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A novel eco-friendly KA oil synthesis at room temperature (up to 25% yield) via solvent-free cyclohexane oxida-
tion using Sn1 − xCoxO2 − δ (x = 0, 0.01 or 0.05) nanoparticles as catalyst (TON up to 2 × 103) is here reported.
These nanoparticles are the first SnO2-basedmaterial able to catalyze the oxidation of alkanes.
Themost active nanocatalystwas the Sn0.95Co0.05O2− δ, allowing an easy recovery and reuse, at least for five con-
secutive cycles, maintaining high selectivity concomitant with 92% of its initial activity.

© 2017 Published by Elsevier B.V.
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1. Introduction

The development of sustainable catalytic processes for the oxidation
of abundant and inexpensive alkanes into high-added-value products
remains a great challenge for both academic and industrial purposes
[1–4]. An example of alkane oxidation with industrial significance con-
cerns the catalytic cyclohexane oxidation to KA oil (mixture of
cyclohexanol and cyclohexanone) important to produce adipic acid
and caprolactam, intermediates in polyamides manufacture [4–6]. The
current industrial aerobic cyclohexane oxidation process uses a homo-
geneous cobalt catalyst at ca. 150 °C, forming KA oil in very low (ca.
5%) yield to achieve an acceptable selectivity. Therefore, the develop-
ment of more sustainable systems operating under milder conditions
is an important goal [3,4,7–9].
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Nanostructured materials have attracted a great interest in recent
years in a wide variety of fields, including catalysis, due to their partic-
ular physical and chemical properties [10–15]. These properties mainly
depend on shape, size and structure of thematerials, which are strongly
determined by their synthetic processes. On the other hand, the catalyt-
ic response of a material is strongly dependent of its fundamental elec-
tronic structure, which is closely related to its chemical composition.
Therefore, doping can be an important strategy to modify the catalytic
activity of a nanostructured material [16–18].

SnO2 has been used in catalysis as ametal oxide support for precious
metal catalysts in M/SnO2 (M= Pt, Pd, Ru or Rh) systems for the com-
bustion at low temperatures of volatile organic compounds [19]. How-
ever, to our knowledge, its use as support has never been attempted
for alkane oxidation. Moreover, although being known that salts of
non-transitionmetals (e.g., Al [20], Ga, In [21] or Bi [22]) can catalyze al-
kane oxidation with hydrogen peroxide, the use of SnO2 as catalyst for
such oxidation has not been reported.

Aiming at the development of a more efficient and eco-friendly pro-
cess for the synthesis of the industrially important KA oil, herein we re-
port its successfully synthesis by oxidation of neat cyclohexane, with
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peroxide oxidants at room temperature (r.t.), catalyzed by Sn1 −

xCoxO2 − δ (x = 0, 0.01 or 0.05) nanoparticles (NPs). The NPs synthesis
procedure and their structural, microstructural and optical characteriza-
tion have been described elsewhere [23].

2. Results and discussion

Fig. 1 shows a set of TEM and HRTEM micrographs of the undoped
and Co-doped SnO2 nanopowders samples. As previously reported
[23], all samples are composed of quasi-spherical single crystalline
nanoparticles whose dimensions follow a lognormal distribution with
mean grain sizes b 5 nm and the dopant element homogeneously dis-
tributed in the SnO2 matrix. In both undoped and Co-doped SnO2

HRTEM micrographs of Fig. 1, few nanoparticles showing the (110)
planes are delimited by dotted circles stressing that nanoparticles are
single crystalline domains.

The SnO2-based NPs can catalyze the oxidation of neat cyclohexane
with a peroxide: hydrogen peroxide (aq., 30%), ter-butyl hydroperoxide
(TBHP, aq. 70%),m-chloroperoxybenzoic acid (mCPBA, 77%) or urea hy-
drogen peroxide adduct (UHP) as depicted in Scheme 1. These new cat-
alytic systems operate at room temperature and in solvent-free
conditions. Cyclohexane is mainly oxidized to cyclohexyl hydroperox-
ide (CyOOH), cyclohexanol (CyOH) and cyclohexanone (Cy-H=O). Pre-
cise quantification of the oxidation products present in the reaction
mixture was performed by gas chromatography using Shul'pin's meth-
od [24–27] where cyclohexyl hydroperoxide was quantitatively con-
verted to cyclohexanol by reduction with triphenylphosphine. The
presence of the hydroperoxide was verified by additional GC injections
of the samples before the treatment with triphenylphosphine (see ex-
perimental details in the electronic supplementary information (ESI)).
Selected results corresponding to optimized experimental conditions
(6 h reaction time, r.t.) are given in Table 1.

