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Catalytic Performance of Carbon Monoxide Oxidation over
Nanostructured Cobalt Oxides

A:229°C: 3Co(OM), W(COy), 0.2911,0+ % 0, — Co,0,+ 1.53 1,0+ 2. 314 CO,

B:270°C: 3Co,(OH),CO,* 0, — 2C0,0,+ }1,0 + 3CO,
1
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Oxidation over Nanostructured Cobalt Oxides

Chen-Bin Wang
National Defense University, Taiwan

11/10/2016 in Langkawi, Malaysia (ICAMN IV 2016)

Sources of CO Pollutants
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www.epa.gov/air/urbanair/co/whatl.html
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Nanostructures of Cobalt Oxides

(Vanopal t1cles) (Nanorods) (Nanotubes) (Nanowires) (Nanofibers)
{dil
‘\

Chem.. Commun.. J P_llys. and Chem. Adv. Mater: , 20 (2008) 258 Nano Lett., 6 (2006) 12 J. Phys. Chem. C,
(2002) 1486 Solids 70 (2001) 847 112 (2008) 12225

(Nanowalls) (Nanosheets) (Nanotube arr ays) (Mircospheres)  (Flower-Like)

Advanced Materials Journal of Alloys Materials Letters, ~ Crystal Growth & Design,  J. Phys. Chem. C,
17 (2005) 1595 BRI e 63 (2009) 578 9.(2009) 210 112 (2008) 8177
476 (2009) 739

Motivation and Goal

Motivation

Abatement of Carbon Monoxide

Goal

Preparation of Nanostrutured Cobalt Oxides

T, for CO oxidation below 0 °C
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Catalytic Performance: CO Oxidation

A B

10%0,/ He—>=—=C___ =<k D

4%CO/ He = =RxE

e i ¢
P

Vent

H
Vent
A : Silica Gel D : Reactor G : Sampling Loop
B : Mass Flow Meter/ Controller E : Temperature Programmed Controller H : TCD Detector

C : 4-Way Valve F : 6-Way Valve

|
Preparation of Catalysts : Microwave Hydrothermal

T

Milestone microwave

Start D
2.4 gurea
B® s~
- f:___:
i Stirring L -
—_— —
L] E—
50 ml 0.6 M Co(NO,), 6H,0 [, ]
T Poured into M—
teflon cup S00 W
T (°C) (T =120, 140, 160, 180)
t (min) (t = 3, 10, 30, 60, 90)
Filtered and washed . o -
(1L DI water) ) Dried at 110 C 24 h —
> 1 RN . MCoT-t
S s
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Intensity

XRD Characterization

120
(100) (0 )(2 20) (240) 4 Co,(0OH),CO, : 29-1416
$(020) 2
* MCo-120-90

B : Monoclinic cobalt
hydroxide carbonate

MCo-120-60 Co,(0OH),CO;
[Co(OH),-CoCO,]

MCo-120-30

LA A g AM A \ MCo-120-10
A : Hexagonal cobalt

hydroxide carbonate
Co(OH), ,4,(CO;), 5 '0.29H,0

MCo-120-3

XRD Characterization

1 ‘ —

2200 (220 4 B :Co,(OH),CO, : 29-1416

( ¢
(120)
' Co,(OH),CO,
MCo-180-90
£ MW
) MCo-160-10
(100)
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Intensity

XRD Characterization

@ Co,0,  42-1467

* MCo-120-60 C300

MC0-120-90 C300

MCo-120-30 C300

AMCo-120-10 C300

MWM
MCo-120-3 C300

T\IC'O—lSO—QD CI00

MCo-180-10 C300 l

MCo-160-10 C300 |

WAPSIPITRFVRIOIN WIVR | VWP VIVRPRITTTIN Y. FRIN

NCo-140-10 C300 ']

NCo-120-10 C300

Intensity

1..3 2‘{_‘ glg _1I.3 5-[] GID ;[. a0 10 20 30 40 a0 6o 0 a0
20
(Calcination temperature : 300 °C in air for 1 h)
TGA DTG
230 MCo-120-90
1R — MCo-120-3 : 0-120-
e V[C0-120-10 =
. W[C0-120-30 : 258
“r —— MCo-120-60 . MCo-120-60
MCo-120-90 .
- — ‘
= O MCo-120-30
= 3
] —
=11} ]
z o} 2
- =] MCo-120-10
80 =
MCo-120-3
or ;
70 [ [ I I [ 1L 3 - ' I [
100 200 300 400 500 600 100 200 300 400 500 600

Temperature (‘C )

Temperature (C )

A:230 °C : 3Co(OH), ,,(CO,), s * 0.29H,0 + % O, — Co,0, + 1.53 H,0 + 2. 34 CO,
B: 258 °C : 3Co,(OH),CO, + 0, — 2Co,0, + 3H,0 + 3CO,
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TGA DTG

229 270 MCo-180-90
— MC0-120-10 P
— MCo0-140-10 Pl
MCo-160-10 P MCo-180-10
— MCo-180-10 % :
MCo-180-90 _ qE
S § :
< = : 3 MCo-160-10
= g .
2L ~ H
u = .
= 8} a -
: MCo-140-10
G0 = ]
: MCo-120-10
75k ‘\[
70 '] 1 ] ] 1 L E L L L
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (C ) Temperature (C )

