4
3− possesses the most negative influence on the redox 

ability of Cu ions in real SCR conditions. Note that the decrease in the 
crystallinity of Cu/ZSM-5 was not reflected in a sharp decline in effective 

Fig. 5. H2-TPR profiles of fresh and P-poisoned Cu/BEA, Cu/ZSM-5 and Cu/ 
SSZ-13 samples. 

Fig. 6. (a) NO-NH3-TPR profiles for fresh (solid lines) and P-poisoned (dashed 
lines) Cu/BEA, Cu/ZSM-5 and Cu/SSZ-13 samples;(b) The curves subtracted 
from the NO-NH3-TPR of Cu/BEA, Cu/ZSM-5 and Cu/SSZ-13 samples; (c)) In-
tegrated NO consumption amount (μmol, normalized to 700 mg washcoat) for 
the fresh and P-poisoned Cu/BEA, Cu/ZSM-5 and Cu/SSZ-13 samples together 
with ICP results. 
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Cu ions, where most Cu ions were still ion-exchanged to the framework. 
Combined with the data from NH3-TPD experiments, it can be suggested 
that the minor destruction of the Cu/ZSM-5 structure was due to the 
phosphorus attacking the surface defects of the zeolite. In addition, the 
zeolite diffraction peaks (Fig. 1c) shifted to lower angles in the P- 
poisoned Cu/ZSM-5 sample than in its fresh counterpart, suggesting that 
the phosphorus caused local expansion and minor breakage of the 
structure. However, this low level of destruction does not seem to cause 
any large-scale loss of Brønsted acid sites and Cu active sites, but it does 
block the zeolite pores to a certain extent and leads to a decrease in 
specific surface area and pore volume. 

Previous studies [21,37,45] have suggested that ZCuOH is easily 
affected by sulphur/phosphorus poisoning. Therefore, NO2 adsorption/ 
desorption experiments were conducted to quantitatively probe the 
extent to which ZCuOH is affected by phosphorus poisoning in different 
zeolites, as shown in Fig. 7a (adsorption region) and Fig. 7b (desorption 
region). Recent studies [44] have demonstrated that only ZCuOH can 
adsorb NO2 in the form of nitrates; the equation is as follows:  

2ZCu2+OH− + 3NO2 → 2ZCu2+NO3
− + NO + H2O                            (3) 

One ZCuOH site can form one nitrate species, which decomposes and 
desorbs one NO2. Every-two nitrates produced release one NO. There-
fore, the theoretical ratio of ZCuOH: NO2 desorbed: NO released is 2: 2: 
1. The integrated areas of released NO and desorbed NO2 are shown in 
Table 2, and the NO/NO2 ratios are further calculated and shown in the 

table. All the amounts (μmol) were normalized based on 700 mg of 
washcoat. As expected, the obtained NO/NO2 ratios for all the samples 
were ca 0.5 (0.4 ~ 0.6), which is consistent with Reaction (3). 

The content of ZCuOH was obtained by averaging of the amount of 
released NO and desorbed NO2 (ZCuOH = [(NO released)*2 + (NO2 

Fig. 7. NO2-TPD profiles. (a) NO2 adsorption region for fresh and P-poisoned Cu/BEA, Cu/ZSM-5 and Cu/SSZ-13 samples;(b) NO2 desorption region for fresh and P- 
poisoned Cu/BEA, Cu/ZSM-5 and Cu/SSZ-13 samples. 

Table 2 
NO released amount, NO2 desorbed amount, NO/NO2 ratios, ZCuOH amount 
obtained from NO2-TPD experiments, Cutotal calculated from ICP, and the per-
centage of ZCuOH.  

Sample NO 
released 
(μmol) 

NO2 

desorbed 
(μmol) 

NO/ 
NO2 

ratio 

ZCuOH* 
(μmol) 
(NO2- 
TPD) 

Cutotal 

(μmol) 
(ICP) 

ZCuOH/ 
Cutotal 

(%) 

Cu/SSZ- 
13_F 

92 210  0.44 197 324 61 

Cu/SSZ- 
13_P 

64 149  0.43 138 304 44 

Cu/ZSM- 
5_F 

79 137  0.57 147 220 67 

Cu/ZSM- 
5_P 

68 120  0.56 128 209 61 

Cu/ 
BEA_F 

74 144  0.52 146 188 77 

Cu/ 
BEA_P 

72 130  0.55 137 188 73  

* ZCuOH = [(NO released)*2 + (NO2 desorbed)]/2. 
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desorbed)]/2), to minimize small experimental errors. The total amount 
of Cu in the samples calculated from ICP is also presented in Table 2. 
Consequently, the percentage of ZCuOH in the total Cu ions of the 
samples can be obtained. After phosphorus poisoning, approximately 28 
%, 9 %, and 5 % (calculated using (ZCuOHFresh − ZCuOHPoisoned) / 
ZCuOHFresh) of ZCuOH in the Cu/SSZ-3, Cu/ZSM-5, and Cu/BEA sam-
ples, respectively, lost the capacity to adsorb NO2. This is in line with the 
results from NH3-TPD and NO-NH3-TPR, which showed that Cu/SSZ-13 
was the most affected of the samples. 

