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Carbon-fiber-supported NiO catalytic filters for oxidation of volatile organic compounds were prepared by

electroless Ni-P plating and subsequent annealing processes. Surface structure and crystallinity of NiO film on

carbon fiber could be modified by post-annealing at different temperatures (500 and 650 oC). Catalytic thermal

decompositions of toluene over these catalytic filters were investigated. 500 oC-annealed sample showed a

higher catalytic reactivity toward toluene decomposition than 650 oC-annealed one under same conditions,

despite of its lower surface area and toluene adsorption capacity. X-ray diffraction and X-ray photoelectron

spectroscopy studies suggest that amorphous structures of NiO on 500 oC-annealed catalyst caused the higher

reactivity for oxidation of toluene than that of 650 oC-annealed sample with a higher crystallinity.
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Introduction

Removal of volatile organic compounds (VOCs) has been

attracting much attention, due to their high toxicity and

malodorous nature.1 VOCs themselves can cause sick-build-

ing syndrome, including irritation of the eye, nose, throat

and neurotoxic health problems in indoor environments.2,3 In

addition, some toxic photochemical oxidants and suspended

particulate matters can be produced as a result of photo-

chemical reactions of VOCs under light irradiations.4-6 Many

different ways, such as adsorption, pyrolysis, photocatalytic

degradation, and catalytic oxidation, have been suggested

and investigated for removing VOCs pollutants. Among

those, catalytic oxidation of VOCs has been considered as

one of the most promising ways due to its high destruction

efficiency.5-9

Various transition metal-based catalysts (Pt, Pd, MnO,

CuO, NiO, etc.) have been investigated for the catalytic

oxidation of VOCs.5-8,10-13 So far, noble metal-based cata-

lysts, especially Pt-based ones, are known to be the most

active catalyst at low temperature for thermal oxidation of

VOCs.5,6,14 However, their high costs and limited abundance

make it difficult to use them in large-scale applications.

Thus, noble-metal free catalysts based on other transition

metal-oxides (MnO, CuO, Co3O4, NiO, etc.) have been

extensively investigated as alternatives to noble metal

catalysts in catalytic oxidation of VOCs for the last

decades.8,10-13,15 For instance, CuO, Co3O4, CeO2 and MnO

have been reported to have comparable catalytic activity

toward VOCs oxidation with those of noble-metal cata-

lyst.11,15-18 Lahousse et al. reported that γ-MnO2 could be

more catalytically active than other supported-noble-metal

catalysts.19 Recently, it has been suggested that NiO also

exhibits catalytic reactivity towards oxidative reactions20,21

and our previous results on TiO2/NiO catalytic system also

revealed that NiO state can act as active sites for thermal

decomposition of toluene.13

In the present work, NiO films were deposited on carbon

filter consisting of carbon fiber with a mean diameter of 10

μm using electroless plating method and subsequent an-

nealing steps. Use of filter type catalysts is more beneficial

than powder catalysts, since filter type can be more easily

handled and better recycled. Surface structure and crystal-

linity of NiO films could be modified by choosing different

temperatures for post-annealing processes. Catalytic reac-

tivities of NiO filters (amorphous NiO with mesoporous

surface and crystalline NiO with macro porous structure,

respectively) for thermal oxidation of toluene were investi-

gated and compared with their toluene adsorption capacities.

Experimental

Sample Preparation. Carbon filter (Toray 060) with a

Brunauer-Emmett-Teller (BET) surface area of 0.4 m2/g was

purchased from Toray and used as a substrate. Carbon filters

consisting of carbon fibers with a mean diameter of 10 μm

were annealed at 700 oC for 3 h under atmospheric condi-

tions before deposition of thick NiO films. The thickness of

the carbon filter was 140 μm. NiO filters were prepared by

deposition of NiO films on pre-annealed carbon fiber using

electroless Ni-P plating method and subsequent annealing

processes. Initially, the surfaces of pre-annealed carbon

fibers were activated with Pd catalysts by immersing into the

activator solution consisting of PdCl2 (99%, Samchun

Chemical, 0.01 g/L), HCl (35.0-37.0%, Samchun Chemical,

3 mL/L) and HF (48.0-51.0%, JT Baker chemicals, 5 mL/L)

for 10 min at room temperature. The activated samples were

washed with distilled water, and then subsequently dipped

into the electroless Ni-P plating solution for 10 min at 100
oC with a vigorous stirring. The electroless Ni-P plating
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solution contained SX-A (Uyemura & Co, Ltd, 56 mL/L)

and SX-M (Uyemura & Co, Ltd, 100 mL/L). After Ni-P

plating process, samples were rinsed with distilled water and

dried at room temperature. Finally, two different NiO filters

supported by carbon fibers were prepared by 1 h of post-

annealing at 500 and 650 oC, respectively, under atmospheric

conditions.