A:229 °C : 3Co(OH), ,,(CO,), s * 0.29H,0 + % 0, — Co,0, + 1. 53 H,0 + 2. 34 CO,
B:270 °C : 3Co,(OH),CO, + O, — 2C0,0, + 3H,0 + 3CO,

TPR Characterization

B: Co,(OH),CO, +2H, — 2Co + 2H,0 + H,CO,

36
MC0120-90 /\
MCo120-60 J\

n

£
E
S MC0120-30
=
MCo0120-10
345 [¢
MCo0120-3 :
X r | | 1 | ] : » X 1 X r
100 200 300 400 500 500

Temperature (C)

A:Co(OH), ,,(COy)y -5 0.29H,0 + H, — Co + 0.73H,0 + 0.78 H,CO,
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TPR Characterization

B: Co,(OH),CO, + 2H, — 2Co + 2H,0 + H,CO,

400

MCo180-90

»
-
-
-
-
L]
-
-
"
[l
»
3
n
-
-
-
-
-

MCo180-10

[l
=
=
=
E“ MCo160-10
Z
=
1
~  |MCo140-10
MCo0120-10
200 300 400 500 600
Temperature (C)

100
A:Co(OH), 44,(CO,) 7 * 0.29H,0 + H, — Co + 0.73H,0 + 0.78 H,CO,4

MCo-120-3

Nanourchins

X el = fso sy
Signal & = 622

Migs 500K X GHT= 650 %V
Wo= smm Signa & = 552

WEN Lt
" o MCo-120-

10

= Mage SEAKX  EHT = 600KV
WoE smm Agnw A =451

MCo-120-10 C300
o ¥
Y,

m
G Sianw A= 552
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Abstract. The process of doping NiO onto Co30a4 for achieving resistance to sintering and obtaining long-term stability of
catalytic activity was examined herein. A sample of cobalt oxide (Coz04) was prepared from Co(NO3)2:6H20(q) Via
precipitation by NaOH, and then calcined at 300 and 500 °C. The CosOs-supported NiO catalysts were prepared by deposited
precipitation of Ni(NOz)2:6H20@q) with NaOH@q) added in a dropwise manner into the suspended CosOs solution with
various loading of nickel. Then, oxidation with NaOCI was employed to obtain NiO/CosO4 catalysts (weight loading of Ni:
0.1 ~ 5 wt%). All of the samples were characterized by using XRD, SEM/TEM, BET, TPR and TGA techniques. Catalytic
activities related to CO oxidation were tested from 0 to 200 °C in a self-designed fluidized micro-reactor. The results showed
that the calcination temperature and loading of nickel were important parameters in the preparation process. With the lower
calcined temperature and loading of nickel below 1 wt%, all the samples showed high initial catalytic activity for CO
oxidation near room temperature. The synergistic effect can induce CO oxidation between NiO and CosOs, and probably
constitute a more suitable redox property for the 0.2%Ni/Co304 (C3) catalyst. Furthermore, only a slight decrease of CO
conversion (less than 5%) was observed after 50 h of continuous reaction under 125 °C on this catalyst. The CO conversion
could still remain above 75% after 50 h, which demonstrates that the 0.2%Ni/Co304 (C3) sample can function as a durable
CO oxidation catalyst. We confirmed that our designed catalysts, based on tiny NiO nanoparticles, can be used as a
component of a toxic gas abatement system.

Introduction

Carbon monoxide (CO) emissions from stationary industrial processes and mobile automobiles are considered as
the main harmful component in polluting the environment. To design novel catalysts for low temperature catalytic
oxidation of CO to CO, is a promising route to cleaning the air and lowering automotive emissions [1, 2]. This topic
suggests extensive applications in numerous fields, such as vehicle exhaust catalysts [3], mine rescue devices [4] and
catalytic combustion [5]. From the viewpoint of catalysis, the core problem is to find catalysts that operate efficiently in
the CO removal reaction. Many studies have aimed to develop highly active catalysts for CO oxidation based on metal
oxides and metal-supported oxides. Highly active and stable Pt-group catalysts for CO oxidation are well known [6-8].
However, besides Au nanoparticles, Pt-group catalysts only show activity for CO oxidation when the reaction
temperature exceeds 150 — 200 °C [9, 10]. Transition metal-based catalysts have also been developed for CO oxidation
due to their low cost and availability [11, 12]. Among the transition metal oxides, cobalt oxide (Co304) [13, 14] and
manganese oxides in various forms (MnO, Mn;03, MnO_, Mn30.) [15, 16] are particularly attractive material in relation
to CO oxidation due to their redox ability of mobile oxygen on the surface. The activity of Co30, toward oxidation is
highly probably because of the relative weakness of the Co-O bond strength of Co304, which easily releases reactive
oxygen species from the lattice structure.

