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a b s t r a c t

This study reports several modification strategies to optimize and enhance the performance of two-

dimensional (2D) metal organic frameworks (MOFs)-derived catalysts in peroxydisulfate (PDS) activation.

The raw 2D Ni-MOF and 2D Ni-Fe-MOF without modification show poor catalytic activities for PDS ac-

tivation and high metal ion leaching. The carbonization of 2D MOF can increase the activity of the cat-

alyst but cannot solve the metal leaching problem. The further acid treatment of carbonization products

can further improve the catalytic activity and decrease the metal ion leaching. The in-situ growth of

2D MOF on graphene oxide (GO) support with subsequent carbonization and acid treatment offers the

best performance in PDS activation for organic pollutant removal with low metal ion leaching. Compared

with other PDS systems, the Ni-Fe-C-acid/GO system displays much lower catalyst and PDS dosages for

p-chloroaniline degradation. This study presents new insights in the modification strategies of 2D MOF-

based catalysts in PDS activation.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Advanced oxidation processes (AOPs) based on sulfate activa-

tion show great prospect for refractory pollutants treatment [1–3].

Owing to the limited oxidizing ability of peroxydisulfate (PDS),

many efforts have been made to develop efficient catalysts for

PDS activation [4]. Among the reported catalysts, metal-organic

frameworks (MOFs)-derived catalysts are promising catalysts for

PDS activation because of their high catalytic activity from porous

structure, small particle size, and abundant active sites [5,6]. How-

ever, most of the reported MOF-derived catalysts have 3D structure

[7–9], and the application of 2D MOF-derived catalysts in PDS acti-

vation have rarely been reported. Compared with 3D MOF-derived

materials and traditional metals or metal oxides, the active sites of

2D MOF-derived materials are more accessible. Moreover, the 2D

nanosheets have a smaller diffusion barrier for molecules [10,11].

It was reported that uniform 2D NiO nanoflakes are highly efficient

to activate PDS through the surface-activated complex [12], and the

nanosheets loaded on a flat surface have less geometric constraints

and higher catalytic activity [13]. Based on the unique dimension

characteristics, 2D MOF-derived materials may higher catalytic

activity compared with the 3D MOF-based catalysts [13,14].
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For 2D MOF-derived catalysts, the problems are how to bal-

ance the catalytic activity and metal leaching, and how to avoid

the nanosheet agglomeration. Moreover, 2D MOFs without modifi-

cation are not suitable for serving as PDS catalyst because of their

poor chemical stability in water. Therefore, it is of paramount im-

portance to develop efficient modification method for 2D MOFs to

improve its stability. This study provides some strategies to syn-

thesize 2D MOF-derived catalysts for PDS activation. As shown

in Fig. 1, at first, we synthesized 2D Ni-MOF through a bottom-

up solvothermal method [15,16], and introduced Fe to prepare 2D

Ni-Fe MOF [17–19]. Then, several modification strategies includ-

ing carbonation, acid pickling, and combination of 2D MOF with

graphene oxide (GO) support were applied. The carbonation can

enhance the crystallinity of the catalyst and increase the specific

surface area of the catalyst, thereby increasing the catalytic activ-

ity [8]. Acid etching was applied to eliminate larger size nanopar-

ticles and to reveal more exposed active sites on the catalyst [6].

Additionally, acid etching was reported to be able to decrease the

ion leaching during the PDS activation process [4]. Graphene oxide

with abundant hydroxyl groups and oxygen-containing functional

groups can serve the support for the 2D MOF catalyst and improve

the stability of the catalyst in water [20–22].

The 2D Ni-MOF and Ni-Fe-MOF were prepared through a

solvothermal method. As shown in Figs. 2a and b, both 2D Ni-MOF
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Fig. 1. The schematic of the preparation processes of Ni-Fe-C, GO+Ni-Fe-C, and Ni-Fe-C-acid/GO catalysts.

