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Abstract 
Ni promoted structured plate-type Pt/Nix/a-AlOOH catalysts were developed 
to enhance the amount of hydroxyl group, therefore improving the catalytic 
activities for formaldehyde oxidation at room temperature. The analyzation 
results by XRD and HRTEM indicate that two kinds of materials, AlOOH and 
NiOOH, are detected on the surface of Pt/Nix/a-AlOOH. It can be seen from 
the result of TG that the hydroxyl group on the catalyst surface increased af-
ter Ni was loaded. Furtherly, XPS results show that the percentage of hydrox-
yl groups which can effectively absorb formaldehyde increases from 36.4% to 
72.8% by doping Ni. In addition, the content of Pt0 increased from 27.5% to 
45%. The results indicate that optimized Pt1.15/Ni3.1/a-AlOOH has the best 
catalytic activity with the CO2 conversion is 88% at 25˚C and 100% at 40˚C, 
while CO2 conversion over Pt1.2/a-AlOOH is 56% at 25˚C and 100% at 100˚C 
respectively. Hence, the Ni promoted plate-type Pt/a-AlOOH possesses high 
efficiency and it provides a new idea for catalyst design of formaldehyde oxi-
dation. 
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1. Introduction 

Formaldehyde (HCHO) is a typical indoor air pollutant, mainly from furniture 
materials and home building [1] [2]. Long-term exposuring to HCHO can lead 
to dizziness, headache, fatigue, nausea, memory loss, decreased immunity, and 
even to death [3] [4] [5]. Therefore, the elimination of HCHO has a vital impact 
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on human safety and environmental protection. 
Catalytic oxidation technology can completely decompose HCHO into H2O 

and CO2. With low reaction temperature, high efficiency, good stability and no 
secondary pollution, it has become the focus of researchers. In the process of 
catalytic oxidation of HCHO, the catalytic properties of different catalysts are 
quite different. Therefore, the key to catalytic oxidation technology is to find 
catalysts with high efficiency and low cost. At present, the catalysts used for cat-
alytic oxidation of HCHO include noble metal catalysts (such as Pt, Au, Pd, Ag) 
[6]-[15] and metal oxides (such as MnOx and Co3O4) [16]-[23]. While among 
these catalysts, Pt has been widely studied for its remarkable activity. Common 
carriers are materials with large specific surface area, such as TiO2 [24] [25], 
Al2O3 [26], AlOOH [27] [28], etc. These materials are conducive to the adsorp-
tion and diffusion of reactants and products, and can also enhance the interac-
tion between carriers and active components [29] [30]. 

Hongfang Li [31] et al. prepared the Au/CeO2 catalyst and tested the activity. 
The catalyst can oxidize HCHO into CO2 and H2O at 50˚C. Chun-Chang Ou 
[32] et al. compared the effect of calcination temperatures and h2 reduction pre-
treatment on the catalyst. It was found that when calcined at 573K and then re-
duced by 10% H2/N2 at 473K, the formaldehyde can be completely converted at 
333K by Ag/CeO2. Ying Chen [33] et al. discussed the effect of alkali metal salt 
on Pt/mno2 catalyst. According to the research, Na+ modification was a simple 
and effective method to improve the performance of formaldehyde oxidation 
catalyst, and the conversion rate of formaldehyde can reach 100% at 50˚C. 
Xiucheng Sun et al. supported Rh with titanium dioxide, which can absorb oxy-
gen in the air and convert it into reactive oxygen atom, and oxidize HCHO into 
CO2 and H2O, obtaining outstanding catalytic activity [34]. Bing-bing Chen et al. 
used the deposition-precipitation method to load Au onto γ-Al2O3 and pointed 
out that it had good activity due to the presence of hydroxyl groups on the sur-
face [26]. Zhaoxiong Yan et al. used AlOOH as the carrier, loading Au onto 
AlOOH by impregnation method, and prepared catalysts with high oxidation 
activity to oxide HCHO by controlling the structure of the carrier and the parti-
cle size of the active component [35]. 

