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Highly reactive radical species play an important role in syn-
thetic chemistry, industrial processes, and environmental remedi-
ation applications [1,2]. The radicals can be formed by either
thermal decomposition of highly active oxidants or by catalytic
activation of stable oxidants under mild conditions [2]. Recently,
the sulfate radical (-SOz) with its advantages of strong oxidizing
power, selective reactivity, and stability over a broad range of pH
has emerged as an excellent and versatile oxidant for a variety of
application [3]. A wide range of persistent organic contaminants
such as pharmaceutical waste, odor-causing compounds and pesti-
cides can be effectively destroyed via sulfate radical-based
advanced oxidation processes [4]. Sulfate radicals are usually gen-
erated catalytically by transition metal compounds and noble met-
als, especially well-known cobalt-based catalysts with
considerably toxicity [5]. Ni is an abundant element with lower
cost than Co and is well-known for its applications in homoge-
neous and heterogeneous catalytic reactions. However, the soluble
Ni* ion and Ni metal-based catalysts have not been reported to be
effective for sulfate radical activation. This inactivity may be due to
the fact that the redox potential window of Ni/Ni?* in aqueous
solution is far lower than 1.92 V of Co?*/Co®* for the activation of
sulfate radicals from peroxymonosulfate (PMS). Recently, earth
abundant Ni-based heterogeneous catalysts, especially o-Ni(OH),,
have achieved considerable success in electrochemical catalytic
applications [6,7]. In these a-Ni(OH),-based electrochemical cat-
alytic reactions, the Ni2* in o.-Ni(OH), can be electrochemically oxi-
dized to Ni*>* or even to the Ni*" oxidation state for different
catalytic applications [7]. Furthermore, the reversible Ni(III)/Ni(II)
redox cycle based on Ni(OH), <> NiOOH has been utilized in
rechargeable batteries with high stability in industrial applications
over its long history [8,9]. Interestingly, the redox potential of Ni
(OH);/Ni%* or NiOOH/Ni(OH), in secondary battery could be higher
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up to 2.08 V. This redox potential would be enough to activate
S,0%~ for the generation of -SO; (redox potential of S,037/SO3~
2.0 eV). Here we for the first time to report using readily prepared
o-Ni(OH), nanosheets as an efficient catalyst for sulfate radical
activation. The Ni(Il) of o-Ni(OH), can be reversibly and topochem-
ically converted into Ni(Ill) in the form of NiOOH. These highly
active sulfate radicals are sufficiently active for the degradation
of persistent organic contaminants.

The o-Ni(OH), sample was readily prepared via a simple
hydrothermal synthesis and its X-ray diffraction (XRD) pattern is
shown in Fig. 1a. The XRD pattern can be assigned as o-Ni(OH),
but it exhibits some mismatch with the standard o-Ni(OH), XRD
data (JCPDS No. 38-0715) as the (003) and (006) peaks are shifted
~0.25° and 0.5° to higher angle than the reference pattern. The
smaller c-axis spacing evidenced by the positions of the (003)
and (006) peaks can be attributed to different intercalated anions’
size, which has also been observed in previous reports for
hydrothermally prepared o-Ni(OH);, [8]. Scanning electron micro-
scope (SEM) image of o-Ni(OH), nanosheets was shown in
Fig. 1b and hierarchical nanostructure of o-Ni(OH), nanosheets
was observed [10]. The transmission electron microscope (TEM)
and high resolution TEM (HRTEM) images of o-Ni(OH), nanosheets
(Fig. 1c, d) illustrate their lateral dimensions and morphology. The
o-Ni(OH), sample consists of ultrathin nanosheets with a lateral
size of 0.5-2.0 um (Fig. 1c) and thicknesses below 10 m. The
HRTEM image shows lattice fringes of the o-Ni(OH), (012) and
(002) plane with the d-spacing of 0.26 and 0.23 nm (Fig. 1d). The
fast Fourier transform (FFT) pattern corresponding the red box in
Fig. S1 (online) further illustrates the hexagonal symmetry of the
a-Ni(OH), nanosheets (insert in Fig. 1d). These materials charac-
terization results confirm that our sample contains crystalline o~
Ni(OH), nanosheets, which provide high surface area for the cat-
alytic reaction.