Characterization. The surface morphology of each NiO

filter annealed at 500 and 650 oC, respectively, was analyzed

using scanning electron microscopy (SEM, JEOL, JSM

7500F). Surface states and crystallinities of two NiO filers

(500 and 650 oC-annealed ones) were examined using X-ray

photoelectron spectroscopy (XPS) and X-ray diffraction

(XRD), respectively, before toluene oxidation. XPS analysis

were performed in an ultrahigh-vacuum system (~3 × 10−10

torr) equipped with a concentric hemispherical analyzer

(CHA, PHOIBOS-Hsa3500, SPECS) and a dual Al/Mg X-

ray source. XPS spectra were taken at room temperature

using a Mg Kα irradiation (1253.6 eV). XRD pattern of each

sample was obtained using a X-ray diffractormeter (RIFAKU,

UltimaIV) with a Cu Kα (0.15406 nm) radiation. The operat-

ing condition of XRD was 30 kV and 40 mA and scanning

rate was 2o/min.

Toluene Adsorption Experiments. Toluene adsorption

capacity of each NiO filter annealed either at 500 or 650 oC

was examined in a vacuum reactor (~8.0 × 10−8 torr) at room

temperature. Detailed descriptions of experimental set-up

for toluene adsorption experiments can be found else-

where.22 Each sample with a lateral size of 2 × 2 cm2 was

placed in the vacuum reactor and then sample surface was

exposed to a gas mixture of N2 (80 mtorr) and toluene (5

mtorr). Change in the relative mass intensity of toluene with

respect to N2 was measured by leaking small amount of the

gas from the reactor to the analysis chamber equipped with a

quadrupole mass spectrometer (QMS) every 5 minutes.

Thermal Oxidation of Toluene Experiments. Catalytic

oxidation of toluene over NiO filters was carried out using a

flow type quartz reactor equipped with online gas-chromato-

graphy (GC, Agilent-6890N) set-up. Intensity of each gas

was detected by flame ionization detector (FID) with a

methanizer. The rounded sample with 20 mm of diameter

was vertically placed into the quartz reactor (inner diameter:

20 mm, length: 300 mm) and its surface was outgassed at

450 oC for 1 h with a flow of dry air (5 mL/min) before

reaction. After pre-treatment, temperature of the reactor was

decreased to room temperature within 1 h, and then re-

increased to 100 oC within 10 min. The 100 oC of temper-

ature was maintained during saturation. After the temper-

ature was reached at 100 oC, valve of toluene bottle was

open and about 80 ppm of toluene gas was injected into

flow. Gas flow of a mixture of carrier gas and toluene was

stabilized during 5 h. After the mixture gas flow was

saturated, the temperature of reactor was increased from 100

to 400 oC with a heating rate of 1 oC/min. The catalytic

oxidation of toluene over NiO filter was studied with an

increase of temperature. During all the process, dry air with

a mass flow of 5 mL/min was used as a carrier gas and

temperature of toluene bottle was kept at 30 oC. Temperature

of the reactor was controlled and monitored by a furnace

equipped with a K-type thermocouple. 

Results and Discussion

Figure 1 shows morphological SEM images of several

NiO filters annealed at different temperatures (from 350 to

900 oC) under atmospheric conditions after electroless Ni-P

plating processes. The surface morphology was dependent

upon annealing temperatures. The surface of 350 oC-anneal-

ed sample was covered with relatively flat NiO film (Fig.

1(a)). However, the relatively flat surface of NiO film was

converted into rippled structures with nanopores (50-400

nm) when the sample was annealed at higher temperatures

(Fig. 1(b)-(g)). The nanopores on the surface of sample

annealed at the highest temperature of 900 oC were clogged.

Also, combustion of carbon fiber made the NiO filters

fragile over 650 oC. 

We selected two different samples which were annealed at

500 and 650 oC respectively, because these two samples

showed significant differences in surface morphology, inner

structure and pore size. Surface states and crystallinities of

these two different samples were further characterized using

XPS (Fig. 3) and XRD (Fig. 4), respectively. Two oxidic Ni

states (for Ni 2p3/2, NiO at 853.4 eV and Ni(OH)2 at 855.4

Figure 1. Morphological SEM images of NiO filters annealed at
(a) 350 oC, (b) 400 oC, (c) 450 oC, (d) 500 oC, (e) 550 oC, (f) 650
oC, (g) 750 oC and (h) 900 oC are displayed.
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eV) were found in Ni 2p core-level XPS spectra,13,23,24

whereas any significant peak corresponding to NixPy state

(around at 852.1-852.9 eV) was not observed in the Ni 2p

region for both cases (500 and 650 oC-annealed samples)

(Fig. 3).25-27 In addition, any noticeable peak around at 129.5

eV (NixPy state) could not be found in the P 2p region (Fig. 2

b),25-27 implying that NixPy species on the surfaces of both

samples were oxidized into the oxidic-Ni species upon post-

annealing processes.