The rate of CO oxidation over Ni-based catalysts at room temperature has been demonstrated to be very high in
studies using single crystal-based model systems under an ultrahigh vacuum (UHV) [17, 18]. Meanwhile, NiO also
exhibits an active phase for CO oxidation when deposited on specific supports [19, 20]. However, CO oxidation of
supported Ni catalysts under atmospheric pressure conditions has rarely been studied. In this work, we synthesized NiO
nanoparticles supported on Co304 using deposited precipitation and oxidation, and studied their catalytic behavior with
regard to CO oxidation from 0 to 200 °C under atmospheric pressure. In particular, we focused on the influence of
calcination temperature and loading of nickel on Co304, as well as their catalytic activity in room temperature CO
oxidation. The series of catalysts is characterized by XRD, TEM/SEM, BET, FTIR and TPR. The results of the
characterization and the catalytic activity are discussed in relation to the performance of the NiO/Co304 catalysts.
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Experimental
Preparation of catalysts

Both the NiO and Co304 catalysts were prepared by precipitation-oxidation method according to previous reports
[21, 22], and a series of NiO/Co30, catalysts with various loading of nickel was fabricated using the deposited
precipitation and oxidation method. The precursors were Ni(NO3)2-6H20 and Co(NOz)2-6H.0, the precipitant was
NaOH and the oxidant was NaOCIl. A sample of Co3O4 was prepared from Co(NOs),-6H20(.q) Via precipitation by
NaOH, and then calcined at 300 and 500°C. The Co30s-supported NiO catalysts were prepared by deposited
precipitation of Ni(NOs),-6H20(q) with NaOH.q) added in a dropwise manner into the suspended CozOs solution with
various loading of nickel. Then, oxidation with NaOCI was employed to obtain NiO/Co30;, catalysts (weight loading of
Ni: 0.1 ~ 5 wt%).

Characterization of catalysts

X-ray diffraction (XRD) measurements were made using a Siemens D5000 diffractometer with Cu Ko radiation
(A =1.5405 A) at 40 kV and 30 mA, with a scanning speed in 20 of 2°-min~t. The crystallite sizes of cobaltic oxide and
nickel oxide were calculated by the Scherrer equation. The surface areas were measured based on the
Brunauer—Emmett—Teller (BET) method in the relative pressure range of 0.05 - 0.3, determined from the adsorption
branch of nitrogen physisorption isotherms at — 196 °C. The morphological image and elemental distribution in a
cutting plane of the as-prepared NiO/Co304was obtained by scanning electron microscopy (SEM, JEOL, JSM-7100F)
combined with energy dispersive spectroscopy (EDS). The size of the NiO particles on the surface of the sample was
analyzed by transmission electron microscopy (TEM, Hitachi H600-3 a 200kV; HRTEM-JEOL JEM 2011). The
reduction behavior of the catalysts was studied using temperature-programmed reduction (TPR) via connection to a
thermal conductivity detector (TCD). Approximately 25 mg of the catalyst were heated in a flowing 10% H2/N gas
mixture at a flow rate 10 ml-min. During TPR, the temperature was programmed to rise at 10°C-min by using a PID
controller from room temperature to 500 °C.

Measurement of Catalytic Activity

The catalytic activities of NiO, Cos04 and NiO/Co304 catalysts in the oxidation of CO were measured in a
self-designed fluidized micro-reactor. A mixture of 0.5% CO, 5.5% O and He as balance reaction gas was fed into a
0.1 g catalyst reactor and the total flow was kept at a rate of 20 ml-min during the reaction. Steady-state catalytic
activity was measured at each temperature, as the reaction temperature was increased from room temperature to 200 °C
in steps of 25 °C. The effluent gas stream was analyzed by using gas chromatography with a thermal conductivity
detector (TCD).

Results and Discussion

Characterization of catalysts

The 6™ column of Table 1 presents the BET specific surface area of the NiO, Co30,4 and NiO/Co304 catalysts. Both
C030,(C3) and 0.2%Ni/Co304 (C3) catalysts possess a large surface area (approaches 30 m?-g) among these catalysts
(below 20 m2-g1). A comparison of Co304(C3) (calcined at 300 °C) with Co304(C5) (calcined at 500 °C) shows that
the increase in calcined temperature induces the decrease of surface area. The induced decrease due to the thermal
treatment might be attributed to grain growth of the particles of cobaltic oxide [23]. In fact, an XRD investigation
indicates that the rising calcined temperature of the as-prepared catalyst affects an increase in the degree of crystallinity
and particle size of the phase (see the 7 column of Table 1), i.e. 12.5 nm and 17 nm for Co30, (C3) and Co0304 (C5),
19.3 nm and 26.3 nm for 0.2%Ni/C0304 (C3) and 0.2%Ni/Co304 (C5), respectively. Figure 1 presents the XRD patterns
of NiO, Co304 and NiO/Co304 catalysts. The diffraction pattern of NiO shows the cubic crystal structure at ca. 37.3°,
43.3° and 62.9°, corresponding to (111), (200) and (220) planes, respectively. The obtained diffraction peak of Co304
shows a well-crystallized phase with a spinel structure [Fig. 1(a)]. In observing the width of the diffraction peaks, the
broadening of the peaks can demonstrate the nanocrystalline character of the Co30. phase. It shows that the Co304 (C5)
diffraction peaks are narrow and sharper than Co3;04 (C3), indicating a larger crystal size of Co3zO4 (C5). The diffraction
peaks of series NiO/Co304 catalysts [Fig. 1(b)] mainly index a spinel structure CosO. phase; the signal of NiO is not
observed in all the samples. The crystallite size of supported NiO is not calculated since the peak intensity is not
observed or weak; thus, big errors would result when calculated by the Scherrer equation. This indicates that the doped
Ni2* may be incorporated into the Co3Oy4 lattice and/or well-dispersed.
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TABLE 1. Characterization and catalytic activity of CO oxidation over series catalysts