The Fenton-like catalytic performance of a-Ni(OH), to generate
sulfate radicals from peroxydisulfate (PDS) was evaluated by phe-
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Fig. 1. (Color online) The material properties and environmental catalysis performance of a-Ni(OH), nanosheets. (a) XRD pattern of as-prepared o-Ni(OH), along with a
simulated pattern. SEM (b), TEM (c), HRTEM images (d) and the corresponding FFT pattern (insert in Fig. 1d) for a-Ni(OH), nanosheets. Phenol degradation activity of different
catalysts in the presence of PDS (e) and PMS (f) (detailed experimental conditions are indicated in Supporting Information). Experimental conditions: [Phenol] = 50 mg/L,

[PDS] = 0.4 g/L, [0-Ni(OH);] = 0.5 g/L (5.4 mmol/L), T =298 K, and solution pH 10.0.

nol removal as in previous reports. Fenton-like reactions using PDS
and o-Ni(OH), nanosheets were examined under conditions simi-
lar to those of a previous report with some optimization. Phenol
could not be degraded in the presence of only PDS or o-Ni(OH),
nanosheets (Fig. S2 online). With both a-Ni(OH), and PDS present,
phenol removal becomes fast and efficient. The degradation of phe-
nol was analyzed by the time-dependent evolution of the high per-
formance liquid chromatography (HPLC) (Fig. S3 online). Phenol
was found to be degraded completely. However, some small peaks
attributed to organic acids such as acetic acid appear along with
the disappearance of phenol. Accordingly, we postulate that most
of the phenol is been mineralized to CO, in the Fenton-like reaction
but a small fraction is decomposed to small, oxidized organic com-
pounds (Fig. S3 online). We further optimized the heterogeneous
Fenton-like reaction by investigating other factors such as the solu-
tion pH and the amount of PDS, monitoring their effect on the phe-
nol degradation efficiency (Fig. S4 online). Under the optimized
conditions, a-Ni(OH), exhibits excellent activity for phenol degra-
dation by PDS activation.

The Co ion and Co based metal oxides have been identified as
the most efficient low-cost sulfate radical generation catalysts
[5]. However, both the Co®" ion and Cos;0,4 nanoparticles with the
same molar amounts of Co as in the a-Ni(OH), samples studied
showed no detectable catalytic activity for PDS decomposition of
phenol (Fig. 1e). The inactivity of Co-based catalysts for PDS activa-
tion is consistent with an earlier study [3,5]. Most reported studies
of Co-based Fenton-like catalysts have been evaluated using PMS,
which is easier to activate than PDS. Here we compared our o-Ni
(OH), nanosheet sample with both Co?* ions and commercially
available Co304 nanoparticles. The Co304 nanoparticles had similar
or even larger Brunauer-Emmett-Teller (BET) surface areas than
our o-Ni(OH), nanosheet samples (Fig. S5 online). As shown in

Fig. 1f, the Co?*/PMS homogeneous system with 316 mg/L Co**
(or 5.36 mmol/L Co?*) had very high reactivity and 100% of the
phenol was decomposed in less than 1 min. But this high Co®* con-
centration greatly exceeds the <1 ppm (1 ppm = 1 mg/L) environ-
mental safety standard. At Co** concentrations lower than 1 ppm,
the Fenton-like decomposition reaction rate decreased dramati-
cally and it took 90 min to completely remove phenol. In the case
of Co304 nanoparticles, phenol removal reached 94% within 60
min, which is comparable to the activity of 1 ppm Co?" ion. Inter-
estingly, o-Ni(OH), can catalyze the Fenton-like reaction to
degrade phenol almost quantitatively within 30 min. Furthermore,
the Ni leaching level after the reaction was found to be <0.1 ppm
when using o-Ni(OH), as the Fenton-like catalyst (Table S1 online).