Traditional AlOOH can absorb HCHO, but cannot oxide HCHO. Our previ-
ous work [36] found that the anodic AlOOH (a-AlOOH) exhibited a high cata-
lytic activity on HCHO oxidation. The excellent catalytic performance could be 
attributed to the well-developed {031} {200} {002} facets which generated on the 
a-AlOOH [37] [38] [39]. Besides, there are more active hydroxyl groups on 
a-AlOOH. More hydroxyl groups on the catalyst can provide more sites for the 
adsorption of formaldehyde, which is more conducive to the catalytic oxidation 
of formaldehyde. Therefore, how to further improve the surface hydroxyl of cat-
alyst is a crucial question. In our previous works [35], Fe was loaded on the cat-
alyst to increasing the hydroxyl content. Because it can form FeOOH, which is 
good for forming more hydroxyl groups. Tengfei Yang et al. supported Ni on the 
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catalyst, indicating that the hydroxyl formed by Ni was conducive to promoting 
the oxidation of HCHO at the active site [12]. Therefore, in this paper, we try to 
increase the hydroxyl content by loading Ni on the catalyst in the form of 
NiOOH. 

In this work, Ni was doped on the plate-type Pt/a-AlOOH catalysts to im-
prove the performance for formaldehyde oxidation at room temperature. Firstly, 
the physicochemical properties of the catalysts were compared by scanning elec-
tron microscopy (SEM) and Brunauer-Emmett-Teller (BET). Secondly, the ac-
tivities of a-AlOOH, Pt/a-AlOOH and Pt/Nix/a-AlOOH catalysts were evaluated 
for formaldehyde oxidation at room temperature. Finally, the effects of Ni amount 
enhancing the hydroxyl groups were investigated by X-ray diffraction (XRD), 
high-resolution transmission electron microscopy (HRTEM), thermogravimetry 
(TG) and X-ray photoelectron spectroscopy (XPS). 

2. Experimental 
2.1. Catalyst Preparation 

Catalyst support was prepared by anodization of the 200 × 200 × 0.4 mm 
plate-type aluminum plate (1060) in a 0.4 wt% oxalic acid solution for 10 hours 
at 20˚C with the current density of 25 A/m2. Then the catalyst was calcined at 
350˚C for 1 hour in muffle, in order to the residual oxalic acid could be decom-
posed in the pore structure of the anodic alumite film. To increase the BET sur-
face area of the support, immerse the plate in deionized water at 80˚C for 1 - 2 
hours, namely Hot Water Treatment (HWT) [29]. After HWT, the plate was 
naturally dried at room temperature for 6 hours, the resulting plate was denoted 
as a-AlOOH. The a-AlOOH support was calcined at 250˚C for 4 h and then was 
immersed in nickel nitrate solution (Ni(NO3)2), subsequently washed with de-
ionized water and dried in ambient conditions for 12 hours, denoted as Nix/ 
a-AlOOH. 

Nix/a-AlOOH support was immersed into the mixed solution of 0.1 - 0.8 g/L 
H2PtCl6∙6H2O under magnetic stirring for 4 h to achieve the nominal weight of 
Pt equals to 1.2 wt%, then dried in ambient conditions for 12 hours. Then the 
catalyst was immersed into NaBH4 solution (0.01 mol/L) for 1h. Finally, the cat-
alyst was washed with deionized water and dried in ambient conditions for 12 
hours. The obtained catalyst was denoted as Pt/Nix/a-AlOOH. 

2.2. Characterizations 

The surface morphology of catalysts was characterized by a scanning electron 
microscopy (SEM) (JSM-6360LV, JEOL). The Brunauer-Emmett-Teller (BET) 
surface area (SBET) determined by a multipoint BET method, and pore structure 
of catalysts were obtained from nitrogen adsorption data in the relative pressure 
P/P0 range of 0.0 - 1.0 measured by using a Micromeritics ASAP 2020-M nitro-
gen adsorption apparatus (USA). The single-point pore volume (Vp) and pore 
size distributions (PSD) were determined by using desorption data by the 
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Barret-Joyner-Halender (BJH) method.  
X-ray powder diffraction (XRD) patterns of the different supports and 

