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WA F LA Ni o Cu 4B MR L] /324, SR
LS MU (CVD) FA R4, GA W LA 55
I 7RIS M JEURE ARV AE A K B | AR LA B 7
ARG AT BRI K I & A A AR, AR TR B
BRI KBNS, TR Ve VR TR R 2Bk 4, B
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R AT, HR I B S R 10201 R SR
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T 2 HREER I A OB 1 Sl AH O T2 S 800 A
SR EE RS R ST [RIEE, CVD BR
il A5 AT BRI A AR o A RIS g [ 7, B
T HARHUSL R I 2024, 55—, DL R4 A
BRI N AR B TT 45 GA B RrBa T 5 . 28
(i) 235 A4 %% 132 van LA B i KOS s, AHZ Tk BT il
GA BYFEULHL T 3R I 29201,

3D A7 =R WL 5 HAR S T e BE 5 BE H
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i HAT Y 3D T FL 4% 2l 3 T A B TR L A%
(A RE 7 AR IO 7o i H S0 ] R R R AR . 1 2005
WICHE T 3D A &0 7E f A 2% 4if B8 7 T Y 1
FH 7301 SR, X 46 T ARG XT 3D A7 A A kHY
G ST AV PNE Vel c N OE
HAERET R L BB LA R i 45y AT R A7 AR
RS AR AR 25 [ A

ARSCAHT LR B TR E S CVD ik
il 25 =447 SBISHIIR (3D GF), 1 SeH 1Sl b 3ty
(AL AR A D 67 388 B U PMMA (1) Cu §A % &
A —E AN A ATE T, b5, B
A S TN S A B PO |, & T8
ARG RS (G /Ni foam), 7R 2] 555
WK Z )G, Wi IR bR PMMA 972,
il B S fLIEZ5F 10 3D GF Heff. ffF58 T
VRIS IR | &0 B R S IO A ) A 00 £ B i
Ry T Ly A IR e~ S N A S SR
TEBH, BT S5F MGk G T #19 3D GF.
L 3D GF 15 M FHAESE ARG YAk H % ZnO/
=HE A SRIGULIR (ZnO/GF) A5 RRIFAE ML
TF-HL TR, WFIE T4 14 ZnO/ = 4 A7 sl iR
525 AR A S FL R PR .

2 Xk#Hn
2.1 SEIGwR

SEg P I R BE RIS () feor A BR
INF] (Alfa Aesar, 550 PMMA) 2272 (1) Ml i) 5
F R PR s 1 Y Bl (PMIMAY), b st Ak 23R 59028 w 2R
7B AT AL AR R, WSk P B AL T AT BR A 7]
A7 S IR AR R E, rh R B L P AR
JITEE 7 B AR SRR, YD 1o R IR B
T2 RIAE = B IR B (11 2 320 g/em?, J&
1.2 mm), JERTHETT AL B AR 7 B R S TR
B (Hy: Ar = 5:9 (viv)), FTHEIKI LB TK.

2.2 3D AEFEXMEF

SR FH 2R F RS DN AR TR IR A Ay T 2SR, T A
i 425 o e DR ) VS O >R S R A SR 0 1 T A
¥ PMMA # A S TATEE, HILAFCHIE 8 wt.%
1) PMMA /2% U BRAW, 78 Cu § 58I Ll i el
i B AR ] 46 PMMA /Cu WS, )4 R T -
B 25 um JE Cuff (WIEL 1.5 em x 1.5 cm A9
EJTIE) BT HEvR f BRSO 8 v e it RS WA
100 uL B 8 wt.% PMMA /2% H it %5 7 5% % =
Cu B B P e AU, FFiaTeLk (&
UiEd 100 uL), BeFE A 500 r/min, HEF: 30 s
J& #3000 r/min iEFE 1 min; FERLE RIS, SEHM
FICT PMMA /Cu W JEAE 180 °C K 4L 1 min.
A RN, HE AR BUE A BRIE N
)5, B PMMA /Cu B E TR BAH T, 76 70 C
T 2 h LBRIE .

KRB (NF) 40 B fF NF 2 87  H Bt
(2.5 cm x 0.5 cm), 3 AIFETA . PR AN 25 851K
rhz IR A TS UE 15 min, FEJE SR A PGE T
KA, 75 70 C MEZSHAE T T4 24 b B T8RS
1) NF B —wiEt F A8 v, A s N sy
JERFZE 1 x 10° Pa, RIERA KM ATLEHNS
JEILE 20 kPa, Pl 15 1k 8 TF B A 94 F 3
A NF B AREBRAEp b, Rz
1000 °C, {4 30 min J5 37 RV, W EE % .