Samples Tcr* TPR (C)*** SBET dCo304 (nm) Top****
(C) T T T (m?«g? Fresh Used (C)
Non-Supported Catalysts
NiO(C5) 500 246 259 341 19.9 17.7* 18.0 >200
C0304(C3) 300 192 284 348 29.9 12.5 — 122
C0304(C5) 500 227 317 360 18.4 17.1 23.7 115
Supported Catalysts
5%Ni/C0304(C5) 300 260 334 361 19.3 20.1 20.4 183
1%Ni/C0304(C3) 300 217 337 375 — 21.1 — 113
0.2%Ni/C0304(C5) 300 235 320 360 15.0 26.3 255 122
0.2%Ni/C0304(C3) 300 213 305 360 30.9 19.3 18.9 104
0.1%Ni/C0304(C3) 300 206 280 345 — 18.3 — 116
*Particle size of NiO
** Tc : Calcined temperature
N . [H] . [H [H] 1!
***T; : Temperature of initial reduction T1 : Co3;0y — CoO or NiOx — Ni0 T2 : CoO — Co or NiQ — Ni
**%* T o Temperature of 50 % CO conversion
#C030, #NiO @ #C030,
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FIGURE 1. XRD patterns of (a) NiO and CosO4 (b) NiO/Co304 catalysts

Figure 2 shows the TEM/SEM images of three NiO/Cosz0O4 catalysts. All three exhibit a homogeneous
microstructure with packing of spherical particles with grain size ranging from 50 to 100 nm. A layer of white film from
the 0.2% loading of Ni and dispersed nanoparticles over the 5% loading of Ni covers the support surface. It is
interesting to find that the NiO particles are well dispersed on the surface of Co304. To verify that NiO is dispersed on
the surface of Co30., an EDS mapping photograph of the 5%Ni/Co304 (C5) sample was taken on an SEM apparatus.
Figure 3 shows the analysis of the SEM-EDS image: the Ni and Co atoms are homogeneously dispersed, confirming the

above TEM analysis.
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FIGURE 3. SEM-EDS images of 5%Ni/Co304 (C5) catalyst: (a) SEM image (b) Mapping of Co (c) Mapping of Ni (d) EDS
spectrum

28



To understand the M-O (Co or Ni) bond strength in the NiO/Co304 catalysts, the TPR technique was used to
elucidate the reduction behavior of these catalysts. Figure 4 shows the TPR profiles of the prepared series catalysts. The
profiles of Fig. 4(b) show one faint peak (T;) and two sequent reduction peaks (T1 and T2). According to the literature,
the first two peaks were attributed to the removal of oxygen species adsorbed on oxygen vacancies and the reduction of
Co®* to Co?* (or Ni®* to Ni?*), respectively, and the third peak to the reduction of Co?* to Co metal (or Ni%* to Ni metal)
[24]. For comparison, the reduction profile of pure NiO and Cos04 [Fig. 4(a)] was also conducted, showing a big peak
around 300 — 400 °C due to the reduction of NiO to Ni metal, and CoO to Co metal as observed elsewhere [25]. The 3"
to 5™ columns of Table 1 present the reduction temperatures (T;, T1 and T2) of series catalysts. The addition of Ni atoms,
supported on the surface on the framework of Co3Os, led to a decrease in the reduction temperature of T; with the
decreasing loading of Ni, i.e. 260, 217, 213 and 206 °C for 5%Ni/C0304 (C5), 1%Ni/C0304 (C3), 0.2%Ni/Co304 (C3)
and 0.1%Ni/Co30; (C3), respectively, due to the increase of its reducible capacity. Comparing the effect of surface area
with the reduction behavior reveals an apparent shift of T; to a lower temperature with the increase of surface area. We
inferred that the reduction temperature of T; should be the crucial factor influencing the CO oxidation activity.