SnO2-based NPs act as highly selective catalysts towards the forma-
tion of cyclohexanol and cyclohexanone, since no traces of by-products
were detected by GC–MS analysis of the final reaction mixtures for the
optimized conditions (6 h reaction time, see Fig. S2 of ESI). However,
Fig. 1. TEM (up, left) and HRTEM (up, right) micrographs of undoped SnO2 NPs. In the
HRTEM micrograph four nanoparticles showing the (110) planes are delimited by
dotted circles. The corresponding [110] directions are also given. HRTEM micrograph
(down, left) of Sn0.99Co0.01O2 − δ NPs and (down, right) HRTEM micrograph of
Sn0.95Co0.05O2 − δ NPs. In both Co-doped SnO2 micrographs few nanoparticles are
delimited by dotted circles stressing that nanoparticles are single crystalline domains.
for longer reaction times (N6 h, see Fig. S2 of ESI) GC–MS analyses re-
vealed the presence of 1,2- and 1,4-cyclohexanediol. This formation of
side products of cyclohexane oxidation is believed to be the cause of
KA oil yield decrease observed for such longer reactions times.

Experiments under N2 atmosphere were also performed for the
Sn0.95Co0.05O2 − δ nanocatalyst (Table 1, entry 13). The obtained overall
yield and TONvalues are similar to that obtained in air (compare entries
9 and 13, Table 1), suggesting only a slightly promoting effect of the air
atmosphere. Accordingly with less oxidant availability, the ratio cyclo-
hexanone/cyclohexanol decreased.

Control experiments performed in the absence of the SnO2 NPs with
any type of peroxide confirm the crucial role of the nanoparticles to ef-
ficiently catalyze the oxidation of cyclohexane (entries 17 to 20, Table
1). In fact, SnO2 NPs are believed to initially activate, not the alkane,
but the oxidant (Eqs.1 and 2) and form oxygen-centered radicals that
attack the alkanemolecule generating the cyclohexyl radical Cy· (Eq. 3).

Sn4þ þ 2 ROOH → 2 ROO� þ 2 Hþ þ Sn2þ ð1Þ

Sn2þ þ 2 ROOH → 2 RO� þ Sn4þ þ 2 HO– ð2Þ

RO� þ CyH→ ROHþ Cy� ð3Þ

Cy· , in turn, reacts with dioxygen (Eq. 4) to form the cyclohexyl-
peroxyl radical CyOO· which gives rise to the cyclohexyl hydroperoxide
(CyOOH) (Eq. 5). The latter, in the presence of both reduced and oxi-
dized forms of the SnO2 nanocatalyst, decomposes (Eqs. 6–9) to cyclo-
hexanone and/or cyclohexanol.

Cy� þ O2 → CyOO� ð4Þ

CyOO� þ ROOH → CyOOH þ ROO� ð5Þ

2 CyOOH þ Sn2þ → 2 CyO� þ 2 HO– þ Sn4þ ð6Þ

2 CyOOHþ Sn4þ→ 2 CyOO� þ 2Hþ þ Sn2þ ð7Þ

CyO� þ CyH → CyOH þ Cy� ð8Þ

2 CyOO� þ→CyOHþ Cy‐H ¼ Oþ O2 ð9Þ

The strong inhibition effect (drop over 90%, entries 11 and 12, Table
1) observedwhen the reaction was carried out in the presence of either
the oxygen-radical trap Ph2NH or the carbon-radical trap CBrCl3, aswell
as the involvement of the hydroperoxide CyOOH in the catalytic reac-
tion (compare entries 9 and 10, Table 1) suggests the involvement of
the above radical mechanism for the cyclohexane oxidation catalyzed
by the SnO2 NPs.

Amaximum15%yield of KA oil is achieved after 6 h reaction byusing
TBHP oxidant and SnO2 nanopowder catalyst, with a turnover number
(TON, moles products/mol nanocatalyst) of 1.1 × 103 (see entry 1,
Table 1). This is a marked improved catalytic activity relative to other
nanocatalytic cyclohexane oxidation systems such as gold NPs support-
ed at carbon nanotubes (3.6% maximum yield, TON of 43 [28]).