These results demonstrated that o-Ni(OH), is even better than
the state-of-the-art sulfate radical activator of Co304 nanoparticles
as a PMS Fenton-like catalyst. Most previously reported sulphate
activator catalysts are only active with either PMS or PDS. In con-
trast, a-Ni(OH), nanosheets can serve as an efficient and general
catalyst to activate both PMS and PDS for phenol removal with
high activity. To reveal the excellent stability of «-Ni(OH), further,
amorphous-Ni(OH), was prepared for comparison. o-Ni(OH),
nanosheets show almost the same catalytic activity for the decom-
position of phenol after four cycles and even after pretreated by
excess PDS (Figs. S6 and S7 online). For the amorphous Ni(OH),,
the removal efficiency of phenol drops quickly from 100% to 13%
after four cycles, indicative of poor catalyst stability (Fig. S8
online). To further evaluate the extent of mineralization of phenol
using the o-Ni(OH), nanosheet catalyst, the TOC removal efficiency
was also monitored. Fig. S9 (online) shows that the TOC removal of
phenol was more than 90%, implying high mineralization activity
of o-Ni(OH), as a Fenton-like catalysts for organic pollutant degra-
dation. The o-Ni(OH), samples all show <0.1 ppm Ni leaching in
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four cycle reactions (Table S1 online). This residue content from o-
Ni(OH), samples after each cycle is lower than the 1 ppm Ni limi-
tation regulated in the EU and the US. These results indicated that
o-Ni(OH), nanosheet catalyst is an efficient, low toxicity and stable
catalyst for sulfate radical generation by activation of both PDS and
PMS in the Fenton-like reaction.

Although a-Ni(OH), exhibits very low Ni leaching, we still need
to exclude the possible catalytic effect of dissolved Ni ions. To fur-
ther understanding the role and mechanism of a-Ni(OH), for the
activation of PDS, Ni powder and soluble Ni** compounds were
also investigated under neutral conditions. As shown in Fig. 2a,
phenol could not be degraded by using Ni powder or Ni?* ions with
PDS whereas o-Ni(OH), nanosheets exhibited efficient phenol
removal under the same condition. Neither Ni powder nor Ni**
ion is able to work for PMS activation. This observation is consis-
tent with previous findings of the inactivity of Ni for sulfate radical
activation[5]. Based on this result, we could exclude the possibility
that o-Ni(OH), acts simply as a source of Ni** ions or Ni. Conse-
quently, we can ascribe the Fenton-like activities to the unique
properties of o-Ni(OH),. To explore the mechanism of the a-Ni
(OH), activation of PDS, we first employed spin-trapping electron
paramagnetic resonance (EPR) analysis to identify the short-lived
radicals generated at different pH values. First, the EPR data con-
firmed the formation of radicals in presence of o-Ni(OH), and
PDS. Secondly, Fig. 2b revealed that the relative EPR signals inten-
sity decreases at lower pH, which is consistent with the removal
activity of phenol at different pH values shown in Fig. S4a (online).

Based on these observations, we propose the sulfate radical
activation mechanism via o-Ni(OH), from PDS shown in Fig. 2c.
Some of Ni(Il) in o-Ni(OH), can be oxidized to Ni(Ill), which has
been known and even used to prepare NiOOH by oxidizing amor-
phous Ni(OH), with concentrated PDS in highly basic solution. This

oxidation process might have a redox potential similar to Co?*/Co>*
or Ag/Ag”, thereby inducing or activating the formation of the -SO;
radical intermediate (Eq. (1)) [9,11]. Additionally, it could also lead
to the formation of HO- radicals under alkaline conditions (Eq. (2)).
The -SO7 radical and HO- radicals, as a powerful oxidizing agent 3],
can oxidize phenol effectively. Subsequently, the Ni(Ill) sites of
NiOOH can be reduced to Ni(Il) as Ni(OH), at a similar potential
as the Co®*/Co®* or Ag*/Ag couples that facilitate the formation of
-S,0g from PDS. These highly active -S,0g radicals can react
directly with phenol or be further converted into -SO; radicals
for phenol removal (Egs. (3) and (4)) via the Fenton-like reaction
[3]. Of course, the Fenton-like catalytic reaction rates via the redox
couples Ni(II)/Ni(Ill) and Ni(IlI)/Ni(Il) could be different. We
hypothesize that the redox cycle between Ni(OH), and NiOOH
can finally reach an equilibrium to activate PDS to form -SOz rad-
icals and/or -S,0g radicals to degrade the organic pollutant.

