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The reduction of nitrobenzene could proceed in the presence
of carbon. The activity mainly originated from carbonyl groups
on the carbon surface instead of metal impurities which were
embedded in the carbon.

Reactions catalyzed by carbon are an interesting topic, and
attract an increasing amount of attention. The past several
years have witnessed the rapid development of carbon-
catalyzed reactions (carbocatalysis) in both gas phase' ™ and
liquid phase.®* For example, carbon nanotubes (CNTs)
or nanodiamond showed good to excellent performance in
oxidative dehydrogenation of ethylbenzene and n-butane;" ™
graphite oxide was tested to be an efficient catalyst for oxida-
tion of various alcohols;® nitrogen doped graphene played an
important role in the reduction of 4-nitrophenol."*

One critical task during carbocatalysis is to determine
the activity of carbon material in the presence of metal impu-
rities, and ascertain that the metal impurities have no or
negligible effect on the reaction. For example, during the syn-
thesis of CNTs, in spite of the post-purification such as acid
or base treatment, a low content of residual metal catalyst
was still unavoidable.’® There were several reports on the
reactions in which even a trace amount of metal impurities
had a significant effect. It was suggested that trace quanti-
ties of copper were critical in some arylation reactions;"?
van Bokhoven and co-workers found that the residual nickel
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instead of fullerene was the real active species in the hydro-
genation of nitrobenzene,"* which contradicted the conclu-
sion from Xu's group.” CNTs containing residual Co and Fe
were quite active for NH; decomposition. In addition, metal
contaminants also played a great part in some electrocatalytic
reactions."®"”

Although confusing in some cases, the study of carbo-
catalysis was important from both a scientific and a practical
point of view. The high activity of metal impurities could
not rule out the possibility that carbon was an efficient cata-
lyst in some reactions. Three methods were generally used
to detect if a reaction was a true carbocatalysis process:
deliberately loading the possible metal onto carbon; remov-
ing functional groups; and using a model catalyst. For oxida-
tive dehydrogenation of n-butane or liquid phase oxidation of
cyclohexane, the loading of Fe had negligible effect on the
reaction, suggesting that the activity actually originated from
carbon.”® For thiophenol oxidation catalyzed by graphite
oxide (GO), it was difficult to exclude the contributions from
metal impurities, but graphite and hydrazine-reduced GO
which have only a small amount of oxygen functional groups
exhibited quite low activity, confirming that the activity
was mainly attributed to the oxygenated groups on GO.'®
In addition, the application of a model catalyst was also
an efficient method. For example, the good performance of
1-pyrenecarboxylic acid in the oxidative coupling reaction of
amines confirmed that the carboxylic group was the active
site on GO catalysts.'® The reduction of nitroarenes is an
important process, and there were instances where different
carbon materials were used as catalysts, but few of them
excluded the effect of metal impurities.”*°> It was reported
that metals such as Fe were highly active for this reaction.* ™’
Unfortunately, Fe was commonly used as a growth catalyst
in the preparation of carbon materials such as CNTs and
graphene. So it was necessary to find out if the reaction was a
real carbocatalysis process when carbon was used as catalyst.
We have found that aromatic compounds with carbonyl or
hydroxyl groups could serve as good catalysts for nitrobenzene
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reduction,?® while carbon was also active for the reaction in
which the carbonyl groups provided an important kind of
active site.>® Herein, more convincing information is provided
on the carbon-mediated reduction of nitrobenzene. This approach
includes intentionally masking certain oxygenated groups
as well as using both model catalysts and carbon which was
synthesized under metal-free conditions. The results con-
firmed that carbon was indeed active in the reaction, and the
activity mainly originated from carbonyl groups.

We first studied nitrobenzene reduction in the presence of
CNTs. The commercial CNTs were synthesized by chemical
vapor deposition using Fe as a growth catalyst. After washing
with concentrated HCI] at room temperature for 24 h, the
purified sample was denoted as rCNT. To obtain the oxidized
sample (0oCNT), rCNT was treated with concentrated HNO;
in a 120 °C oil bath for 2 h, and the product was rinsed
with distilled water, followed by drying at 110 °C.
HCI could remove the exposed Fe catalyst, while HNO; could
not only remove the exposed Fe contaminants, but also
introduces oxygen functional groups on the CNT surface.
However, as the TEM image showed, there was still residual
Fe after acid treatment (Fig. 1). To demonstrate the existence
of Fe, we calcined the oCNT at 800 °C under air atmosphere.
After calcination, the 1.0 g of black oCNT powder transformed
into about 7 mg of red iron oxide (Fig. S17), suggesting that
Fe indeed existed even after treatments of two kinds of acid.
Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) analysis also showed that metal impurities existed
in the oCNT (Table S17). These Fe nanoparticles were embed-
ded in the channels of CNT, and could not come into contact
with the acid. As a result, these particles may also be unable
to interact with reactants during the reaction.