3D A SR (GF) il B PMMA /Cu i
JEEFITRAL 3 NF A —vidst F A S8 T (B
W : NF 78 I, PMMA /Cu #EYET), FF AL
REFFREAEENELSERFEE 1 x 10° Pa.
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SRIG FEAN R, A B AR 8 B R e 5 v 45
1k, B 3P A WA U B e R,
FEA PMMA /Cu AR NF (47 528 7 B
B, BRI 5 S BV BUH A A, 153
B /NF. Rl 3D GF HA e 3825 () 2548, BLA
BBIR /NF #F 4 wt. % B9 PMMA /SR 2 155 7 W 8

i /NF. SR J5#E 180 °C T[4k 30 min. i F&fiff
PMMA % [ -7 £ 28 M5 /NF R 18 i — )2 3
5. B )5, B PMMA /f1 884 /NF 3% A 3 M HCI
VW, 7E 80 °C F % NF #1593 PMMA /GF.
i, M 55 °C RNEEfHE PMMA il 7457
Y 3D GF.

2.3 ZnO/GF E5BHRH&E

SRR B KGR TE 3D GF 548 IR p K
FEAR ZnO GRS, /68 30 mL 35 mM (1 M =
1 mol/L) Zn(NOy), % 1 h, - —H G/Ni
HIRR A Zn(NOg), i W I E AT B 2s <, il
G/Ni # R S5 W 7o sy s fh. 7EREEedi i
# 30 mL 175 mM NaOH %k & 6 i A 5w,
I HARSEE £ 30 min. SR 5 H 345 13 T 7 3
100 mL R PUR Mt BLAAS S5 80 1mi oK s vh o
B, K AE 180 C F kAT 12 h. W45 A,
MRS ARBHEFRN, Zn0/GF HEH T
JK VBB, SRIGAE 60 °C Y 2L 23 M4 b T 1
12 h. &5, # ZnO/GF BAERXY, FTERIEY
T 500 °C #AAbFE 3 h(IFAH A 10 °C/min), £
FARAHIGEHI% T ZnO/GF & & ik

2.4  MRBERIE

K KA B EE (FE-SEM, Hitachi
S4800) FZEL L7 2 iBE (TEM, FEI Tecnai G2
F30) RAAE S FHOWIES. =tk 1.96 eV
(632.8 nm) FOLHCL, WO EEN (LabRam
HRR00) M. X HFLOCH TREE (XPS) RH X 4t
2R HL T REIE AY (Thermo VG ESCALAB250) ik
FTRAE.

o TR A= RE, 4 Jm AR X AR RS
Fb HL M, #5 Celgard 2400 7 M B, LA 1 mol/L
LiPFg BB R W .- — L@k R TR (EC:DEC =
1:1 (viv)) SWAE R AR T A2 TR FE R <
FERNLLEE CR2032 AlFnH i, F6 N A S FIKIY

FE¥YAMT 0.1 ppm (1 ppm = 1 mg/L). {1k
ZnO/GF H#HAE TAEHRM, TR BT 2
Ok A AR 8T LAND CT2001 A K R Si 1
AR AL B R 7E 0.01-—3.00 V (vs. Lit/Li) AJHL
(VAR e N B =N N o | T o S
Zahner IM6e HL Ak 2% TAEuf b ic sg It B Al 76 A
[vi] 1 A P 505 F R S T Y HE A 2% 58 U B B 3%
(EIS), #%5H2 0.01 Hz —100 kHz.

3 LIARETE

3.1 HHIME CVD LI B E IR =%
AEG

AR — AR 3 CVD A S0 il & 7
e, Bkl 45 3D GF i T2t RN & 1 iR,
WK (B 1(a)) Ff A I8 PMMA [ Cu {f
HEB A — AW EAAEE D (B 1)),
B B A B AR A U A B S DA A,
T G/Ni {0k (K 1(c)), ezl BRIk (K 1(e))
R PMMA Jo, RS A E S LI 454
) 3D GF Hefk (1 1(f)). 5IFErss % sh
RS IR IR A A 880 1 CVD Jr AR,
fiX E #H48 CVD A 880 Hil 25 J7 ik, 124 e R
PMMA 7£ & I B v 5 &R A i SO, A R
PRI T2 540 B0 10 TE St R R, X 2% 1]
J N FREE R R, A0 i AR DR L AR R 1) ) B
155, TR R AL & T ES4L