Two types of Cu ions, Z2Cu and ZCuOH, were identified as present in 
the Cu/zeolites, and these sites behaved differently in their capacity to 
store NH3; one Z2Cu site could adsorb four ammonia molecules, while 
one ZCuOH site could only adsorb three ammonia molecules [44,46]. 
The NH3-TPD data presented in Fig. 3 and Fig. 4 can be used to calculate 
the loss in the capacity of Cu ions to store NH3 after phosphorus 
poisoning. For instance, the decrease in the capacity of Cu ions in Cu/ 
SSZ-13 to store NH3 was (1261–982) × 69 % = 193 μmol. NO-NH3- 
TPR results (Fig. 6) also gave information on Cu ions that lose redox 
ability in real SCR conditions after phosphorus poisoning, e.g., the 
amount of deactivated Cu ions in Cu/SSZ-13 was around (324–251) =
73 μmol. As mentioned above, one Z2Cu can store four ammonia mol-
ecules, and one ZCuOH can store three ammonia molecules. We found 
that multiplying this value by three approached the amount of the 
reduction in the NH3 storage capacity of the Cu ions (219 μmol vs 193 
μmol). This could suggest that the Cu ions that are poisoned and lose 
their redox ability are mostly ZCuOH. 

To further support this suggestion, the amount of ZCuOH poisoned 
by phosphorus was obtained from NO2-TPD profiles (Fig. 7 and Table 2). 
The poisoned ZCuOH in Cu/SSZ-13 was around (197–138) = 59 μmol. 
This value multiplied by three gives the loss of NH3 storage capacity 
caused by ZCuOH poisoning as equal to 177 μmol. Considering the 
experimental errors, these three values, i.e., 193 μmol from NH3-TPD, 
219 μmol from NO-NH3-TPR, and 177 μmol from NO2-TPD, can be 
considered consistent. These findings suggest that ZCuOH in Cu/SSZ-13 
had lost its redox functionality and ability to adsorb NH3 due to phos-
phorus poisoning. The same calculations and comparisons were also 
applied to Cu/ZSM-5 and Cu/BEA. All the results are shown in Fig. 8. 
The above finding clearly applies to all three catalyst systems. A recent 
study by our group [21] has suggested that the poisoning of Z2Cu in-
volves P2O5, but the interacted phosphorus species was PO3

− /PO4
3− for 

ZCuOH contamination. This finding can explain why BEA was less 
affected by phosphorus poisoning, mainly because phosphorus exists to 
large extent in the form of P2O5. 

3.2. Catalytic tests 

As shown in Fig. 9, NH3 oxidation kinetics give some interesting 
differences for fresh and P-poisoned samples with different framework 
structures. A significant decrease in NH3 conversions was found for the 
Cu/SSZ-13 sample after phosphorus poisoning [20,21]. Interestingly, 
the performance of the other two Cu/zeolites towards NH3 oxidation 
increased after phosphorus poisoning, especially the Cu/ZSM-5 sample. 
For example, the NH3 conversion of P-poisoned Cu/ZSM-5 increased 
from 56 % to 76 % at 550 ◦C compared to its fresh counterpart⋅NH3 
conversions at 550 ◦C for Cu/BEA after phosphorus poisoning changed 
from 31 % to 36 %. Both CuOx clusters and Cu ions (Z2Cu and ZCuOH) 
possess the ability for NH3 oxidation [25]. Therefore, the increased/ 
decreased catalytic activity for NH3 oxidation could be closely related to 
the changes in CuOx clusters and/or Cu ions. Combined with the XPS, 
TPD, and TPR results, the dramatic decrease in the activity of the P- 
poisoned Cu/SSZ-13 sample could be caused by the poisoning of Cu ions 
by PO3

− /PO4
3− species [21,22]. Considering some destruction of the 

zeolite framework of the P-poisoned Cu/ZSM-5, the increase in its cat-
alytic activity towards NH3 oxidation suggests that a small amount of Cu 
ions had detached from the framework to form CuOx clusters. As the 
CuOx clusters were very active for NH3 oxidation at high temperature 
[17], and the decrease in Cu ions was minor, according to NH3-TPD, NO- 
NH3-TPR, and NO2-TPD results for P-poisoned Cu/ZSM-5, the detached 
Cu ions were very limited. 