360 345 370
0.196Ni/Co O,(C3) 206 28 360
. . [o2mnico0,c3) 213 30 360
S [cos0s(co) S
8 8 320
2 2 Jo.2%Ni/Co,0,(C5) 235
2 2 375
g |eos0scd 192 & 337
£ £ Jueniico,0,c3) 217 361
334 377
. 259
Nio (©5) 246 506Ni/C0,0,(C5) 260
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
Temperature (°C) Temperature (°C)
(a) (b)

FIGURE 4. TPR profiles of (a) NiO and Co3O4 (b) NiO/Co304 catalysts

Oxidation of Carbon Monoxide

Figure 5 displays the CO oxidation activity obtained from the samples, showing that CO conversion increases with
increased reaction temperature; the activity is in order of NiO < 5%Ni/C0304 (C5) < C0304 < 1%Ni/C0304 (C3) <
0.2%Ni/Co304 (C3). Pure NiO is less active for CO oxidation [Fig. 5(a)] so that the needed temperature exceeds 200 °C,
but it can significantly improve the activity when supported on the CosO4 surface [Fig. 5(b)], indicating that the
presence of NiO alters the surface properties of Cos04 and promotes its CO oxidation ability. To exclude the high
activity of Cos0. [Fig. 5(a)], a series comparative catalysts, NiO/Cos0. [Fig. 5(b)], suggests that the enhanced activity
obtained from the Co3O4-supported catalysts is not due to the dispersed NiO particles, but rather to a synergistic effect
induced between Co3z04 and NiO. The synergistic effect between perovskite and metal oxides for CO oxidation has been
found for an LaCoOs;—Co304 system in a previous work [26]. The synergistic effect can induce CO oxidation between
NiO and Co304, and probably a more suitable redox property for 0.2%Ni/Co304 (C3) catalyst. The Tso (temperature at
50% CO conversion, list in the last column of Table 1) of the 0.2%Ni/Co304 (C3) catalyst occurs at 104 °C, which is
lower than that of the other catalysts: the Tso values for the 1%Ni/Co304 (C3), Cos04 and 5%Ni/Co304 (C5) catalysts
are 113, 122 and 183 °C, respectively. The effect of NiO loading on the activity of series NiO/Co304 catalysts is due to
the relationship of Ni. A significant increase in the activity can be observed for the decreased loading of Ni,
demonstrating that the presence of NiO is crucial to the reaction. The reason is that the less loading of Ni at the
beginning increases the synergistic effect by improving the contact area with Co304 and reducible capacity, but the
excess presence of Ni decreases the catalytic performance due to the enrichment of Ni atoms on the surface; covering
the active sites leads to a decrease in the surface area and reducible capacity. In comparison, the optimum NiO dopant is
below 1%Ni loading.
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FIGURE 5. Catalytic activities of (2) NiO and Co304 (b) NiO/C0304 catalysts toward CO oxidation as a function of temperature

Besides activity, the stability of catalyst is another important factor for CO oxidation [27, 28]. Figure 6 shows the
stability test of 0.2%Ni/Co304 (C3) catalyst at 125 °C. The stability test result shows that the catalyst can maintain
catalytic activity for 50 h. Furthermore, only a little decrease of CO conversion (less than 5%) was observed after 50 h
of continuous reaction at 125 °C. The CO conversion could still remain above 75% after 50 h, which demonstrates that
the 0.2%Ni/Co30. (C3) sample can function as a durable CO oxidation catalyst. The deactivation of the catalyst can be
attributed to the following reasons. First, moisture could compete with reactants to occupy some active sites and thus
reduce the reaction rate. Second, the surface reconstruction and/or sintering of the catalyst would lower the catalytic
activity during CO oxidation [29]. Slight variations were found in the XRD patterns and TPR profiles when comparing
the fresh and used 0.2%Ni/Co304 (C3) catalyst. XRD analysis [Fig. 7(a)] reveals that the catalytic test led to no change
in the phase and crystallinity of the cobalt oxide domains. The relative intensity of the XRD peaks is similar for the
fresh and used samples, and the particle size approaches 19 nm (see the 71 and 8™ columns of Table 1). The reduction
behavior of the fresh and spent samples is shown in Figure 7(b). The main reduction peak indicates the reduction of
cobalt oxide. A slight shift of the reduction peak for the spent catalyst demonstrates that the surface reconstruction may
occur, with easy reduction to maintain the catalytic performance.
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FIGURE 6. Stability test of 0.2%Ni/C0304 (C3) catalyst at 125 °C
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Conclusions

The effect of NiO on the catalytic performance of Cos04 for CO oxidation was investigated in this study. The
doping of NiO on the surface of Co304 leads to improved activity due to a synergistic effect induced between Co304
and NiO, while the excess incorporation of Ni to the surface leads to decreased activity due to the enrichment of Ni
atoms on the surface, and covering the active sites leads to decreased surface area and reducible capacity. We confirmed
that our designed catalysts based on tiny NiO nanoparticles can be used for the abatement of CO, and that the optimum
NiO dopant is below 1%Ni loading for practical applications.
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Abstract. Fructose, an environmentally friendly reducing agent, was chosen during the process of reduction and
self-assembly of graphene oxide (r-GO) via the hydrothermal method to prepare the graphene sponge (r-GS). Graphite oxide
(GO) was prepared by oxidizing graphite (G) powders through a modified Hummers method. The GO dispersion (10 mg/mL)
was mixed with equal mass ratio of fructose and ultrasonic-assisted dispersing in a beaker at RT for 30 min. Then, the
suspended solution was transferred to a 200 mL Teflon-lined autoclave and maintained at 160 °C for 6 h. After cooling to RT,
the black rod was washed with deionized water and lyophilized to obtain r-GS. The samples were characterized by XRD,
TEM/SEM, BET, EA, FTIR, Raman and TPR. The absorption capacity and recycling measurement for oil over the fabricated
r-GS was evaluated. In the preliminary results, the hydrophobic r-GS showed light weight and formed 3D porous structure
that could enhance the absorption of organic solvents and oils. The absorption capacities of r-GS for various organic solvents
and oils were quantified. The absorption capacities were in the range of 15 ~ 38 g/g. The ultrahigh absorption capacity
indicates that the absorption is more like an accommodation of oils in the hydrophobic micro- and macro- pores of the r-GS.
In particular, the absorption capacity for vegetable oil is 37.8 g/g, indicating that the r-GS can be used for oil leakage
treatment.