as-prepared samples were recorded on a Rigaku D/MAX 2550 VB/PC X-ray 
diffractometer (Japan) using copper-anode radiation operated at 30 kV and 40 
mA. The data was collected over the 2θ angle ranging from 10˚ to 80˚ with a 
scan step of 0.02˚. Transmission electron microscope (TEM) was characterized 
on a JEM-2100HR TEM (JEOL, Japan). Thermal gravimetric analysis (TGA) of 
the samples was performed on a WRT-3P TG equipment with a humidity con-
troller. To determine the temperatures at which water molecules were lost as 
samples were heated. Samples (~10 mg) were heated in N2 flow (40 cm3∙min−1) at 
a heating rate of 10˚C∙min−1 from 25˚C to 650˚C. XPS measurements were ana-
lyzed on an XSAM-800 apparatus (Kratos, UK), equipped with Al Kα X-ray with 
1486.6 eV as the excitation source, and all the binding energies were calibrated 
respect to the graphite C 1s peak at 284.8 eV. 

2.3. Catalytic Activity Evaluation 

The catalytic activity evaluation for the catalytic oxidation of HCHO under at-
mospheric pressure was performed in a fixed-bed quartz flow reactor (i.d = 10 
mm) as shown in Figure 1. Air from a compressor flowed into a bubbler filled 
with HCHO solution (HCHO: 35%) in a water bath maintained at 30˚C and 
then mixed with the HCHO stream evaporated by heating. The inlet concentra-
tion of HCHO was controlled by adjusting the bath temperature and the air flow 
rate. The feed gas composition was 180 ppm of HCHO. The total flow rate was 
220 mL/min, corresponding to a gas hourly space velocity (GHSV) of 15,000 h−1. 
The plate-type aluminum monolithic catalyst was cut into 2 - 4 mm2. Then, ap-
proximately 0.3 g catalyst mixed with 1 g quartz sands (20 - 40 plate, Yonghua 
Co., Ltd.) was packed into the quartz tube reactor. The left and right sides of the 
reactor were filled with quartz fibers. The catalytic activity tests were conducted 
at the temperature range from 15˚C to 140˚C. The inlet and outlet gas CO2 were 
monitored using a gas chromatograph equipped with a flame ionization detector 
(FID) and methanizer. Before the gas analysis, the CO2 was quantitatively con-
verted into methane under H2 present. A PORAPAK-Q column was used to 
separate the CO2 and CO gas. The CO2 was determined by residence time. The 
temperature of the ionization detector and the column were 120˚C and 90˚C. 
The HCHO conversion was calculated using the degree of HCHO consumption.  
 

 
Figure 1. The flow-process chart for catalytic oxidation of HCHO experiment. 
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The removal percentage of HCHO was calculated as follows: 

( ) HCHO,0 HCHO,0

HCHO,0

HCHO convers % 100%
n n

n
−

= ×  

where the nHCHO,0 and nHCHO,t represent the concentration of HCHO at the inlet 
and outlet of the reactor. 

3. Results and Discussion 
3.1. Structure and Morphology of the Catalyst Support 

Figure 2(a) and Figure 2(b) show the surface morphology and structure of 
a-AlOOH and Pt1.15/Ni3.1/a-AlOOH catalyst by SEM. It can be seen that the sur-
face of the catalyst is like honeycomb. The surface of the catalyst changes a little 
before and after the loading, probably because of the interaction between Pt or 
Ni and the carrier, indicating that Pt distributed on the surface of the catalyst 
evenly. This is the same with the specific surface area and pore width in the BET 
characterization results. 

Table 1 shows that with the increasing of Ni content, SBET of the catalyst 
gradually decreased, but they are all a little bigger than those without Ni, which 
might be due to the loading of Ni, or because the strong acidity of the Ni(NO3)2  
 

 
(a)                                       (b) 

Figure 2. SEM images of (a) a-AlOOH support (b) Pt1.15/Ni3.1/a-AlOOH catalyst. 
 
Table 1. The physical properties of a-AlOOH, Ni3.1/a-AlOOH and Pt/Nix/a-AlOOH sam-
ples. 