3.2 ESHKIE PMMA FINEX RSG5
T IR AT M

R T8 7 B R S I X A B 46 A RN S
Y RZ ], 18 FHAS (] [ 5 ik . PMIMLA 75 £ 1 4%
3D GF: M 100—800 pL, XfhFE:HA GF100—GFS800
(HoAth T 22804 1000 °C, 20 min, 0.5 kPa%&’<).
T L RV U BSORE A 425 il [T S D S o

P 2 AN [) i [ 2B 5 PMIMA 8 o2 o 4%
A S MR SEM EIER. M EH ] LU B, [35
IR PMMA % hn& 4 100 pL (9RES GF100, H
LR BRI AR R T A B A AR TS iR
FnE & 200 pL i, GF200 FE SRR AR
T 46 4 B T] T %) SR v . B R D T et )
AN i, B TR R SRR T Ay S0 T Y %
SEPERNWIER . S AR YRS N 800 pL A, GF800
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(b)

(f) (e)

PMMA

-—
dissolving

Graphene foam

B 1 A% 3D GF 4 Mt Fm &

Closed quartz tube
PMMA /Cu

P/Graphene foam

(©) G/Ni foam

Ni foam

—
l PMMA
coating
(d)
Ni etching
«-—

P/G/Ni foam

(a)— (c) B E B9 £ 948 TIE IR B B AR KA 82 45 (d) HATWHZ PMMA R G/Ni LK

W2 (e) RBRMKERS, PMMA 9% G/Ni fiig; (f) H 4 3D GF
Fig. 1. Schematic of the synthesis process of a self-supporting 3D GF: (a)-(c) Low pressure closed CVD method uses a sealed

quartz tube to grow graphene on nickel foam; (d) G/Ni foam coating with thin PMMA film; (e) etching to remove nickel foam
After that, PMMA protected G/Ni foam; (f) self-supporting 3D GF after dissolving the thin PMMA layer with hot acetone.

Rt 0 A B B AR e 1T o A A SR v B T T
UL, S E IR PMMA B I0EA{A 100 pLAf, A
JEVATE IR B SR T WA 880, B BRI TN N 42
1, 25080 R I RGN, A SR R A
T

FH TEM FAE T GF400 £ 5 B 250 i
ML 3(a) T UL, A7 S50 AR 2 i, AR 2% 1 L
AWM IREBTEH, RABEH TA RS 4R
BRI K RO ] R B RIS, GF400 #f5 H

100811

400 pL

B2 AT 2 R RN A R 3D fr 8 0% 0 IR
SEM % (a) 100 uL; (b) 200 uL; (c) 400 pL; (d) 800 pl
Fig. 2. SEM images of GF prepared with different amounts
of solid carbon source: (a) 100 pL; (b) 200 pL; (c) 400 pL;
(d) 800 pL.

JREOFARIE) (37 )2). S HTIA A1 880 2400
AR PE—ER 73K AR B ] CVD s Rk U7y
AT BN 5], — 300 U E 2 i TR B AN [A] 5 X
A B E R BMSL M. S35, 18] 3(d) A0 S MATE
JR AL T RTI AL, WA S TR B BAT 7N
K&, BTl 25 1 3D A1 SR IR A B Y ot

1 pm 10 nm

10 nm

B3 AR JE & CVD il % 19 GF400 £1 88 % K & 1Y
TEM FE&  (a) 18846 M A9 A4 TEM R, o
IR BOB A (b), (o) A1 845 WA 4 (1) HRTEM B3
(d) A7 2505 TR 1) P, A 2 1 58