Introduction

In recent years, high molecular materials through assembling of nanomaterials into macroscopic structures, while
keeping the unigue properties of nanoscale building blocks [1-3], are gaining much attention in its great significance to
advance the practical applications, i.e. adsorbents for various pollutants, heavy metals, dyes, organic solvents and
nonmetal ions [4-8]. Since the discovery of graphene, it has been extensively investigated as a typical carbon
nanostructure. Graphene (r-G), graphene oxide (r-GO), graphite (G) and graphite oxide (GO) have attracted enormous
interest in the development of composite materials and catalysts [9-13] due to their remarkable physical, chemical and
electrical characteristics, including a very high specific surface area, as well as excellent stabilities [14]. Among these
materials, the precursor of r-G and r-GO can be obtained easily by oxidizing expandable graphite powders [15].
Interestingly, both r-G and r-GO exhibit excellent activity due to their privileged lamellar flexible structure with 3D
hierarchical porous texture; a wide range of introduced oxygen-containing functional groups, such as epoxy (C-0-C),
hydroxyl (OH) and carboxyl (COOH) [16, 17] can overcome hydrophobicity of pristine graphene, thus making r-GO an
attractive candidate for the bottom-up assembly of r-G into nacroscale structures. Due to the hydrophobic nature of oils,
r-G should be in the reduced form for oil removal; many types of r-G adsorbent have been found in regard to the
removal of oil [18-22]. Porous r-G could accommodate more oils; thus, is the main form employed in the oil-water
separation. Also, r-G and r-GO supported catalysts have been applied to many kinds of chemical reactions [23-25].

Four types of r-G have been designed for application in the removal of oil. The first is r-GS, widely adopting the
hydrothermal method in a preparation that possesses potential adsorption performance in oil adsorption [18, 19]. The
second is r-G amended polymer (such as the polyurethane) sponge [22, 26]. The third is r-G amended cotton [27] and
fourth is the porous r-G composite with other inorganic materials and/or polymers [28-30]. The preparation of r-GS is
easier and more reproducible among these materials. In particular, the hydrothermal reduction of r-GO is regarded as
the easiest method to prepare r-GS for oil removal. However, using reducing reagents such as thiourea and ammonia
might cause environmental pollution [18, 19]. Therefore, the application of environmentally friendly reducing reagents
for the preparation of r-GS has received increased attention. In this paper, an environmentally friendly reducing agent,
fructose, has been chosen fot the process of reduction and self-assembly of r-GO via the hydrothermal method to
prepare the r-GS, and is characterized with XRD, TEM/SEM, FTIR, Raman and TPR tools. The adsorption and
regeneration capacities of oils and organic solvents on r-GS are evaluated.
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Experimental
Preparation of r-GS

A modified Hummers method was employed to fabricate GO from natural graphite powder [15]. Briefly, graphite (1
g) was added to concentrated sulfuric acid (46 mL) with stirring under an ice bath, sodium nitrate (0.5 g) was then
added, and the mixture was still stirred for 4 h. Under vigorous agitation, potassium permanganate (3 g) was slowly
added while the temperature of suspension was kept lower than 20 °C under an ice bath. Subsequently, the reaction
system was transferred to a 35 °C water bath and stirred for about 2 h, forming a thick paste. Then, 46 mL de-ionized
water was added, and the solution was stirred for 1 h at 95 °C. An additional 140 mL of de-ionized water were added,
followed by the slow addition of 20 mL of H>O» (20%) till no bubble formed, turning the color of the solution from
dark brown to yellow. The mixture was filtered and washed with 200 mL diluted HCI (1:10) solution to remove metal
ions, followed by washing with de-ionized water to remove the acid till pH of 7 resulted to obtain GO. Then, dried
solid-state, dark brown GO powder (100 mg) was dissolved in de-ionized water (10 ml) and ultrasonicated for 1 h to
form a colloidal dispersion of r-GO. Subsequently, an equal mass ratio of fructose solution was added with uniform
ultrasonic stirring for 0.5 h. The dispersed r-GO was transferred into a sealed reactor with a Teflon-lined autoclave and
maintained under 160 °C for 6 h. After slowly cooling to RT, a wet black cylindrical r-GS hydrogel block was obtained.
Finally, the r-GS hydrogel block was washed with de-ionized water and lyophilized under — 50 °C.