The use of other peroxides in the present protocol leads to lower
yield and TON values (Table 1), following the trend mCPBA N H2O2

N UHP, as depicted in Fig. 2. This oxidant dependent behavior was also
found for other catalytic systems such as gold nanoparticles deposited
on oxide supports [29] or heterogenized metal complexes [30], with
TBHP exhibiting the highest oxidation efficiency. Further, replacement
of peroxides by dioxygen as oxidant agent was not well succeed,
allowing only a maximum of 0.6% total oxygenates yield (TON of 43).
Moreover, Co-doping of SnO2 nanoparticles leads to higher KA oil
yield and TON values, as Co/Sn ratio increases, up to 25% yield and
TON of 1.9 × 103 (for Sn0.95Co0.05O2 − δ and TBHP, entry 10, Table 1), fol-
lowing the above-mentioned trend in respect to the type of oxidant (Fig.



Scheme 1. Cyclohexane oxidation to KA oil catalyzed by Sn1 − xCoxO2 − δ (x = 0, 0.01 or 0.05) nanoparticles.
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2). Such higher catalytic activity of Co-doped SnO2 NPs may be due to
the availability of an additional metal center to decompose the peroxide
(Eqs. 10 and 11) aswell as to react with formed cyclohexyl hydroperox-
ide to yield the cyclohexyl-oxyl (CyO·) and -peroxyl (CyOO·) radicals
that lead to KA oil (Eqs. 12 and 13) formation.

Co2þ þ ROOH → RO� þ CO3þ þ HO– ð10Þ

Co3þ þ ROOH → ROO� þ Hþ þ Co2þ ð11Þ

CyOOH þ Co2þ → CyO� þ HO– þ Co3þ ð12Þ

CyOOH þ Co3þ → CyOO� þ Hþ þ Co2þ ð13Þ

Acidic reaction conditions, although not crucial for Sn1 − xCoxO2 − δ

NPs catalytic activity, can enhance the cyclohexane oxidation. Fig. S1
(ESI) shows the effect of nitric acid amount on the total (cyclohexanone
and cyclohexanol) TON for the oxidation of cyclohexane with TBHP cat-
alyzed by Sn0.95Co0.05O2-δ.NPs (see also Table S1 of ESI). The catalytic ac-
tivity increases with the HNO3 amount up to a maximum for the acid-
to-cyclohexane molar ratio of 0.3. This favorable effect of acid may be
associated to hydrogen-transfer, namely promoting the formation of
cyclohexyl-peroxyl (CyOO·) and -oxyl (CyO·) radicals [31]. Note
Table 1
Selected dataa for the optimized oxidation of cyclohexane with peroxides, catalyzed by
Sn1 − xCoxO2 − δ (x = 0, 0.01 or 0.05) nanoparticles.

Entry x Oxidant TONb Yieldd (%)

CyOH Cy-H = O Totalc

1 0 TBHP 632 489 1121 15.2
2 H2O2 53 33 86 1.2
3 UHP 49 27 76 1.0
4 m-CPBA 202 106 308 4.2
5 0.01 TBHP 859 507 1366 18.5
6 H2O2 299 110 409 5.5
7 UHP 123 77 200 2.7
8 m-CPBA 266 232 498 6.7
9 0.05 TBHP 1490 380 1870 25.2
10e 673 421 1094 15.3
11f 127 60 187 2.5
12g 101 50 151 2.0
13h 1459 248 1707 23.9
14 H2O2 320 110 430 5.8
15 UHP 118 93 211 2.9
16 m-CPBA 380 180 560 7.6
17 no catalyst TBHP – – – 0.3
18 H2O2 – – – 0.0
19 UHP – – – 0.0
20 m-CPBA – – – 0.1

a Reaction conditions: C6H12 (5mmol), nanocatalyst (0.7 μmol, 0.014mol% vs. substrate),
r.t., 6 h.

b Turnover number (moles of product per mol of nanocatalyst).
c Cyclohexanol + cyclohexanone.
d Amount of cyclohexanone and cyclohexanol determined after reduction of the aliquots

with solid PPh3 using cycloheptanone as standard.
e Without treatment of PPh3.
f In the presence of CBrCl3.
g In the presence of Ph2NH.
h Under N2 atmosphere.
however that a further increase of the HNO3 amount results in a de-
creasing of the catalytic activity, which may be due to the competition
between the cyclohexane, the oxidant and the acid for the active sites
at the surface of the Sn1 − xCoxO2 − δ NPs [32,33].