Fig. 3. TEM image of GF400 graphene sample prepared
by low pressure closed CVD: (a) Low magnification TEM
image of graphene film, showing typical wrinkle morphology;
(b), (¢) HRTEM image of graphene film edge; (d) electron
diffraction pattern of graphene film.
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R T WFFE RS IR %o A7 BRI 485 KA ) S )
KT GF100—GF800 ¥ i i Fr & 3 K. A1 284511
P& B oy 4 PP RLIGE A Y (B 4(a)), B 4(b) £
il T A BRI R T EEENE . TR E EE
29 1580 cm ' VB B G W7 AT spy Bk iR B8 T
IWARZEIR 3. 7 T EEZ) 1350 cm ! 7B A D I
B R AR R s B X5 | e iy, I HLAR 2k
B SR 8, R I o B v 0% T R 235 44 A
XK. TS L 2700 em ! A7 B ) 2D WL K5
I TO e FRMEAER, & —Fr SRR 2
SRR B2 3L B 2D I8 H AN HA R R Y
I S SFE A AR, B 2D R R &
B 5 BT BB 25 A8 A AT AH G, R 2D I fE X
A1 BRI BB U REE] 4(a) iR, GF100 #
fn 7 2 P I A BT ] 7 BRI R AF 06 | 1 4%
5 SEM EMGMEE 2 ) 25 FABAT, BEHA B IR AR I it
LR 100 pL B, ZEMCAAE T TR I8 A 850, Y
BRIEA IR 200 F11 400 pL i, GF200 F1 GF400
FE S R 4 BT SR R AE I G
12D W DL Rz AR BRIE Y D U, LR ik i 3 in
D UG5 B BH I 14 . Y AR R VS IS 800 wLJE

(a) o

wn
=
=}
3 2D
£ 800 L
DU e
>
X
wn
g 400 L
5
200 uL
,’\_A—”‘_——._/\W_J\M
100 L
500 1000 1500 2000 2500 3000
Raman shift/cm~!
r M K r
1700 S 211
|
£ 1500 F 1186 E
S~ L -
> ﬁ& i <
g 1300f J161 3
g 1100 b N J136 5
g ]
& - (b) TA ]
900 /X 112

0 02 04 06 08 10 12 14

Phonon wave vector (2n/ag)

P4 280 i Py 7 A 25 hr 2 O AR OC 1 g 1R
B3 R P € RO R [

Fig. 4. A graph of dispersion in the energy and frequency
range for in-plane phonon modes and Raman scattering in

graphene.

GF800 i & FITEAAAAE G WA D I, JFAAF
1E 2D I

WH D IgEYS GUgERNRIE L (In/1g) KR IEA
I TR BR AR R, RERY Ip/ I RO, SRS
B (A SR A AR R N ES). A5
s 2RI, T A SEEERE siaaE
Z 1) spy IR TZ H5hi2 8, 2D W RN A
BRI I B AR 2D W L R 5 2 ARG 2
. R, 2D WS G IESREE LY (Lp/Ig) WTAEN
A SBIEJEE IR, BRI Lp/ I B8R, 25K
L. GF200 ¥E 5 ¢ D5 G IR /I, =
0.68, 2D Y5 G g5 & b Ly /I, = 0.46. GF400
FE b XF N 5 HE 430 1D 0.73. BT I, GF400 £
A E B S Y I/ I W KT GF200, BilARE
s R 9 1 i Al AN e Y g 3 n . R) B
GF400 ¥ & R AE A 5806 2800 Lp/Io W& T
GF200, £ GF400 #i P2 825 T GF200.
GF800 #£fhHh, DY G IR E L I/ I = 2.78,
LRI — 2 UE B T A 80 v B B R 1 1
B . 54k, GF800 (1 2D g JLF- A n] L, &4
4 SEM E& 18] GF800 ki HA 5 i )2 8 %
KW GRFA . ARYE Fak il LUE ) i a0
S i P ) A R, L 2 R BB [ A Ak
TS T A 8 s TR

3.3 [RMNREIXS A =G FRIRE 00

SR AN R Bz B[R] 4 1 — R A =4 A 55
IR, HR2R SN R (R X) 7 B0 o v s ) (A
45 T 2250k 1000 °C, 400 pL, 0.5 kPa &<,
PGS AN). 1] 5 2 AN [ s o7 s i) il & 1 0 9
KT 1) SEM B . M ] L RR 5 [E]
2 min AYFE 5 R 1 0] ULYE 6T Y &R R S AR & R
F IR B FRIE S, 0P IR B R T I AR A
A BRI S RSN R] SR 5 omin R i 2R AT HE B
A AR R AR ) R R T . Ak E K
SN E] 210 AT 20 min, B5SEE & 2 0 A RE
LT A SR L X Ul B A M A T A A
ZREB T (1000 °C, 400 pL, 0.5 kPa &%), X
N 283 5 minfm BIVATZE IR ER 3R Y B A 2805
[, KN 5 FN10 min () f SRIGE WSS F AR ESE, AR
% 185 WA LR 2 4 B 0 dn A (81 5(b) Rl 5(c)),
SN 20 minf) A7 A4 HEBE A i 2k B AR 4R
BB
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Fig. 5. SEM images of graphene foam surfaces prepared at different reaction times: (a) 2 min; (b) 5 min; (c¢) 10 min; (d) 20 min.