It was interesting to observe the small increase in the activity of P- 
poisoned Cu/BEA, which showed no destruction, as seen in the XRD 
results. XPS results (Fig. 2) revealed that the dominant phosphorus 
species in P-poisoned Cu/BEA was P2O5, accounting for more than 80 %. 
The increase in activity in this context is not believed to be due to the 
formation of new CuOx species, which was supported by findings from 
an NH3-SCR test shown later where the selectivity for high temperature 
remained good [25]. H2-TPR profiles indicate that the presence of P2O5 
shifted the reduction temperature of Cu ions to low temperatures in Cu/ 
BEA. Therefore, we propose that P2O5 slightly enhanced the redox 
ability of Z2Cu in P-poisoned Cu/BEA, which results in a minor increase 
in NH3 conversion. 

Fig. 10a presents steady-state NO conversion as a function of time 

Fig. 8. A comparison of the loss of NH3 storage capacity on Cu ions were for 
Cu/BEA, Cu/ZSM-5 and Cu/SSZ-13 samples determined based on (NH3 
desorption of Fresh-NH3 desorption of Poisoned) * Cu ions percentage from 
XPS; the deactivated Cu ions from NO-NH3-TPR × 3 ((NO spent of Fresh –NO 
spent of Poisoned)*3); and the poisoned ZCuOH from NO2-TPD × 3 ((NO2 
desorption of Fresh-NO2 desorption of Poisoned)*3). 

Fig. 9. The conversion of NH3 oxidation as a function of temperature for fresh 
and P-poisoned Cu/BEA, Cu/ZSM-5 and Cu/SSZ-13 samples. 
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from an NH3-SCR experiment for fresh and P-poisoned Cu/BEA, Cu/ 
ZSM-5 and Cu/SSZ-13 catalysts. Significant differences can be found 
in the NH3-SCR performance of the three samples after phosphorus 
poisoning. To better understand the effects of phosphorus poisoning, the 
subtracted curves (i.e., the SCR curve for fresh samples minus that for 
poisoned samples, i.e., Loss of activity (%) = Cfresh − Cpoisoned, C represents 
NO conversion) are presented in Fig. 10b. The affected activities of the 
three samples all occurred in the low- and medium-temperature areas, 
around 100 ~ 300 ◦C for Cu/SSZ-13 and Cu/BEA, and around 100 ~ 
400 ◦C for Cu/ZSM-5. The P-poisoned Cu/BEA, surprisingly, showed 
better NO conversion in the low-temperature region than its fresh 
counterpart. This is the complete opposite of findings for Cu/SSZ-13 and 
Cu/ZSM-5 samples, where negative effects were observed. 

This phenomenon for Cu/BEA can be explained based on the above 
characterization results. Only ZCuOH was found to lose its ability to 
adsorb NH3 and redox due to phosphorus poisoning, and as summarized 
in Fig. 8, Cu/BEA was the least affected sample. In addition, at low 
temperature P2O5 is suggested to enhance the redox ability of Z2Cu in P- 
poisoned Cu/BEA, which results in an increase in its activity in NH3- 
SCR. The low-temperature deactivation of Cu/SSZ-13 can be explained 
by ZCuOH being significantly poisoned by PO3

− /PO4
3− . In addition, Guo 

et al. [47] have found using impedance spectroscopy that P also hinders 
the movement of the Cu species. Interestingly, the activity of Cu/ZSM-5 
also showed a large decline in low-temperature conditions, and Cu ions 
and Brønsted acid sites did not show any significant decrease. Why did 
the active sites remain while the activity of the catalyst was seriously 
reduced? We can see that the activity in the high-temperature region 
(greater than400 ◦C) was not greatly affected. This is a reminder of the 
low-temperature reaction mechanism of NH3-SCR. Due to the need to 
activate O2, Gao et al. [35] and Paolucci et al. [34] have addressed the 