The present Co-doped SnO2 nanopowders/TBHP/r.t. systems exhibit
improved catalytic efficiency relative to other Co containing catalytic cy-
clohexane oxidation heterogeneous systems such as Co-doped SAPO-5
molecular sieves (selective conversion of cyclohexane to KA oil up to
6.30%) [34] or Mn-Co mixed oxides (MnaCobOx) catalysts (up to 10.4%
conversion of cyclohexane and 62.0% selectivity) [35] using molecular
oxygen as oxidant at 140 °C.

The Sn0.95Co0.05O2 − δ nanocatalyst, in the presence of hydrogen per-
oxide or TBHP,maintains its catalytic efficiency to produce KA oil during
five consecutive cycles and retained its initial activity over ~90% as well
as its selectivity. Moreover, the XRD patterns of the nanocatalyst show
that its crystallographic structure is kept after the 5 catalytic cycles, as
can be seen in Fig. 3. Indeed, the diffractograms of both as-prepared
and reused NPs show broad peaksmatching the expected diffraction re-
flections of the (110), (101), (200), (211) and (220) rutile SnO2 planes,
according to the JCPDS file 41-1445 [36]. These results seem to support
that Sn1 − xCoxO2 − δ behave as a truly nanocatalyst during the cyclo-
hexane oxidation.

The catalytic applicability of Sn1 − xCoxO2 − δ NPs was extended.
Other cycloalkanes, namely cyclopentane and -heptanewere selectively
converted in the corresponding alcohols and ketones, although in lower
yields (see Table 2). The activity trend of the NPs observed for cyclohex-
ane was maintained. The lower conversion of cyclo-pentane and
-heptane into the corresponding alcohols and ketones could be related
with the ring strain (ca. 6.5 kcal mol−1) exhibited by both cycloalkanes
which decreases the stability of their rings in comparison with the 6-
membered ring (ring strain of 0 kcal mol−1). In fact, GC–MS analysis
of the final reaction mixtures from the above conditions revealed a sig-
nificant presence of “overoxidation” products such as the corresponding
Fig. 2. Effect of type of oxidant on the total yield for the peroxidative oxidation of
cyclohexane catalyzed by the different Sn1 − xCoxO2 − δ nanoparticles: x = 0 ( ), 0.01
( ) and 0.05( ).



Fig. 3. XRD patterns of the Sn0.95Co0.05O2 − δ nanocatalyst as-prepared ( ) and after 5
catalytic cycles of cyclohexane oxidation using TBHP ( ) or H2O2 ( ) as oxidant.
Labelled crystallographic planes were taken from the SnO2 JCPDS file no. 41-1445 [36].
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cycloalkanediols and carboxylic acids. A better understanding of the op-
timal conditions for the catalytic systemswith these substrates seems to
be worthy of further development, a topic that will be addressed in fu-
ture studies.
3. Conclusions

Sn1 − xCoxO2 − δ (x=0, 0.01 or 0.05) nanoparticles withmean grain
sizes b 5 nmwere successfully used as catalysts for the oxidation of cy-
clohexane leading to KA oil, in the presence of peroxides at room tem-
perature and in solvent-free medium. Our results indicated that SnO2-
based nanoparticles were very active for the synthesis of cyclohexanol
and cyclohexanone, and no traces of by-products were detected under
optimized conditions. The best catalytic performance was achieved for
the Sn1 − xCoxO2 − δNPs with a Co/Sn ratio of 5%, using TBHP as oxidant
in acidic medium.

The recyclability of the Sn0.95Co0.05O2 − δ nanocatalyst was also stud-
ied and it was concluded that the NPs are easily recovered and reused,
their catalytic activity remaining almost constant after five reaction cy-
cles while maintaining selectivity.

These results have an important implication on the design of SnO2-
based alkane oxidation nanocatalysts and are of potential significance
for the industrial production of KA oil.
Table 2
Selected dataa for the optimized oxidation of cyclopentane and cycloheptane with TBHP,
catalyzed by Sn1 − xCoxO2 − δ (x = 0, 0.01 or 0.05) NPs.