However, very small amount of P species on the surface

was still observed in the P 2p core-level XPS spectrum of

650 oC-annealed sample (Table 1), indicating the presence of

oxidized P impurities (e.g. P2O3) in small amounts.24,28 It is

important to mention that these oxidized P species on the

surface of 650 oC-annealed samples were found to have no

significant effects on catalytic behavior in the present work.

The oxidized P impurities on surface of 650 oC-annealed

sample disappeared after toluene oxidation up to 450 oC in P

2p XPS spectra which induced no alteration in catalytic

activity. 

The crystallinities of two NiO filters annealed at 500 and

650 oC, respectively, were investigated using XRD (Fig. 4).

XRD analysis indicated that these two NiO films (500 and

650 oC-annealed samples) had different crystalline phases

(Fig. 4); the presence of crystalline NiO was pronounced in

the XRD spectrum of 650 oC-annealed sample,29,30 whereas

only very small XRD peaks of crystalline NiO phase could

be observed in the XRD data of 500 oC-annealed one,

indicating that the NiO at 500 oC was amorphous. In contrast

to the XPS results where any noticeable peak due to NixPy

state was not found, multiple peaks from 42o to 57o related to

various NixPy states were observed in the XRD patterns of

both samples (500 and 650 oC-annealed samples cases).27,31

For 500 oC-annealed sample, metallic Ni was present,

whereas no metallic Ni could be seen after annealing 650 oC

in XRD data. It is worth mentioning that using XPS only Ni

oxide was seen for both samples (Fig. 3). These discre-

pancies between XRD and XPS analyses indicate that NixPy

Figure 2. Cross-sectional SEM images of NiO filters annealed at
(a) 350 oC, (b) 400 oC, (c) 450 oC, (d) 500 oC, (e) 550 oC, (f) 650
oC, (g) 750 oC and (h) 900 oC are shown. 

Figure 3. Ni 2p core-level XPS spectra of 500 and 650 oC-
annealed NiO filters are compared.

Table 1. Surface atomic ratios (%) of 500 and 650 oC-annealed NiO
filters determined from XPS data are summarized

Surface Atoms (%)

O 1s C 1s Ni 2p P 2p

500 oC-annealed sample 51.880 26.940 21.179 -

650 oC-annealed sample 48.497 33.220 17.317 0.898

Figure 4. XRD patterns of 500 and 650 oC-annealed NiO filters
are compared.
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states and metallic Ni did not exist on the surface or sub-

surface region, but located in deeper layers. Note that only 4-

5 nm from the very top surface can be detected in XPS,

whereas bulk as well as surface properties can be observed

in XRD. In both cases (500 and 650 oC-annealed samples),

NiO, Ni(OH)2 and NixPy phases co-existed in the deeper

layers, whereas the surface region of the films consisted of

NiO and Ni(OH)2 species. The oxidic-Ni states had an

amorphous structure when sample was annealed at 500 oC,

whereas the amorphous NiO phases were converted to

crystalline ones with increasing annealing temperature (650
oC). Metallic Ni existing in deeper layers after annealing at

500 oC should have been fully oxidized to NiO at 650 oC. 

Chemical properties of these two NiO filters with meso

(500 oC-annealed) and macro (650 oC-annealed) porous

structures, respectively, were evaluated by toluene adsorp-

tion and oxidation experiments. In Figure 5, toluene adsorp-

tion capacities of both NiO filters (500 and 650 oC-annealed

sample) were compared. Toluene adsorption experiments

were performed in a vacuum condition (~8.0 × 10−8 torr)

with a gas mixture of N2 (80 mtorr) and toluene (5 mtorr) at

room temperature. Decreases in the pressure ratio of toluene/

N2 due to toluene adsorption were observed for both cases of

NiO filters annealed at either 500 or 650 oC. The amount of

toluene adsorbed on the surface of 650 oC-annealed sample

was larger than that of 500 oC-annealed one by a factor of

~8, indicating a higher density of active sites for toluene

adsorption on the surface of 650 oC-annealed sample. This

higher toluene adsorption capacity of 650 oC-annealed sample

comparing to that of 500 oC-annealed one could be related to

its unique morphology, a porous structure, which can result

in a higher surface area (Fig. 1(f)).