evolution of (NH3)2Cu2+− O2 − Cu2+(NH3)2 through mobile NH3-sol-
vated Cu ions, which are significantly more active for the dissociation of 
O2 than a single Cu ion site. This suggests that two isolated Cu ions are 
required for efficient O2 activation at low temperature. According to 
XRD and BET results, local expansion and cracking happened because 
the phosphorus attacked the surface defects of the zeolite, which can 
block the pore cages to a certain extent. We suggest that a possible 
reason for the decreased low temperature activity is that the P blockage 
might affect the free movement of ammonia-solvated Cu ions in low- 
temperature conditions, thereby reducing the probability of the forma-
tion of (NH3)2Cu2+− O2 − Cu2+(NH3)2. The reaction mechanism in high- 
temperature conditions is completely different, where only one Cu ion is 
needed [34,35]. This can be one reason why the high-temperature ac-
tivity was not affected. In addition, at high temperature the ammonia 
conversion is usually very high and limits the NOx conversion, by 
lowering the selectivity, and when there is high conversion it could be 
difficult to assess the deactivation. 

The effect of phosphorus poisoning on the formation of N2O in NH3- 
SCR experiments was further investigated for fresh and P-poisoned 
samples, as shown in Fig. S4. It is well known that the N2O formation of 
Cu/zeolite catalysts presents a low-temperature peak located at around 
200 ~ 250 ◦C [48]. The formation of N2O in high-temperature condi-
tions (greater than350 ◦C) can be attributed to the un-selective NH3-SCR 
[25]. Clearly, the amount of N2O produced by fresh Cu/BEA was much 
greater than that produced by fresh Cu/SSZ-13 and fresh Cu/ZSM-5, 
both in low- and high- temperature conditions. This result is consis-
tent with previous findings [30]. The amount of N2O produced by Cu/ 
BEA increased after phosphorus poisoning, while the amount produced 
by Cu/SSZ-13 and Cu/ZSM-5 decreased, in line with NH3-SCR results. 

4. Conclusions 

Three catalysts with different framework structures with comparable 
Si/Al and Cu/Al ratios, i.e., Cu/SSZ-13, Cu/ZSM-5, and Cu/BEA, were 
synthesized, and a theoretical phosphorus poisoning level of P/Cu equal 
to 1 was employed using the IWI method with a (NH4)2HPO4 solution. 
Fresh and P-poisoned samples were used to study the effect of phos-
phorus on catalysts with different framework structures for standard 
SCR reactions. Multiple techniques, consisting of XRD, BET, XPS, 
various TPR and TPD, were used to gain an in-depth understanding of 
the deactivation and promotion mechanisms of these three samples after 
the addition of phosphorus. 

The structures of Cu/SSZ-13 and Cu/BEA remained largely intact 
after phosphorus poisoning, however, the Cu/ZSM-5 sample clearly 
showed a decrease in the crystallinity of the zeolite as a result of phos-
phorus poisoning. We suggest that the minor destruction of the Cu/ZSM- 
5 structure occurred because phosphorus attacked the surface defects of 
the zeolite, causing local expansion and cracking. 

The choice of zeolite framework for Cu/zeolites clearly affects the 
species formed during phosphorus poisoning. P2O5 was dominant in Cu/ 
BEA, while PO3

− /PO4
3− was the main species in Cu/SSZ-13, and the re-

sults for Cu/ZSM-5 were in between. One possible reason for this could 
be that the large pore size of Cu/BEA (CHA (~3.8 Å), MFI (~5.5 Å), to 
BEA (~6.6 Å)) results in less steric hindrance for the large P2O5 species. 
P2O5 is suggested to enhance the redox ability of Z2Cu in P-poisoned Cu/ 
BEA, which results in an increase in its activity in NH3-SCR reactions in 
low-temperature conditions. ZCuOH sites were significantly poisoned by 
the PO3

− /PO4
3− in Cu/SSZ-13, resulting in low-temperature deactivation. 

The activity of the Cu/ZSM-5 sample also showed a great decline in low- 
temperature conditions but was well maintained in high-temperature 
conditions. It is suggested that the blockage of the zeolite pore in Cu/ 
ZSM-5, caused by local expansion and some cracking, affected the free 
movement of ammonia-solvated Cu ions in low-temperature conditions. 
We speculate that this result reduced the probability of the formation of 
(NH3)2Cu2+− O2 − Cu2+(NH3)2, which is a key step for O2 activation. 
The reaction mechanism in high-temperature conditions was completely 

Fig. 10. (a) NO conversion as a function of temperature during standard NH3- 
SCR experiments for fresh and P-poisoned Cu/BEA, Cu/ZSM-5 and Cu/SSZ-13 
samples; (b) The curves subtracted from the NO conversion of Cu/BEA, Cu/ 
ZSM-5 and Cu/SSZ-13 samples. 
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different (i.e., only one Cu ion was required), which explains why high- 
temperature activity was not affected. 
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