Fig. 2. SEM images of (a) Ni-MOF, (b) Ni-Fe-MOF, (c) Ni-Fe-C-600, (d) GO+Ni-Fe-

MOF, (e, f) GO+Ni-Fe-C-600, (g) Ni-Fe-C-600/GO, and (h, i) Ni-Fe-C-600-acid/GO.

and Ni-Fe-MOF show nanoflake structures with smooth surface. Af-

ter annealing treatment of 2D Ni-Fe-MOF, the obtained Ni-Fe-C-

600 still retains a nanosheet structure (Fig. 2c). Fig. S1 (Supporting

information) shows the scanning electron microscope (SEM) image

and EDS elemental mapping data of Ni-Fe-MOF. The Fe element is

found in the Ni-Fe-MOF, confirming the successful synthesis of the

Ni-Fe-MOF. The X-ray diffraction (XRD) patterns of the prepared

catalysts (Fig. 3a) match well with the previously reported patterns

of 2D Ni-MOF and Ni-Fe-MOF [16].

A two-step synthesis method was used to load the prepared

2D MOF on GO support. The GO+Ni-Fe-MOF shows a lamellar

structure (Fig. 2d). As displayed in Figs. 2e and f, there are many

nanoparticles distributed on the surface of GO+Ni-Fe-C-600. In

the third synthesis method, a one-step method was used to in-

situ grow 2D Ni-Fe-MOF directly on the GO surface as shown in

Fig. 1. The Ni-Fe-MOF/GO shows the similar XRD patterns com-

pared with those of Ni-Fe-MOF, indicating the 2D MOF genera-

tion. After the pyrolysis, the SEM image (Fig. 2g) of Ni-Fe-C-600/GO

shows that the 2D nanosheets grow on the surface of GO and many

nanoparticles are generated from 2D MOF. The Ni-Fe-C-600/GO has

a rough surface which can improve the interaction between the

catalyst and the reactants. The Ni-Fe-C-600/GO was further treated

by acid to obtain Ni-Fe-C-600-acid/GO. It is worth noting that large

nanoparticles were removed after the acid treatment and smaller

nanoparticles (around 30 nm) were left on the GO surface (Figs. 2h

and i)

The XRD diffraction patterns (Fig. 3b) of Ni-Fe-C-600, GO+Ni-

Fe-C-600, and Ni-Fe-C-600/GO show similar peaks. Further analy-

sis indicates that the main constituents in these materials are Ni

[23,24] and Fe3O4 [25–27]. After acid treatment, the main peaks

of Ni-Fe-C-600-acid/GO and Ni-C-600-acid/GO are assigned to car-

bon (002) and (101), respectively (Fig. 3c). The amounts of Ni and

Fe3O4 particles in Ni-Fe-C-600-acid/GO and Ni-C-600-acid/GO are

too little, thus no clear Ni and Fe3O4 peaks in XRD patterns are

found.

The p-chloroaniline (PCA) is a chlorinated aromatic compound,

which has been used in the synthesis of dyes, plastics, cosmetics,

pesticides, pharmaceuticals, etc. It can cause serious environmen-

tal pollution due to the properties of highly toxic, teratogenic, car-

cinogenic, mutagenic, and genotoxic [28] and induce cancer [29].

As a persistent organic pollutant, PCA has been listed as a prior-

ity pollutant by the United States Environmental Protection Agency

and the European Union [30]. The PDS activation activity of the

prepared materials was evaluated by the PCA degradation perfor-

mance. As shown in Fig. 4a, as expected, 2D Ni-MOF and Ni-Fe-

MOF without modification exhibit low catalytic activity, and the

PCA removal rate of the two MOFs are lower than 11.04%. The cor-

responding pseudo first-order kinetics (k) of the two catalysts are

smaller than 0.0012 min−1 (Fig. S2a in Supporting information).

The experiments show that Ni-C-600 and Ni-Fe-C-600 have better

catalytic activity. To be specific, 72.49% and 90.73% of PCA removal

rates are achieved at 120 min (Fig. 4a). The k values of Ni-C-600

and Ni-Fe-C-600 are 0.0256 and 0.0520 min−1, respectively (Fig.

S2a). Compared with Ni-C-600, Fe doping induced an enhancement

of PCA degradation. Besides, the adsorption of Ni-Fe-C-600 is neg-

ligible and the oxidization of PDS alone for PCA removal is limited

(Fig. 4b). The effect of annealing temperature reveals that high ac-

tivity is obtained under high annealing temperature (Fig. 4c) and

the k value of Ni-Fe-C-300 and Ni-Fe-C-800 is 0.0002 min−1 and

0.2521 min−1 (Fig. S2b in Supporting information), respectively.

In order to reduce the metal ions leaching, the Ni-C-600 and

Ni-Fe-C-600 were further treated by acid leaching. After acid

treatment, a remarkable enhancement in the activity is achieved.