Catalysts SBET/(m2·g−1) Vpore/(cm3·g−1) dpore/nm Pt/wt%a Ni/wt%a 

a-AlOOH 86.8 0.13 4.14 N/A N/A 

Ni3.1/a-AlOOH 85.0 0.11 4.21 N/A 3.1 

Pt1.2/a-AlOOH 84.2 0.12 4.20 1.2 N/A 

Pt1.10/Ni0.8/a-AlOOH 91.0 0.12 4.12 1.10 0.8 

Pt1.08/Ni2.2/a-AlOOH 92.1 0.10 4.14 1.08 2.2 

Pt1.15/Ni3.1/a-AlOOH 90.8 0.12 4.10 1.15 3.1 

Pt1.05/Ni4.5/a-AlOOH 88.6 0.12 4.04 1.05 4.5 

Notes: aResults of ICP-AES analysis. 
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(pH = 2.0) corroded the carrier. This may facilitate the formation of surface re-
acting sites. 

3.2. The Promoting Effects of Ni on the Catalytic Activities of  
Pt/Nix/a-AlOOH 

Figure 3 shows the catalytic activities of a-AlOOH, Ni/a-AlOOH Pt/a-AlOOH 
and Pt/Nix/a-AlOOH. Figure 3(a) shows that a-AlOOH can oxidize HCHO at 
20˚C with CO2 conversion of 10%, and 100% at 250˚C. While the HCHO com-
plete oxidation over Ni3.1/a-AlOOH is at 120˚C, and the HCHO conversion at 
15˚C is 20%, which is higher than that of a-AlOOH. This may be because the 
presence of Ni in the form of NiOOH enriches the number of surface active hy-
droxyl groups of the catalyst and provides more active sites. 

Meanwhile, Figure 3(b) shows that the catalyst Pt/Nix/a-AlOOH has higher 
oxidation performance than Ni/a-AlOOH and Pt/a-AlOOH. And the catalytic 
activity of Pt/Nix/a-AlOOH increased with the content of Ni before the Ni load-
ing was 3.1 wt%. For the catalyst Pt1.15/Ni3.1/a-AlOOH, the HCHO conversion 
rate was 81% at 15˚C and the complete decomposition temperature of HCHO 
was 40˚C. While the corresponding for the catalysts Ni/a-AlOOH and 
Pt/a-AlOOH are 20%, 120˚C and 56%, 80˚C. This may be attributed to the 
loading of Ni not only enriches the number of surface active hydroxyl groups of  
 

 
(a)                                       (b) 

 
(c) 

Figure 3. Catalysis performances of Pt/Nix/a-AlOOH catalysts with different Ni loadings, 
Conditions: XHCHO = 180 ppm, GHSV = 15,000 h−1. 
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the catalyst, but also increases the content of Pt0, which is more conducive to 
converting formaldehyde. Figure 3(c) shows the activities of different catalysts 
at 15˚C. It can be seen that the catalyst shows the best activity when the Ni content 
was 3.1 wt%. It can be seen that even at low temperature Pt1.15/Ni3.1/a-AlOOH 
exhibits the activity of 80%, while 55% over Pt1.2/a-AlOOH. 

Figure 4 displays the XRD patterns of Pt/Nix/a-AlOOH. The diffraction peaks 
at 14.3˚, 28.2˚, 38.4˚, 49.3˚, 55.2˚, 65.0˚ and 71.7˚ correspond to structured 
a-AlOOH (a-AlOOH, JCPDS 21-1307) for all catalysts. The diffraction curves of 
Pt/Ni0.8/a-AlOOH and structured a-AlOOH are similar, which may be because 
of the low content of Ni and Pt or the small particle size of Ni and Pt. There 
are diffraction peaks at 12.8˚, 25.9˚ and 37.9˚ and 43.2˚ for Pt/Ni2.2/a-AlOOH, 
Pt/Ni3.1/a-AlOOH and Pt/Ni4.5/a-AlOOH, which is the characteristic peak of 
NiOOH (Nickel oxide hydroxide, JCPDS 06-0075), and they correspond {003}, 
{006}, {101} and {105} faces. Among them, the first diffraction peak of these 
three samples is obviously different from structured a-AlOOH, possibly because 
of the influence of Ni diffraction peak. The formation of NiOOH species enables 
Pt/Nix/a-AlOOH to have two different hydroxyl groups on the surface in addi-
tion to water, increasing the content of hydroxyl groups on the surface of the 
catalyst, thus improving the efficiency of catalytic oxidation of HCHO. 