Characterization of r-GS

X-ray diffraction (XRD) measurements were made using a Siemens D5000 diffractometer with Cu Ko, radiation (A
= 1.5405 A) at 40 kV and 30 mA with a scanning speed in 20 of 2°-min~*. Fourier transform infrared (FTIR) spectra
were recorded using a Nicolet 6700 FI-IR spectrometer (Nicolet). The GO powder was mixed with potassium bromide
to form the pellets in order to scan the FTIR spectra. The microstructures and structures on the nanoscale were acquired
by scanning electron microscopy (SEM, JEOL, JSM-7100F) and transmission electron microscopy (TEM, Hitachi
H600-3 a 200kV; HRTEM - JEOL JEM 2011). Raman spectra were carried out using a Witec Alpha 300R confocal
Raman microscope. The excitation wavelength is 532 nm and a laser power of ~ 0.1 mW was chosen in order to avoid
laser-induced damage of the r-GS skeleton. The reduction behavior was studied using temperature-programmed
reduction (TPR) with connected to a thermal conductivity detector (TCD). Approximately 25 mg of the sample were
heated in a flowing 10% H2/N, gas mixture at a flow rate 10 ml-min‘%. During TPR, the temperature was programmed to
rise at 10 °C-min! by using PID controller from RT to 900 °C.

Oil and organic solvent absorption

We evaluated the adsorption capacity (Q, g-g*) of r-GO for various oils (vegetable oil and machine oil) and organic
solvents (ethanol, acetone and cyclohexane). The r-GS was first put into the oils or organic solvents for 10 min (Fig. 1);
after picking out, the weights of the r-GO before and after adsorption were measured for Q calculation. The absorption
capacity denotes the ratio of the final weight to the initial weight after full absorption. In the recycling of r-GS, upon the
adsorption of vegetable oil, the r-GS samples were squeezed and then dried by natural evaporation. Then, with the
removal of vegetable oil by burning, the absorbed and dried r-GS was placed in a glass place and fired (Fig. 2).

o

e o

(e) (f) (g) (h)

FIGURE 1. Absorption of vegetable oil test: vegetable oil was stained by methyl red, and took a picture at interval of
20 s till complete absorption on r-GS.
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FIGURE 2. Absorption and removal of vegetable oil: (a) Raw r-GS (b) Absorbed vegetable oil (c) During the burning
(d) After the burning

Results and Discussion

Characterization of r-GS

Figure 3 presents the XRD patterns of the G, GO, r-GO and r-GS samples. In the XRD patterns, a much narrower
peak of G was centered at 26 = 26.6° (d-spacing 3.36 A) corresponding to the (002) while the fatter diffraction peak for
GO and r-GO appear around 260 = 10.3° (d-spacing 8.62 A) and 12.3° (d-spacing 7.21 A), respectively. This indicates
that the interlayer spacing of carbon structure instantaneously increases along with the graphite oxidation. After the
reduction and self-assembly of r-GO, and freeze-drying, a new much broadened diffraction peak at 20 = 24.5°
(d-spacing 3.67 A) appears, indicating a typical pattern of an amorphous carbon structure in the r-GS, which is close to
the d-spacing 3.36 A of the graphite. The r-GS migrates to lower 26 angles compared to the G, indicating the change of
interlayer spacing [31]. This suggests that the interlayer spacing of r-GS layers (002) is larger in the r-GS than the G.
Accordingly, these results suggest the chemical reduction happened successfully during the hydrothermal process [32].

Figure 4 presents the FTIR spectra of the G, GO, r-GO and r-GS samples. The spectrum of G shows a faint
peak with the characteristic vibration of unsaturated C=C around 1570 cm™%. Both GO and r-GO indicate a similar FTIR
spectrum; broad bands at 3360 and 1624 cm™* are respectively attributed to the stretching vibration of O—H groups
(-COOH/-0OH), while other peaks at 1716, 1580 and 1065 cm™ correspond to the C=0, C=C and C-O stretching
vibration, respectively. These demonstrate that the GO and r-GO possess abundant oxygen containing groups. After the
reduction and self-assembly of r-GO by fructose, the intensities of all FTIR bands correlated to the oxygen containing
groups decreased dramatically [33].

TEM was used to observe the structures on the nanoscale. Figure 5 presents the TEM images of the G, GO and
r-GS samples. The G is tight aggregates within the host sheets, forming bulk nanostructural intergrowth, which exhibits
lower interlayer spacing. As for the GO formation, the aggregated sheets dispersed to form thinner flaky, wrinkles and
folds. The 3D network indicates the strong interconnection between building blocks. The r-GS exhibits a cellular
structure inside with interconnected pores under microscopic observation. The pore walls are made up of assembled
graphene sheets during the reduction and self-assembly process. This suggests that graphene sheets assembled to form
larger sheets and then cross-linked to produce 3D porous structure. In addition, wrinkles and twists can be observed in
the edges of the graphene sheets, which showed more wrinkles and folds than the GO. No carbon particle was found on
the graphene sheets of r-GS. This was consistent with the literature results [34, 35].