Catalytic toluene oxidations as a function of reaction

temperature over two differently annealed NiO filters were

investigated using a flow type reactor (Fig. 6). The onset

temperature of toluene oxidation using 500 oC-annealed

sample was around 200 oC, which was significantly lower

than that of 650 oC-annealed sample, i.e., catalytic activity of

500 oC-annealed sample was much higher than that of 650

oC-annealed sample under our experimental condition. We

calculated the activation energy of toluene oxidation using

500 and 650 oC-annealed sample respectively, using reac-

tivity data at three different temperatures (300, 320, and 340
oC, Table 2). Moreover, catalytic behaviors of two NiO

filters annealed at 500 and 650 oC, respectively, were sum-

marized in terms of toluene removal ratio (%) and turn over

number (TON) at 320 oC (Table 2). The activation energy of

toluene oxidation using 500 oC-annealed NiO filter was 10

kJ/mol lower than that of reaction using 650 oC-annealed

one. The toluene removal ratio on the surface of 500 oC-

annealed NiO filter was larger than that on 650 oC-annealed

Figure 5. Changes in the relative partial pressure of toluene with
respect to that of N2 gas in the presence of 500 and 650 oC-
annealed NiO filters are plotted as a function of reaction time.

Figure 6. Changes in the (a) toluene and (b) CO2 concentrations
during toluene oxidation reactions in the presence of 500 and 650
oC-annealed NiO filters are shown as a function of reaction
temperature.

Table 2. Results of toluene oxidation reactions with 500 and 650
oC-annealed NiO filters at 320 oC of reaction temperature are
summarized and compared in terms of toluene removal ratios (%),
turn over number (TON) and calculated activation energy

(At 320 oC)
500 oC annealed 

-Ni filter

650 oC annealed 

-Ni filter

Toluene Removal Ratio (%) 79.2 22.9

TON 43340.3 1587.1

Activation Energy (kJ/mol) 21.24 31.40
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one; 79.2% (64 ppm) of toluene was oxidized on the surface

of 500 oC-annealed NiO filter producing about 406.9 ppm of

CO2 at 320 oC, whereas 23% (18.4 ppm) of toluene was

converted to about 120.3 ppm of CO2 on that of 650 oC-

annealed one at 320 oC under same experimental conditions.

TON of toluene oxidation using 500 and 650 oC-annealed

sample at 320 oC, was determined to be 43340 and 1587,

respectively. Note that number of adsorption sites for each

sample was determined from the experimental results of

Figure 5, which was needed for determining TON of each

catalyst. Interestingly, it is notable that 500 oC-annealed

sample showed a higher catalytic reactivity (Fig. 6 and Table

2) despite of its lower toluene adsorption capacity com-

paring to that of 650 oC-annealed sample (Fig. 5). Our

results of toluene adsorption and oxidation experiments with

two NiO filters (500 and 650 oC-annealed ones) suggest that

catalytic performances of NiO filters for toluene oxidation

was not directly correlated to their numbers of surface toluene

adsorption sites. Our result shows that the amorphous NiO

surfaces of 500 oC-annealed sample should be more reactive

for toluene oxidation than that of 650 oC-annealed sample

with a higher crystallinity. 

One may argue that the 650 oC-annleaed sample shows

lower reactivity due to higher coverage of impurities on the

surface as one can see in our XPS data in Table 1. However,

it is worth mentioning that our previous studies on CO

oxidation resulted in a superior catalytic activity for the NiO

filter with a higher annealing temperature and higher poro-

sity. Considering results of toluene adsorption experiments

and CO oxidation using different NiO filters, 650 oC-an-

nealed sample should have significantly more active sites.32

NiO surface more reactive for CO oxidation turns out to be

less reactive for toluene oxidation.32 

Amorphous NiO surface can show higher concentrations

of unsaturated surface sites, which can be catalytically reac-

tive.33 This could rationalize a higher reactivity of amorph-

ous NiO surface for toluene oxidation. It is worth mention-

ing that metallic Ni was only present in deeper layers of 500
oC-annealed sample, not on the surface, and therefore role of

metallic Ni for catalytic oxidation can be excluded.

Our result suggests that the porous structure with a higher

surface area is not always beneficial for application in

heterogeneous catalysis, and many other factors than surface

area such as crystallinity should be taken into account for

designing catalysts for various reactions.

Conclusion

Ni-P film with a thickness of 700-800 nm was deposited

on carbon filter using an electroless plating method. SEM,

XPS, and XRD analysis showed that two different NiO

structures (amorphous NiO films with mesoporous surface

and crystalline ones with macroporous structure) could be

prepared by post-annealing of as-prepared Ni-P films at 500

and 650 oC, respectively. Chemical properties of two NiO

filters were investigated by toluene adsorption and catalytic

toluene oxidation experiments. The 650 oC-annealed NiO

filter with a macroporous surface structure had a higher

toluene adsorption capacity than 500 oC-annealed one with a

mesoporous surface structure by a factor of ~8. However,

500 oC-annealed Ni films showed rather higher catalytic

reactivity with respect to that of 650 oC-annealed one despite

of its lower toluene adsorption capacity. XRD and XPS

analysis suggested that amorphous NiO was more reactive

for toluene oxidation than crystalline NiO.
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