The surface oxygen functional groups could be removed
by thermal treatment under a noble gas atmosphere. X-ray
photoelectron spectroscopy (XPS) characterizations were carried
out to detect the oxygen bonding configurations as well as

KW &
Fig. 1 TEM image of oCNT.
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elemental contents in CNT samples. C—=0 was attributed
to carbonyl group, and O—C-0O was assigned to carboxylic
group, anhydride, lactone and ester (Fig. 2). On the other
hand, hydroxyl group and ether were labeled as C-O (H). The
total content of oxygen on oCNT was 5.7 at%, in which
O—C-0 was found to be the dominant kind of functionality
(Table 1).

After calcination under Ar flow at 500 °C for 2 h, there
was decrease in the total content of oxygen as well as differ-
ent oxygen containing functional groups on the obtained
oCNT500. However, O—C-O seemed to be most unstable,
a large amount of it having been stripped due to thermal
treatment, while about 50% of the other two kinds of oxygen
functionalities were still present. When oCNT was calcined
at 800 °C (0CNT800), the oxygen functional groups further
decreased: only about 1.0 at% of oxygen was left on the
surface. In addition, the result from temperature programmed
desorption (TPD) revealed similar information (Fig. S27).
These results suggested that surface oxygenated groups could
be easily introduced or to some extent selectively removed by
oxidation or calcinations. In comparison, the thermal treat-
ment at or below 800 °C could not remove Fe impurities, as
the melting point and boiling point of iron are 1537 °C and
2862 °C, respectively.

The catalytic performances of different samples were sum-
marized in Table 2. oCNT revealed moderate activity in the
reduction of nitrobenzene (Table 2, entry 1). However, after
the decomposition of a large amount of O—C-O, the activity
notably improved from 40.2% to 95.5%, although there was a
slight decrease in aniline selectivity (Table 2, entry 2).

The total content of oxygen and carbonyl groups was quite
low for oCNT800. As expected, an obvious deactivation was
observed when oCNT800 was used as the catalyst (Table 2,
entry 3). The performance of each catalyst suggested that the
oxygenated groups and not the Fe impurities were mainly
responsible for the activity. oCNT was taken as an example to
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Fig. 2 XPS Ols spectra of CNT samples.
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Table 1 Oxygen content of different CNT samples

Catalyst O (at%) C=O (at%) O=C-O (at%) C-O (H) (at%)
OoCNT 5.7 1.3 2.5 1.9
oCNT500 2.4 0.6 0.9 0.9
oCNT800 1.0 0.2 0.4 0.4

Table 2 Nitrobenzene reduction in the presence of different catalysts”

Entry Catalyst Conv. (%) Sel. (%)
1 OoCNT 40.2 97.5
2 0CNT500 95.5 91.9
3 0CNTS800 22.2 99.8
4 0CNT800” 49.7 96.9
5 No® 5.9 100
6 0oCNT? 21.9 96.5
7 PH-0CNT“ 6.2 99.9
8 0CNT5007 78.9 94.6
9 PH-0CNT500¢ 36.5 95.1

“ Reaction conditions: 20 mg of catalyst, 1.2 g of nitrobenzene,
5.0 equivalent of hydrazine monohydrate, 90 °C, 3 h. ? 60 mg of
catalyst. © No catalyst. ¢ 100 mg of catalyst, 60 °C.

study the stability of the carbon catalyst, the results showing
that oCNT was still very active for the 8th run (Fig. S31), and
a small change was observed for the content of oxygen func-
tional groups (Table S27).

It was necessary to note that most of the chemicals
contained metal impurities, and different treatments may have
led to different, new contaminants, and may have changed
the chemical state of existing contaminants. In order to ascer-
tain that the main activity did not originate from these newly
formed impurities, we performed some more tests. We used
highly graphitized multiwalled carbon nanofibers (labeled
as HHT) as a catalyst due to its simplified structure (Fig. 3).
There were hardly any oxygen functional groups on the sur-
face, and the amount of structure defects was quite low. As a

Fig. 3 TEM image of HHT.
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result, we could easily study the effect of possible impurities
that may be introduced during different treatments. The cata-
lytic results showed that the contribution of the potential con-
taminants could be neglected (Table S37).