Within only 10 min, 88.42% and 94.22% PCA was degraded by Ni-
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Fig. 3. XRD patterns of (a) Ni-MOF, Ni-Fe-MOF, GO+Ni-Fe-MOF, Ni-Fe-MOF/GO, (b) Ni-Fe-C-600, 5 wt% GO+Ni-Fe-C-600, 7 wt% GO+Ni-Fe-C-600, 9 wt% GO+Ni-Fe-C-600,

Ni-Fe-C-600/GO, and (c) Ni-C-600-acid/GO and Ni-Fe-C-600-acid/GO.

Fig. 4. (a) PCA removal by PDS activation with GO-free catalysts. (b) Effects of adsorption and persulfate oxidation of Ni-Fe-C-600 on PCA removal. (c) Effect of annealing

temperature on the catalytic activity of Ni-Fe-C catalysts. (d) PCA removal by PDS activation using Ni-Fe-C-600 loaded on GO with different GO amounts. (e) Comparison of

PCA removal rate by PDS activation with catalysts prepared by one-step method. (f) Effects of adsorption and persulfate oxidation of Ni-Fe-C-600-acid/GO on PCA removal.

Reaction conditions of (a-d): [catalysts]=100 mg/L, [PCA]=0.1 mmol/L, [PDS]=1.0 mmol/L, pH 7.0, T=25 °C. Reaction conditions of (e, f): [catalysts]=15 mg/L, [PDS]=0.25

mmol/L, [PCA]=0.15 mmol/L, pH 7.0, T=25 °C.

C-600-acid and Ni-Fe-C-600-acid assisted PDS system. The k values

of 0.3986 min−1 and 0.5501 min−1 are obtained for the Ni-C-600-

acid/PDS and Ni-Fe-C-600-acid/PDS systems, respectively (Fig. S2a).

The PCA removal rates obtained by the catalysts synthesized by the

second way are shown in Fig. 4d. As the GO increased from 5 wt%

to 9 wt%, the GO+Ni-Fe-C-600/PDS systems show similar removal

rates and as well as k values for PCA (Fig. S2c in Supporting infor-

mation).

Compared with the two-step synthesis method, the one-step in-

situ synthesis method enables the direct growth of MOF structures

on the GO surface. After calcination, the Ni-Fe nanoparticles on GO

are distributed more uniformly, and the combination of GO and

Ni-Fe nanoparticles is much stronger for robust catalyst. As shown

in Fig. 4e, the Ni-MOF/GO and Ni-Fe-MOF/GO based PDS systems

show weak degradation efficiencies. Notably, the excess metal par-

ticles on the catalyst surface can be removed by acid washing,

which effectively reduces the metal leaching and exposes more ac-

tive sites in the catalyst. The degradation efficiency of the Ni-C-

600-acid/GO/PDS and Ni-Fe-C-600-acid/GO/PDS systems was sig-

nificantly enhanced after acid washing. In particular, using a small

Ni-Fe-C-600-acid/GO catalyst dosage of 15 mg/L to activate PDS,

95.38% PCA (0.15 mmol/L) can be degraded within 60 min. The PCA

degradation rate of the Ni-Fe-C-600-acid/GO system is found to be

higher than that of the Ni-C-600-acid/GO system, indicating that

the Fe element improves the activity of the catalyst.

The pseudo first-order kinetic model was utilized to eval-

uate the kinetic rate constants of the catalytic reactions for

PCA degradation. As shown in Fig. S2d (Supporting informa-

tion), the k sequence in the studied systems is as follows:

Ni-MOF/GO/PDS (0.0013 min−1) < Ni-Fe-MOF/GO/PDS (0.0035

min−1) < Ni-C-600/GO/PDS (0.0048 min−1) < Ni-Fe-C-600/GO/PDS

(0.0094 min−1) < Ni-C-600-acid/GO/PDS (0.0137 min−1) < Ni-Fe-

C-600-acid/GO/PDS (0.0494 min−1). The highest k value in the Ni-

Fe-C-600-acid/GO/PDS system further confirms the superior cat-

alytic effect of Ni-Fe-C-600-acid/GO. The one-step synthesis of Ni-

Fe-C-600-acid/GO catalyst has a better catalytic effect. Moreover,

this catalyst can degrade higher concentration of PCA in shorter

time with the reduction of catalyst dosage and PDS dosage. Fig.