Entry x Substrate TONb Yieldd (%)

ROH R-H = O Totalc

1 0 C5H10 30 19 49 0.7
2 C7H14 556 55 611 8.6
3 0.01 C5H10 46 25 71 1.0
4 C7H14 608 53 661 9.3
5 0.05 C5H10 59 21 80 1.1
6 C7H14 673 67 740 10.4

a Reaction conditions: C5H10 or C7H14 (5mmol), TBHP (10mmol), nanocatalyst (0.7 μmol,
0.014 mol% vs. substrate), r.t., 6 h.

b Turnover number (moles of product per mol of nanocatalyst).
c R-H = O + ROH (R = C5H9 or C7H13).
d Amount of R-H = O and ROH (R = C5H9 or C7H13) determined after reduction of the

aliquots with solid PPh3.
Acknowledgements

This work has been partially supported by the Portuguese Founda-
tion for Science and Technology (FCT), under the PTDC/QEQ-ERQ/
1648/2014, PTDC/CTM-NAN/113021/2009, UID/QUI/00100/2013 and
PEst-OE/CTM/UI-00084 projects.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.catcom.2017.03.012.

References

[1] A.E. Shilov, G.B. Shul'pin, Activation and Catalytic Reactions of Saturated Hydrocar-
bons in the Presence of Metal Complexes, Kluwer Academic Press, New York, 2000.

[2] E.G. Derouane, V. Parmon, F. Lemos, F. Ramôa Ribeiro (Eds.), Sustainable Strategies
for the Upgrading of Natural Gas: Fundamentals, Challenges and Opportunities,
NATO ASI Series, vol. 191, Springer, Dordrecht, 2005.

[3] G.B. Shul'pin, Catalysts 6 (2016) 50.
[4] U. Schuchardt, D. Cardoso, R. Sercheli, R. Pereira, R.S. Cruz, M.C. Guerreiro, D.

Mandelli, E.V. Spinacé, E.L. Pires, J. Appl. Catal. A 211 (2001) 1–17.
[5] Ullmann's Encyclopedia of Industrial Chemistry, sixth ed. Wiley-VCH, Weinheim,

2002.
[6] W. Weissermel, H.-J. Horpe, Industrial Organic Chemistry, second ed. VCH Press,

Weinheim, 2003.
[7] R.A. Sheldon, I.W.C.E. Arends, U. Hanefeld, Green Chemistry & Catalysis, Wiley-VCH,

Weinheim, 2007 1–47.
[8] L.M.D.R.S. Martins, A.J.L. Pombeiro, Coord. Chem. Rev. 265 (2014) 74–88.
[9] J.-E. Backvall (Ed.), Modern Oxidation Methods, Wiley, 2010.

[10] G. Schmid, Nanotechnology, vol. 1, Wiley-VCH, 2008.
[11] R.M. Mohamed, D.L. McKinney, W.M. Sigmund, Mater. Sci. Eng. R 73 (2012) 1–13.
[12] T. Mitsudome, K. Kaneda, ChemCatChem 5 (2013) 1681–1691.
[13] B.R. Cuenya, Thin Solid Films 518 (2010) 3127–3150.
[14] R. Zhao, D. Ji, G.M. Lv, G. Qian, L. Yan, X.L. Wang, J.S. Suo, Chem. Commun. (2014)

904–905.
[15] N. Dimitratos, J.A. Lopez-Sanchez, G.J. Hutchings, Chem. Sci. 3 (2012) 20–44.
[16] M. Graef, M.E. McHenry, Structure of Materials, second ed.1, Cambridge University

Press, 2012 1–21.
[17] C.W. Shong, S.C. Haur, A.T.S. Wee, Science at the Nanoscale, ch. 9, Pan Stanford Pub-

lishing, 2010 201–209.
[18] L. Sun, J. Zhai, H. Li, Y. Zhao, H. Yang, H. Yu, ChemCatChem 6 (2014) 339–347.
[19] N. Kamiuchi, T. Mitsui, N. Yamaguchi, H. Muroyama, T. Matsui, R. Kikuchi, K. Eguchi,

Catal. Today 157 (2010) 415–419.
[20] D. Mandelli, K.C. Chiacchio, Y.N. Kozlov, G.B. Shul'pin, Tetrahedron Lett. 49 (2008)

6693–6697.
[21] A.S. Novikov, M.L. Kuznetsov, A.J.L. Pombeiro, N.A. Bokach, G.B. Shul'pin, ACS Catal. 3

(2013) 1195–1208.
[22] B.G.M. Rocha, M.L. Kuznetsov, Y.N. Kozlov, A.J.L. Pombeiro, G.B. Shul'pin, Catal. Sci.