We previously proposed that the carbonyl group was
critical to the reaction, while the carboxylic group and anhy-
dride had a negative effect. In addition, the surface area,
morphology, structure defects and other kinds of oxygenated
groups played insignificant roles,”® but more convincing
proof was still needed. Masking the carbonyl group was con-
sidered a good method. If the catalyst exhibited suppressed
activity, that would suggest an important role for the car-
bonyl group. On the other hand, the carbonyl group would
be shown to have no positive effect if the activity is improved
or remained the same. We used phenylhydrazine to mask
the carbonyl group as reported previously.>® This method
was based on the reaction between the carbonyl group
and phenylhydrazine, during which HCI served as catalyst
(Scheme 1). After the carbonyl groups on oCNT and oCNT500
were masked, the obtained materials were denoted as PH-oCNT
and PH-oCNT500, respectively (for more detailed information
including the characterization of the catalyst, please refer to
ref. 30). The activity decreased notably after the carbonyl
group was masked compared to the fresh sample (Table 2,
entries 6-9), which confirmed that the carbonyl group indeed
played an important role in the reaction. The residual activity
of both PH-oCNT and PH-oCNT500 may be derived from
structural defects, edges and other oxygenated groups such
as hydroxyl groups.

To further illustrate the important role of carbonyl groups
as well as the fact that the reaction could proceed readily
under metal-free conditions, we used 9,10-anthraquinone
and anthracene as two model catalysts (Fig. 4a).

We have studied the performances of a series of model
catalysts with different oxygenated groups in nitrobenzene
reduction,*® and here the catalyst without any functional
group was also investigated to make a comparison. Only
about 22% of nitrobenzene conversion was obtained after
5 h when anthracene was used as catalyst, suggesting that
anthracene, which has no oxygenated groups, was inactive
(Fig. 4b). In comparison, the reaction proceeded very well
in the presence of 9,10-anthraquinone: 47.8% of the nitro-
benzene was converted within 1 h, and after 5 h only 3% of
the substrate was left. In addition, the aniline selectivity was
above 97% during the whole process. As the same molar
amount of each catalyst was loaded during the reaction, the
results strongly demonstrated that the carbonyl group was of
paramount importance for the reaction and the reaction
could occur without metal or metal oxide. If carboxylic acids
were added to the reaction system, an obvious decrease
in conversion of nitrobenzene was observed (Table S4+),

HY
—b/C:N—HN—Q + H0

Scheme 1 Reaction between a carbonyl group and phenylhydrazine.

>C=O + HaN—HN
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Fig. 4 Structure of (a) two model catalysts and (b) their catalytic
performances. Reaction conditions: 14.4 mmol of catalyst, 1.2 g of
nitrobenzene, 6 equivalents of hydrazine monohydrate, 2 mL of
ethanol, 100 °C.
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revealing the negative role of carboxylic groups, which was in
accordance with the results when CNT samples worked as
catalysts. These results suggested that the activity was domi-
nated not only by the active groups (carbonyl groups), but
also the negative functionalities (such as carboxylic groups).
So there was no linear correlation between the activity and
the content of carbonyl group. This was the reason that the
conversion of nitrobenzene was about 50% rather than around
95% when 60 mg of oCNT800 was added in the reaction
(Table 2, entry 4).

We then used CMK-3 as catalyst. The CMK-3 was syn-
thesized by a hard-templating method,*" during which no
metal was added, and as a result, there may be no metal con-
taminant in the catalyst. The obtained carbon had an ordered
mesoporous structure (Fig. S47), with carbonyl groups on
the surface and a total oxygen content of about 3.0 at%
(Fig. S57). The catalytic tests demonstrated that the CMK-3
showed moderate activity in nitrobenzene reduction (Table 3,
entries 1-3), suggesting that the reaction could indeed pro-
ceed readily in the absence of a metal catalyst. In order to
improve the activity, the CMK-3 was oxidized by nitric acid
during which different kinds of oxygen-containing groups
were introduced on the carbon surface. It was shown that the
nitric acid oxidation played an important role in enhancing
the activity of the carbon catalyst, although the aniline selec-
tivity decreased to some extent (Table 3, entries 4-5).

In conclusion, we have studied nitrobenzene reduction in
the presence of carbon materials as well as aromatic model

4186 | Catal Sci. Technol., 2014, 4, 4183-4187
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Table 3 Nitrobenzene reduction catalyzed by CMK-3¢

Entry Loading (mg) Conv. (%) Sel. (%)
1 20 50.6 99.2
2 50 75.3 96.3
3 80 88.3 91.2
e 20 87.6 87.6
5bc 15 95.0 89.3

“ Reaction conditions: the respective loading of catalyst, 1.2 g of
nitrobenzene, 5.0 equivalents of hydrazine monohydrate, 100 °C, 3 h.
b The CMK-3 was oxidized by nitric acid at 120 °C for 2 h. © 5 h.

catalysts. It was revealed that the reaction could occur under
metal-free conditions, and the activity was mainly derived
from carbonyl groups. As far as oCNT was concerned, Fe still
remained as an impurity, but had no or marginal effect on
the reaction, because it was embedded in the carbon and
could not interact with the reactants. By calcination of the
oCNT at different temperatures together with masking certain
groups, the carbonyl group was also tested to be a critical
active site. These findings provide a method to test whether a
reaction belongs to carbocatalysis or not and pave a way for
designing efficient metal-free catalysts.
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