Ni(I)+S,052~ — Ni(Ill)}+S042~ +S04~ (1)
S04~ +H,0 — S04~ +H*+OH )
Ni(I1)+S,052~ — Ni(II)}+-S,05~ 3)
5,05 ~+S04%~ — -S04~ +5,052~ (4)

In above mechanism, the surface or partial Ni(Il) sites on o-Ni
(OH), would be oxidized to Ni(Ill) sites after the Fenton-like reac-
tion. XPS characterization was carried out to explore changes in o-
Ni(OH), before and after the PDS activation reaction (Fig. 2d). The
Ni 2ps/, XPS peaks with binding energy of 855.8 eV for fresh o-Ni
(OH), samples could be assigned to Ni**. After the Fenton-like reac-
tion for phenol removal, the binding energy of Ni 2p;, XPS peaks
was shifted positively to 856.5 eV, which could be related to the
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Fig. 2. (Color online) The reaction mechanism of ®-Ni(OH), nanosheets for sulfate radical activation. (a) Effect of different catalysts for the catalysis of PDS and the
degradation of phenol. Experimental conditions: [Phenol] = 50 mg/L, [PDS] = 0.4 g/L, 5.4 mmol/L of o-Ni(OH),, 5.4 mmol/L Ni powder and 1 ppm Ni?*, T = 298 K, solution pH at
7.0. (b) 5,5-Dimethylpyrroline-oxide (DMPO) spin-trapping EPR spectra at different pH. (c) Schematic illustration of the Fenton-like phenol degradation mechanism in the o-
Ni(OH),/PDS system. (d) High-resolution XPS spectrum of Ni 2p of a-Ni(OH), nanosheets before and after reaction. (e) XRD patterns for as-prepared o-Ni(OH), before and

after reaction. (f) TEM image taken of a-Ni(OH), samples after 4 runs.
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formation of Ni>* after the partial oxidation of o-Ni(OH),. Interest-
ingly, the light green o-Ni(OH), powder also changes to black after
the Fenton-like reaction (Fig. S10 online). This color change is sim-
ilar to previous the change in o-Ni(OH), after electrochemical
water oxidization reaction due to the formation of higher oxidation
states of Ni. All these results suggest the formation of Ni>* sites in
o-Ni(OH), after the Fenton-like reaction [8,11]. Although the XPS
results showed the formation of Ni**, the o-Ni(OH), samples did
not exhibit any observable Ni(OH), <> NiOOH phase change in
their XRD patterns. The Ni(Ill) molar ratio in the o-Ni(OH), sam-
ples was additionally measured by titration as shown in Table S2
(online). The Ni(IIl) molar ratios are all relatively low after different
cycles of the Fenton-like reaction, and the Ni(Ill) content is almost
the independent of the number of Fenton-like reaction cycles.
These results confirm our proposed mechanism of Fenton-like acti-
vation of -SOj radicals via reversible Ni(Il) < Ni(Ill) redox cycles
based on the Ni(OH), «» NiOOH reaction.

The well-known reversible Ni(OH), < NiOOH reaction might be
the mechanism behind the high stability of the catalyst. To obtain a
more detailed understanding and confirmation of the relatively
high stability of a-Ni(OH), from view of material properties, XRD
and TEM analysis were carried out before and after the Fenton-like
reaction. Fig. 2e illustrated that o-Ni(OH), samples after 4 reaction
cycles maintained morphology, lattice parameters and crystallinity
similar to those of fresh samples shown in Fig. 1a. There is no obvi-
ous morphology change from TEM and HRTEM images (Fig. 2f and
S11 online). The XRD patterns of o-Ni(OH), before and after reac-
tion were identical, demonstrating the phase stability of o-Ni
(OH),. These material characterization results reveal the high
material stability of a-Ni(OH),, which is consistent with its well-
known electrochemical applications. From these observations we
can conclude that crystalline a-Ni(OH), has high material stability
which helps to prevent nickel leaching and thus makes o-Ni(OH),
environmentally friendly as a catalysts for Fenton-like reaction.

In summary, we for the first time demonstrate a Ni-based Fen-
ton-like catalyst for sulfate radical generation. Hydrothermally
prepared o-Ni(OH), nanosheets can serve as an efficient Fenton-
like catalyst to activate both PMS as well as less reactive PDS to
generate sulfate radicals, exceeding that of the state-of-the-art
Co304 nanoparticle catalysts. This superior performance can be
ascribed to the efficient reversible Ni%*/Ni>* redox cycle in o-Ni
(OH),. a-Ni(OH), shows high material stability and exhibits low
Ni leaching after the Fenton-like catalytic reaction. This finding,
based on the well-known secondary battery material of o-Ni

(OH), with its efficient redox cycling, may be promising for exten-
sion to other secondary battery material as potential catalyst can-
didates for use in radical activation applications.
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