Technol. 5 (2015) 2174–2187.
[23] T. Entradas, J. Cabrita, S. Dalui, M.R. Nunes, O.C. Monteiro, A.J. Silvestre, Mater. Chem.

Phys. 147 (2014) 563–571.
[24] G.B. Shul'pin, in: M. Beller, C. Bolm (Eds.), Transition Metals for Organic Synthesis,

second ed., vol. 2, Wiley-VCH, New York 2004, p. 215.
[25] G.B. Shul'pin, G.V. Nizova, React. Kinet. Catal. Lett. 48 (1992) 333–338.
[26] G.B. Shul'pin, M.G. Matthes, V.B. Romakh, M.I.F. Barbosa, J.L.T. Aoyagi, D. Mandelli,

Tetrahedron 64 (2008) 2143–2152.
[27] G.B. Shul'pin, Mini Rev. Org. Chem. 6 (2009) 95–104.
[28] S.A.C. Carabineiro, L.M.D.R.S. Martins, M. Avalos-Borja, J.G. Buijnsters, A.J.L.

Pombeiro, J.L. Figueiredo, Appl. Cat. A 467 (2013) 279–290.
[29] L.M.D.R.S. Martins, S.A.C. Carabineiro, J. Wang, B.G.M. Rocha, F.J. Maldonado-Hódar,

A.J.L. Pombeiro, ChemCatChem (2017) http://dx.doi.org/10.1002/cctc.201601442R1.
[30] T.F.S. Silva, T.C.O. Mac Leod, L.M.D.R.S. Martins, M.F. Guedes da Silva, A.J.L. Pombeiro,

J. Mol. Catal. A 367 (2013) 52–60.
[31] Y.N. Kozlov, V.B. Romakh, A. Kitaygorodskiy, P. Buglyó, G. Süss-Fink, G.B. Shul'pin, J.

Phys. Chem. A 111 (2007) 7736–7752.
[32] M.V. Kirillova, Y.N. Kozlov, L.S. Shul'pina, O.Y. Lyakin, A.M. Kirillov, E.P. Talsi, A.J.L.

Pombeiro, G.B. Shul'pin, J. Catal. 268 (2009) 26–38.
[33] R. Nasani, M. Saha, S.M. Mobin, L.M.D.R.S. Martins, A.J.L. Pombeiro, A.M. Kirillov, S.

Mukhopadhyay, Dalton Trans. 43 (2014) 9944–9954.
[34] M. Wu, W. Zhan, Y. Guo, Y. Guo, Y. Wang, L.I. Wang, G. Lu, Appl. Catal. A 523 (2016)

97–106.
[35] Z. Xiao, W. Zhan, Y. Guo, Y. Guo, X. Gong, G. Lu, Chin. J. Catal. 37 (2016) 273–280.
[36] The International Centre for Diffraction Data®, JCPDF File no. 41-14445.

http://dx.doi.org/10.1016/j.catcom.2017.03.012
http://dx.doi.org/10.1016/j.catcom.2017.03.012
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0005
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0005
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0010
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0010
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0010
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0015
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0020
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0020
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0025
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0025
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0030
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0030
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0035
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0035
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0040
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0045
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0050
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0055
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0060
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0065
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0070
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0070
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0075
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0080
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0080
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0085
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0085
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0090
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0095
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0095
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0100
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0100
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0105
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0105
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0110
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0110
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0115
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0115
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0120
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0120
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0125
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0130
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0130
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0135
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0140
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0140
http://dx.doi.org/10.1002/cctc.201601442R1
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0150
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0150
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0155
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0155
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0160
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0160
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0165
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0165
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0170
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0170
http://refhub.elsevier.com/S1566-7367(17)30097-3/rf0175

	Enhancing alkane oxidation using Co-�doped SnO2 nanoparticles as catalysts
	1. Introduction
	2. Results and discussion
	3. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