(e) Raman spectra of graphene foams prepared at different reaction time.
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Fig. 6. SEM images of graphene foam surfaces prepared
with different hydrogen contents: (a) Vacuum; (b) 0.5 kPa;
(¢) 5 kPa. (d) Raman spectra of graphene foam prepared
with different hydrogen contents.
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Fig. 7. SEM images of 3 D GF: (a) G/Ni foam prepared by
low-pressure closed CVD method; (b) self-supporting 3D
GF with low magnification; (c) self-supporting 3D GF with
high magnification; (d) high-resolution TEM image of
graphene sheet edge. The interlayer spacing of double-layer
(2L) and five-layer (5 L) graphene is about 0.33 nm, and
the samples were prepared with 500 pL of PMMA addition.
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Fig. 8. (a)—(c) FE-SEM images of ZnO/GF

electrodes with different magnifications; (d)

charge-discharge curves of

Zn0/GF500 composite; (e) cycle curves of ZnO/GF300 and ZnO/GF500 at current densities of 0.2 A-g'%; (f) the nyqusit spectrum
of ZnO/GF500 electrode after 10th and 100th cycles at a current density of 0.2 A-g! (inset is the equivalent circuits of ZnO/GF

electrode).
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(Zyw), X0 F 2B F 1 B AP 5L #, CPE, #l
CPE, 1R AT 3% b i BH T4 £ n
# 1 3.

F 1 ZnO/GF500 HUBL I TS50 b B 151 19 45 S 808

Table 1.  Values for all the parameters of ZnO/GF500 electrode based on the equivalent circuits.
JBI%L R,/Q Ri/Q R../Q CPE,/F CPE,/F
10 5.6 15.2 42.3 6.4 x 10° 6.5 x 104
100 4.2 12.4 21.7 1.9 x 104 7.8 x 101
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Abstract

Three-dimensional graphene provides a promising approach to developing high-energy-density electrodes.
Compared with two-dimensional (2D) graphene, three-dimensional (3D) graphene has a three-dimensional
conductive network, which greatly improves the ability of lithium ions and electron to transport and can
tolerate the changes of structural and volume in the cycling process. In this paper, 3D graphene with
controllable defects is prepared by using an innovative low-pressure closed chemical vapor deposition method,
through using nickel foam as the template and polymethyl methacrylate as a solid carbon source. The effects of
the amount of carbon source addition, reaction time and hydrogen content on the morphology and structure of
graphene foam are analyzed. The experimental results indicate that the amount of carbon source added, the
reaction time, and the hydrogen content have significant effects on the morphology and structure of graphene.
The defect density and the number of layers of as-prepared graphene are directly proportional to the amount of
carbon source added. There is a threshold for the reaction time. After reaching a certain reaction time, graphene
with good structure and morphology can be formed. The optimal reaction time is about 20 min. The hydrogen
content promotes the high-temperature pyrolysis of solid carbon source. The sample has a highest defect density
at 0.5 kPa hydrogen content. In summary, the low-pressure closed CVD method has strong safety and can
synthesize 3D graphene with excellent controllable structure and defects. The 3D graphene foam with a
complete structure of 2—-5 layers can be prepared under the conditions of 1000 °C, 500 pL carbon source
addition, 20 min reaction time and 0.5 kPa hydrogen content, displaying the best physical chemistry
performance. The graphene foam prepared in this experiment has the characteristics of convenient and
controllable defect density, light weight and stable chemical properties. When ZnO/GF electrode prepared with
3D GF as a conductive frame and active carrier is used as an anode, the lithium ion battery has a high specific
capacity of 851.5 mA-h-g! after 200 cycles, which exhibites high reversible capacity and good cycling
performance. Although ZnO/GF electrode displays excellent lithium storage performance, the GF prepared
based on the 3D Ni foam has a low spatial structure density and the surface loading of the ZnO/GF composite
electrode is still low, resulting in a low energy density. Therefore, the following researchers should focus on the
structural design of 3D graphene host/current collector to obtain a 3D graphene frame with high conductivity
and high loading capacity.

Keywords: chemical vapor deposition, controllable preparation, three-dimensional grapheme foam, cycling
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