SEM can be used to show the microscopic structures. Figure 6 presents the SEM images of the G, GO and r-GS
samples. No obvious porous structure was observed for the G, while a rough morphological structure formed on the GO
due to the packed thin layer sheets. As the GO sheets were reduced by fructose via hydrothermal treatment, the
graphene sheets lost the dispersibility in an agqueous system, and the flexible graphene sheets overlap and coalesce with
each other, forming a porous and well-defined 3D framework. The thinner cell walls or wrinkles inside the small pores
may be responsible for the trapping and anchoring of organic molecules during the freeze drying, which is consistent
with a previous report [36].

Figure 7 shows the Raman spectra of the G, GO, r-GO and r-GS samples. The spectrum of G shows a single line at
1578 cm (G-band) and a faint D-band around 1340 cm attributed to the graphite structure and amorphous structure,
respectively. Moreover, the degree of structural order depends on the peak intensity ratio of Ip/lg, where the value of the
ratio decreases with the increasing degree of the carbon order. The D-band increased abruptly as the G was oxidized to
form GO, and produced a large amount of defects. The Raman spectrum of GO, r-GO and r-GS exhibit similar
characteristic intensities of G-band and D-band, while the intensity of G-band is weaker than that of D-band in the r-GS
sample. The values of Ip/lg for G, GO, r-GO and r-GS are 0.56, 1.00, 0.95 and 1.07, respectively.

The TPR technique is used to elucidate the reduction behavior of these carbon materials. Figure 8 shows the TPR
profiles of the G, GO, r-GO and r-GS samples, and various degrees of reducibility are observed. Among these samples,
the G is difficult to reduce, while the r-GO is easy to reduce. According to the literature [37, 38], the soft carbon can be
reduced below 300 °C and the reduction temperature for the hard carbon exceeds 500 °C; the tendency of hardness is in
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the order of G > r-GS > GO > r-GO. From the reduction behavior, the oxygen-functional groups of —-COOH/-OH
belong to the soft species and the C—O—C functional group are attributed to the hard species.
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FIGURE 3. XRD patterns of G, GO, r-GO and r-GS samples.
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FIGURE 4. FTIR spectra of G, GO, r-GO and r-GS samples.
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FIGURE 5. TEM images of (2)G, (b)GO and (c)r-GS samples.
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FIGURE 6. SEM images of (a)G, (b)GO and (c)r-GS samples.
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FIGURE 7. Raman spectra of G, GO, r-GO and r-GS samples.
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FIGURE 8. TPR profiles of G, GO, r-GO and r-GS samples.

Absorption capacity of oil and organic solvent by r-GS

Figure 9 displays the absorption capacities of r-GS on various oils and organic solvents, including vegetable and
machine oils, ethanol, acetone and cyclohexane solvents. The absorption capacity was evaluated by weight gain, i.e. the
ratio of total mass after absorption to the initial mass of r-GS. As shown in Fig. 9, the r-GS is capable of removing
various pollutants. The absorption capacities are in the range of 15 ~ 38 g/g. The ultrahigh absorption performance
indicates that the absorption is more like the accommodation of oils in the pores of the r-GS. In the absorption
mechanism the pores should be hydrophobic, and the oils fill the micro- and macro- pores. In particular, the absorption
capacity for vegetable oil is 37.8 g/g, indicating that the r-GS can be used for oil leakage treatment. Due to the remnant
oxygen-functional group, the r-GS is also capable of the absorption of organic solvents, and polar solvents are
preferable due to the very weak hydrophilicity of r-GS. For practical applications, the recycling of r-GS is very
important for conventional treatment and reducing the operating cost. The regeneration of r-GS is achieved by burning.
Figure 10 shows the regeneration of r-GS after the absorption of vegetable oil. Unfortunately, after 2 cycles, the
absorption capacity dropped abruptly, about 22% of the raw r-GS in the preliminary results. At 10 cycles, the absorption
capacity is only 12% of the raw GS. This phenomenon may be attributed to the worse mechanical properties of
cross-linked graphene nanosheets in influencing the microstructures on the regeneration by burning. In the future, we
will try to tune the parameters of synthesizing r-GS, such as by the kinds of reducing agents and the ratio of
concentration, temperature and time of hydrothermal process, and the temperature in the freeze drying process. Also,
the regeneration by various methods will be pursued.
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FIGURE 9. Absorption capacities of r-GS towards various oils and organic solvents.
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FIGURE 10. Regeneration of r-GS after the absorption of vegetable oil.
Conclusions
With the combination of fructose surfactant and freeze-drying, we have developed a facile preparation of r-GS

with a highly enhanced performance as oil sorbent. The absorption capacities are in the range of 15 ~ 38 g/g for various
oils and organic solvents, while the capacity of regeneration is worse in the preliminary stage. So, the regeneration by
various methods will be pursued. We hope that our study will stimulate more interest in graphene-based environmental
nanotechnologies, and open up many possibilities for the use of graphene in water cleaning, including decontamination,
reuse and reclamation.
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