Figure 5 shows the microscopic morphology of Pt/Ni3.1/a-AlOOH was observed 
by TEM and HRTEM. Figure 5(a) shows the microstructure of Pt/Ni3.1/a-AlOOH. 
Some tiny Pt and Ni were loaded on these nanorods, which were attributed to 
the shape of the plate-like a-AlOOH body after hydration. By further enlarging 
the magnification, it can be seen that Pt particles have a good dispersion on the 
catalyst, as shown in Figure 5(b). The black spots in the Figure are Pt particles. 
It can be seen from Figure 5(b). that Pt particle size distributed between 0.5 and 
7.5 nm, while the main particle size is mainly concentrated in the range of 2.75 - 
3.75 nm. Combined with XRD testing, the well dispersion of Pt on the catalyst 
 

 
Figure 4. XRD results of a-AlOOH and Pt/Nix/a-AlOOH 
samples. 
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Figure 5. TEM: (a) (b) and HRTEM: (c) images of Pt1.15/Ni3.1/A-AlOOH catalyst. 
 
may be due to the impregnation of Ni(NO3)2, which may be because of abundant 
surface hydroxyl. Furthermore, HRTEM analysis was carried out to investigate 
the facets difference of the catalysts, as shown in Figure 5(c). The presence of 
the Pt1.15/Ni3.1/a-AlOOH indicated that the lattice spacing values parallel to the 
top and om facets are ca. 0.211 which corresponds to the {101} planes of the 
crystallized NiOOH. The presence of NiOOH increases the content of hydroxyl 
on the surface of the catalyst, which is conducive to adsorption and conversion 
of formaldehyde. 

Figure 6 shows the influence of the surface composition of a-AlOOH and 
Pt/Ni3.1/a-AlOOH catalyst on the catalytic performance of the catalysts. The 
two samples were compared by thermogravimetric (TG) analysis. The region 
(at ca. 87˚C - 93˚C) for a-AlOOH and the region (at ca. 90˚C - 100˚C) for 
Pt/Ni3.1/a-AlOOH correspond to the weakly physisorbed water molecules, which 
can be easily removed below 100˚C. The region (ca.260˚C - 460˚C) for a-AlOOH 
and the region (at ca. 200˚C - 510˚C) for Pt/Ni3.1/a-AlOOH are due to the loss of 
the chemisorbed molecules of structural hydroxyl groups over a-AlOOH, re-
spectively. The overall weight loss of Pt/Ni3.1/a-AlOOH was significantly higher 
than that of a-AlOOH, possibly because of the surface of Pt/Ni3.1/a-AlOOH con-
tained two kinds of substance: a-AlOOH and NiOOH. Besides, there is a third 
weightlessness peak at about 510˚C, which was due to the decomposition Ni2O3 
into NiO. Because at 300˚C NiOOH may decompose into Ni2O3, then Ni2O3 was  
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Figure 6. The curve of Thermo-gravimetric analysis over a-AlOOH and 
Pt1.15/Ni3.1/a-AlOOH samples. 

 
thermal decomposed to form the third weightlessness peak. In summary, the 
surface of the catalyst doped with Ni had two different hydroxyl groups (Al-OH 
and Ni-OH), which enriched the surface active hydroxyl groups of the catalyst. 

Figure 7 shows the XPS characterization of Pt1.2/a-AlOOH and  
Pt1.15/Ni3.1/a-AlOOH to investigate the chemical valence states of Pt, O and Ni 
on the surface of the catalyst, and Table 2 concludes the obtained data. The 
deconvoluted O1s signal of Pt1.2/a-AlOOH presents three peaks at 530.4 - 530.8, 
531.5 - 531.8 and 532.9 - 533.1 eV, attributed to Al-O, Al-OH, and adsorbed wa-
ter (Figure 7(a)), respectively. For comparison, the deconvolution of the O1s 
signal of Pt1.15/Ni3.1/a-AlOOH gives four peaks (Figure 7(c)). The values of the 
other three peaks are similar to those of the samples without Ni, while another 
one is about 532.1 eV, which is attributed to O 1s in NiOOH. This corresponds 
to the NiOOH crystals measured in XRD. In addition, the binding energy of ox-
ygen Al-O in the lattice of Pt1.15/Ni3.1/a-AlOOH catalyst was shifted by 0.4 eV 
relative to Pt1.2/a-AlOOH to the lower energy level, which may be due to the fact 
that NiOOH acts as an electron donor to transfer electrons to the carrier and Pt 
particles. By comparing the proportions of several kinds of oxygen, the percent-
age of lattice oxygen (Al-O) decreased from 41.5% to 18.5% after the addition of 
Ni, and the surface hydroxyl (−OH) increased from 36.4% to 72.8%, indicating 
that the NiOOH formed after the addition of Ni, increasing the surface hydroxyl 
content of the catalyst. 