4f shows that, in the Ni-Fe-C-600-acid/GO/PDS system, PCA can-

not be degraded only by PDS or only by the catalyst, which re-

veals that the PCA is degraded by catalyst activation of PDS. The

comparison of the PCA degradation performance by different cata-

lyst systems is shown in Table S3 (Supporting information) [4-6,31-

33]. It is shown that the Ni-Fe-C-600-acid/GO system exhibits high

PCA degradation performance. Moreover, the PDS/PCA ratio of this

system (1.67) is smaller than other systems (5-50), and the cata-

lyst/PCA ratio of this system (0.79) is also much lower than other

systems (3.92-156.86).

The metal leaching data are shown in Fig. 5. It is shown that

the Ni2+ leaching of 2D Ni-MOF and Ni-Fe-MOF reaches 1.46 and

3.54 mg/L (Fig. 5 and Table S1 in Supporting information), which

are much higher than the limit concentration (0.5 mg/L) speci-

fied in the Emission Standards for Pollutants in Copper and Cobalt

Nickel Industry (GB25467-2010). The 2D MOFs without further
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Fig. 5. Metal ion leaching during the activation of PDS using GO-free catalyst and

GO supported catalysts (two-step synthesis). Reaction conditions: [catalysts]=100

mg/L, [PDS]=1.0 mmol/L, [PCA]=0.1 mmol/L, pH 7.0, T=25 °C. Metal ion leaching

during the activation of PDS using GO supported catalysts (one-step synthesis). Re-

action parameters: [catalysts]=15 mg/L, [PDS]=0.25 mmol/L, [PCA]=0.15 mmol/L,

pH 7.0, T=25 °C.

modification are not suitable for serving as PDS catalysts because

of the low activity and high Ni2+ leaching. Although direct car-

bonization products possess higher activity, the Ni2+ leaching of

Ni-C-600 and Ni-Fe-C-600 is as high as 11.75 and 18.04 mg/L, re-

spectively. Thus, it is unwise to pursue high efficiency at the sac-

rifice of the metal ion leaching. The corresponding Ni2+ leach-

ing (Ni-Fe-C-600-acid) was reduced to 1.61 mg/L after acid treat-

ment, indicating the acid treatment may help minimize the leach-

ing issue (Table S1). Compared with Ni-Fe-C-600, the removal effi-

ciency is increased and the total metal ions leaching is decreased.

Nevertheless, the Ni2+ leaching is still high. After calcination, Ni-

C-600/GO and Ni-Fe-C-600/GO exhibit enhanced PCA degradation

rates. However, the Ni metal leaching during the reaction is too

high to meet the release standard (Fig. 5 and Table S2 in Support-

ing information). Notably, the excess metal particles on the catalyst

surface can be removed by acid washing, which effectively reduces

the metal leaching and exposes more active sites in the catalyst.

The degradation efficiency of the Ni-C-600-acid/GO/PDS and Ni-Fe-

C-600-acid/GO/PDS systems was significantly enhanced after acid

washing, and the metal leaching was negligible. The above data

demonstrate that the one-step synthesis of Ni-Fe-C-600-acid/GO

catalyst results in a more compact bonding of 2D MOF and GO

nanosheets in the in-situ synthesis process with less metal leaching

and better catalytic effect.

As for the reactive species in this PDS activation system, pre-

vious studies of MOF-derived catalysts supported on GO show

that free radicals (•OH and SO4
•–) and non-free radicals (1O2 and

electron transfer) both contribute to the degradation reaction

[8,9]. The degradation pathway of PCA by PDS activation involves

possible intermediates include aniline, N-(4-chlorophenyl)-p-

phenylenediimine, 1-(4-chlorophenyl)-3-phenlurea, and 5-chloro-

2-((4-chlorophenyl) diazenyl) phenol [31].

In conclusion, 2D MOF without any modification is not suitable

for PDS activation because of the poor catalytic activity and high

metal ion leaching. Direct carbonization of 2D MOF can increase

the activity but this method cannot solve the high leaching issue.

The acid treatment of carbonization products can further improve

the catalytic activity and decrease the metal ion leaching. Loading

2D MOF on carbon support (e.g., GO) is a promising strategy to

improve the activity and stability of the catalyst. It is worth noting

that the in-situ growth of 2D MOF on GO offers a better combi-

nation between the metal catalyst and support compared with the

two-step synthesis method.
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