It can be seen from Figure 7(b) and Figure 7(d) that Pt can be divided into 
three valence states: P0, Pt2+ and Pt4+. Its peak binding energy is mainly about 
314.5 - 314.6 eV, 316.5 - 317.3 eV and 317.9 - 318.7 eV. The results are summa-
rized in Table 2. According to Table 2, the value of Pt0/(Pt0+ + Pt2+ + Pt4+) in 
Pt1.15/Ni3.1/a-AlOOH catalyst was 45.3%, while that in Pt1.2/a-AlOOH was 27.2%. 
This may be because the addition of Ni makes it easier to reduce Pt. According  
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Figure 7. O 1s and Pt 4d spectra of Pt1.2/a-AlOOH by XPS: (a) (b) O 1s and Pt 4d spectra 
of Pt1.15/Ni3.1/a-AlOOH by XPS: (c) (d) Ni 2p spectra of Pt1.15/Ni3.1/a-AlOOH by XPS: (e). 
 
Table 2. characterization table of Pt1.2/a-AlOOH and Pt1.15/Ni3.1/a-AlOOH Catalysts by 
XPS. 

Catalysts 
Binding energy/eV Binding energy/eV IOH/ITotal/

% Pt 4d5/2/% Al-OH, -OH, H-OH/% 

Pt1.2/a-AlOOH 
314.6 (27.2), 316.5 (66.4),  

317.9 (6.4) 
530.8 (41.5), 531.8 (36.4), 

532.9 (22.1) 
36.4 

Pt1.15/Ni3.1/a-AlOOH 
314.5 (45.3), 317.3 (30.3),  

318.7 (24.4) 
530.45 (18.5), 531.5 (53.4), 

532.4 (19.4), 533.1 (8.7) 
72.8 

 
to our previous discussion, Pt0 plays an important role in the catalytic oxidation 
of HCHO. It is worth noting that the binding energy of Pt0 valence state turns to 
low energy level, while the binding energy of Pt2+ and Pt4+ turns to high energy 
level, which may be caused by the interaction between NiOOH, Pt and carrier. 
As the percentage of Pt0 state in Pt particles increases, Pt particles transfer elec-
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trons to nearby oxygen atoms to activate or promote the activation of adsorbed 
oxygen, thus improving the catalytic oxidation performance of the catalyst. In 
the Ni 2p spectra (Figure 7(e)), three peaks at 856.6 eV, 861.5 eV and 864.6 eV 
can be seen, which correspond to the typical NiOOH [40]. This is consistent 
with the characterization of XRD. Combined with the XPS analysis of O, it can 
be seen that the added nickel generates NiOOH, thus providing more surface 
hydroxyl and more adsorption sites for HCHO. 

4. Conclusion 

In this work, Pt/Nix/a-AlOOH catalysts were developed to promote the catalytic 
performance of HCHO oxidation at room temperature. The Pt1.15/Ni3.1/a-AlOOH 
catalyst showed the best catalytic performance at the room temperature 25˚C 
with CO2 conversion of 88% and HCHO was completely oxidized at 40˚C. 
Characterization by XRD, TG and XPS indicated that Ni existed in the catalyst 
in the form of NiOOH. In addition, two different hydroxyl groups appeared in O 
1s orbital, one was Al-OH and the other was Ni-OH, so the hydroxyl content of 
the catalyst was increased from 36.4% to 72.8%. Moreover, after loading Ni, the 
content of Pt0 increased from 27.5% to 45%, which can promote the activation of 
O2 near Pt particles, therefore improving the oxidation of HCHO on the catalyst. 
This work shows the effect of Ni loading on the surface hydroxyls of the sup-
ports on the HCHO removal performance, offering a new way of thinking for 
the design of the structured catalysts with high-performance for indoor air puri-
fication. 
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